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1. Introduction

The geometry of supermanifolds is, after a first, pioneering, “Storm and Stress”-period in the 70s and 80s, still in its
youth but with by now many mathematicians studying in detail the fundamentals as well as the applications of this
theory. Our work on Riemannian supermanifolds is motivated by at least two developments originating in physics and
relying on Riemannian geometry extended to the category of supermanifolds. First, we are interested in those aspects
of the “Stolz-Teichner program” on the geometrization of elliptic cohomology that relate to cobordisms of Riemannian
supermanifolds and to supermanifolds in general (see [ 1] for a detailed account). Of course, extending certain results of this
article to super loop spaces (compare [2] for the ungraded case) would give a direct connection to the physics literature
underlying elliptic cohomology, where the role of loop spaces is central (see, e.g., [3]). Second, work of Zirnbauer and
collaborators (see, e.g., [4]) shows the surprising importance of the notion of “supersymmetric spaces” for physics, notably
mesoscopic physics. In this context it is very natural to ask for a general theory of Riemannian supermanifolds with these
spaces replacing the symmetric spaces of ordinary Riemannian geometry. The subject of supersymmetric spaces was, in fact,
the main motivation of the work of Goertsches [5] on Riemannian supergeometry.

The first cornerstone of Riemannian geometry is - after the metric itself — the notion of a geodesic curve. Upon extending
these notions, metrics and geodesics, to supermanifolds it looks highly reasonable to aim at fulfilling the following three
conditions:

(i) geodesic supercurves should reduce to the usual geodesics in the case of classical (ungraded) Riemannian manifolds
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(ii) anisometry fixing a point and having a trivial linearization in this point should be the identity morphism
(iii) geodesics should be closely related to integral curves of a “geodesic flow” on the (co-)tangent bundle of the given
Riemannian manifold.

The definition of a Riemannian metric on a supermanifold is fairly straight forward and seems to be generally accepted
in the literature. (See Definition 2.7.) The notion of geodesic supercurves proposed by Goertsches fulfills (i) and (ii), but
unfortunately we could not establish (iii) in this approach. Since the geodesic flow is a tool of great importance in the
geometry and analysis on a Riemannian manifold, we found it crucial not to give up condition (iii). Furthermore, the
discussion of initial conditions in [5] (see the beginning of Subsection 4.4 there) does not seem to be fully conclusive. Let
us underline that the equations chosen for defining geodesics in this article translate in local coordinates to a system of
second-order ODEs, whereas the geodesics of Goertsches give rise to second-order equations and first-order equations (for
the even resp. odd coordinates). This explains, at least on an intuitive level, why there might be no geodesic flow related to
Goertsches’ notion of geodesics.

Let us now proceed to a short description of the contents of this article.

First of all, we underline that we work throughout in the sheaf-theoretic framework, i.e., in the approach to
supermanifolds going back to Kostant and the Russian school around Berezin, Bernstein, Leites and Manin.

We define, in the second section, geodesics as “supercurves” that are autoparallel with respect to the natural even time
direction:

0= %(rrp*(at)) = (*V)3, (3 0 @*),
where @*V is the pull-back of the Levi-Civita connection, 0, is % and 0; o @* is a canonically defined vector field along
@ (see the main text for more details). The preceding geodesic equations were already derived by Monterde and Mufioz
Masqué by a variational principle (compare Thm. 7.1 and Cor. 7.1 in [6]). Apparently, the solutions of this equation were
never studied in detail, excepting the observation that condition (i) above holds, already made in [6].

Theorem 2.21 then gives existence and unicity of geodesics in a Riemannian supermanifold .M, with general initial
condition given by ¢ in Mor (4§, T.M), with § being an arbitrary auxiliary supermanifold.

We also recall there the relation between locally free sheaves and supervector bundles as objects in the category of
supermanifolds, mainly in order to have a precise grip on (co-)tangent bundles.

In Section 3, we first remind the reader of the class of superfunctions on the total space of a supervector bundle that
are polynomial on the fibers, allowing us to define then a natural energy function H on the cotangent bundle T*M of a
Riemannian supermanifold (M, g). We give intrinsically (and in coordinates) the canonical symplectic form on T*.M and
explicit the Hamiltonian vector field X associated to H. We proceed then to show that “integral supercurves” of this vector
field (i.e., curves given by the geodesic flow) are in bijection with geodesics on (M, g), see Theorems 3.13 and 3.14. We also
give here a brief account of the analogous results in the case of odd Riemannian metrics.

The last section, 4, gives applications of the geodesic flow morphism constructed in the preceding section. First, we
show the existence of an exponential map generalizing the ungraded case and such that exp, : T;M — M, for q in
the body of M, is a local diffeomorphism (Theorem 4.4). Finally, we prove the result that an isometry of a connected
Riemannian supermanifold fixing a point of the body and having the identity as its tangent map in this point, is already the
identity morphism of the supermanifold. This implies immediately the unicity of the “geodesic symmetries” in the sense of
Riemannian symmetric spaces, fixing a point in the body and having there minus the identity as their tangent map.

2. Riemannian metrics on supermanifolds

In this section we briefly recall several fundamental notions, giving ideas of proof of certain folkloristic facts
(Propositions 2.12, 2.14 and 2.20) only when we did not find a reference in the literature. We define supergeodesics
(Definition 2.17) differently from [5], but our definition also reduces to the standard definition in the ungraded case. We
end this section with the first important new result of the article, namely existence and unicity of a supergeodesic for a
given initial condition (Theorem 2.21).

We use throughout this article the sheaf-theoretic approach to supermanifolds going back to Kostant [7] and Leites [8],
thus basing our work on the following:

Definition 2.1. A supermanifold M of dimension m|n is a locally ringed space (M, O ,), where O, is a sheaf of commutative
Z»-graded algebras on M, such that

(i) M is a Hausdorff second countable topological space,
(i) every point m € M has a neighborhood U such that the ringed space (U, O y) is isomorphic to a superdomain
ymin — (v, Ogmin)y) With V open in R™.

Reminder 2.2. If X = (X, 0x) and Y = (Y, Oy) are ringed spaces, a morphism @ : X — Y is a pair (5, @*), where
@ : X — Y is a continuous mapping and ®* : Oy — @,0y is a collection of homomorphisms of rings @*(U) : Oy(U) —
O (@71 (U)), for each open subset U of Y, compatible with the restriction mappings. If the ringed spaces are locally ringed
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spaces, i.e., all stalks have a unique maximal ideal, the morphism & : Oy 3 —> Ox.x is supposed to be local for allx € X, i.e.,
Dp (M3 ) C My

We remark that the datum of such a collection @* of homomorphisms is equivalent to @* : 5*1(9:# — O« a collection
of homomorphisms of rings @*(V) : (q§‘1(9y)(V) — Ox(V), for each open subset V of X, compatible with the restriction
mappings. Recall that the inverse image @ ! Oy of Oy is defined as

@7 '0)(V) :=  lim  OyW).

Wod(V)
W open in Y

This equivalence is due to the fact that 5* and &~ are adjoint functors, i.e.

Hom(0y, QND*(QX) = Hom(Ef‘@y, Ox).

Proposition 2.3. Given supermanifolds M = (M, O4), N = (N, O ) the following holds:
(i) there is a morphism of sheaves B : O — Cyy, called the reduction mapping, such that the following sequence:

O—>(93}1—>(9M—ﬂ>61\3,°—>0
is exact, where (9;}}' is the sheaf of nilpotent elements of O y.

(ii) if @ : N — M is a morphism of supermanifolds, then we have the following commutative diagram

5 -~
e L Fex

For every supermanifold M = (M, @), one defines 7 (U) := Derg(O(U)) for each open set U in M. Here
Derg (094 (U)) denotes the O, (U)-module of derivations of ¢, (U), where a homogeneous derivation ¢ is by definition
an element of Endg (04 (U))o U Endg (O 4 (U))1 such that

p(ab) = p(@b + (—1)"“Ylap() foralla, b € O4(U).

T is called the tangent sheaf and has the following structure (compare, e.g. [9], Satz 4.36 for the proof):

Theorem 2.4. T, is a locally free sheaf of O ,-modules of rank (m, n).

The sections of 7, are called vector fields. The R-vector space 7 (U) has a natural Lie superalgebra structure given by the
following bracket [., .]

(X, YIF == X(¥f) = (=DXy(xf),
satisfying the following graded Jacobi identity for each triple X, Y, Z of vector fields:
[X.[Y.Z]] = [[X. Y. Z] + (= DX My, [X, Z]).

On a supermanifold one also has the numerical tangent space, defined as follows:
For every point p in M, the numerical tangent space Tl‘,‘“mM of M at p is the space spanned by the homogeneous
derivations ¢ : @ , — R satisfying

o(®) = p(NEP + DVF e (e),
where Oy , = limu—;p O 4 (U) is the stalk of O, atp andf(p) = B ().

For any p € U, there is a natural reduction map 7 (U) — T;‘”‘“.M sending a vector field X € 7 (U) to its value X™™(p)
at p. Remark that, contrary to the classic case, a vector field is not determined by the collection of its numerical values at all
points.

There is a natural real vector bundle of rank m 4 n over M having the numerical tangent spaces as its fibers, canonically
splitting as the direct sum of (T™™ M)y — M and (T™™M); — M. Then X™™ is a smooth section of T""™ M — M. If
M = (M, I'{3.) with E a smooth real vector bundle over M, the “odd part” of the numerical tangent bundle, (T"™™ M), is
in fact isomorphic to E.

We use again the letter 8 to denote the reduction map to the numerical bundle composed with the projection to the even
part of the tangent space:

B Ta = (M, Ifaum ) -

where (M , F(‘;?mmmo) is naturally isomorphic to the sheaf (M, I'y;) of vector fields on M.



1492 S. Garnier, T. Wurzbacher / Journal of Geometry and Physics 62 (2012) 1489-1508

Forf € O 4 (U) and X € 7, (U), we will often writej~r and X instead of B(f) and B(X), respectively.
Definition 2.5. The cotangent sheaf of a supermanifold M is defined as the dual QJ{ of Ty.
Proposition 2.6. The O -module sheaf 9}4 is locally free of rank (m, n).
Definition 2.7. A (even) graded Riemannian metric on a supermanifold .M is a graded symmetric even non-degenerate © -
linear morphism of sheaves

8 1 Tm®oyu T = Ou,

where non-degeneracy means that the mapping X — g(X, .) is an isomorphism from 7, to Q}V{
A supermanifold equipped with a graded Riemannian metric is called a Riemannian supermanifold.
Remarks. Let g € M, the morphism g defines a scalar superproduct g, on the real supervector space T;”mM as follows:
Let u, v be two numerical tangent vectors in T;”mM. Choose vector fields X, Y € 7,(U) where U is an open neighborhood

of g in M, fulfilling X™™(q) = u and Y™™(q) = v. We then set g,(u, v) := g(X, Y)(q). In general, this family of scalar
superproducts does not determine the graded Riemannian metric. By restriction to the even numerical vector fields this
scalar superproduct induces a pseudo-Riemannian metric & on M, whereas the restriction to the odd numerical vector fields
gives a symplectic structure on the real vector bundle (T™™M); — M. It follows notably that the odd dimension of a
Riemannian supermanifold is always even.

Our goal is to define the notion of supergeodesics, as “autoparallel curves” with respect to a connection. Let thus
M = (M, O ) be a supermanifold and & a locally free sheaf of @ -modules of finite rank on M.

Definition 2.8. A connection on & is an even morphism V : & — le ®o, € of sheaves of R-supervector spaces that
satisfies the Leibniz rule

Vf-v)y=df @v+f V()
for all sections f € ©,(U) and v € &(U) where df (X) := (—=1)XIVIX(f) for all X € 7, (U), and on all open subsets U of M.

Given a vector field X on .M, we have a map Vx : & — & defined via the canonical pairing (., .) between the tangent and
the cotangent sheaf, Vx (v) = (X, V(v)). Then Vy satisfies:

VO -v) =X(E) - v+ DXV (V@) and (Vo) @)] = X] 4 [vl.
In the case & = 7, we speak of a connection on M.
Definition 2.9. We define the torsion of a connection V on M by

Tv(X,Y) := VxY — (—D¥IMvyx — [X, Y].

Definition 2.10. If M is equipped with an even graded Riemannian metric g, a connection V is called metric if the connection
respects the metric in the following sense

Vg=0, ie X(@EY®2)=g(Vx¥Y®2)+ (—D*Ng(y ® VxZ) VX,Y,Z e T)(U).

We also have the natural graded analogue of Christoffel symbols: If (g;) is a system of coordinates on U C M, the expansion
k
Vi, 0g; = Z I dg,
k
gives elements Fi}‘ € Oy (U) of parity IF,}‘I = |qi| + 1q;| + Iqxl.
Theorem 2.11. On a supermanifold M with a graded Riemannian metric g, there exists a unique torsion free and metric

connection V, which will be called the Levi-Civita connection of the metric.

The proof follows immediately upon interpreting the usual six-term-formula in a graded sense and sheaf-theoretically.
A connection on M induces a connection on the vector bundle TM — M by reduction. Indeed, there exists a unique
connection V on M such that

%ﬂ(x)(ﬂ(Y)) = B(VxY) VX,Y € 7y (U) and for all U open of M.

In our case, the Levi-Civita connection associated to a graded Riemannian metric induces the usual Levi-Civita connection
of the induced metric g on M. Moreover, in coordinates (g;), the reduction /S(I“Uf‘) of a Christoffel symbol Fi}‘ is the Christoffel
symbol of the Levi-Civita connection on M with respect to the corresponding coordinates on M.
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In the classical case, we have an explicit formula for Christoffel symbols. Adding appropriate signs this formula holds true
in the super context:
Proposition 2.12. In coordinates (q;) on U, the Christoffel symbols I’ of the Levi-Civita connection on a Riemannian
supermanifold are given by

iJ

1 g Qg
Fyk — 5 Z [aqigjl + (_1)\%\ |q]|8qjgil _ (_1)\Ql|(\Qx\+|qj\)aq’gij] glk, 2.1)
I

where g; := g(0g;, 3g;) € O.,(U) and g" € O (U) are defined by Y, g%g; = i .
Proof. Direct computation using the six-term-formula that defines the Levi-Civita connection.

A connection on .M allows to define a covariant derivative of vector fields along a curve. We develop these notions here
in some detail for supermanifolds.

Definition 2.13. Let ® = (5, @*) : N — M be a morphism of supermanifolds and U an open set of M. A vector field along
@ : N — MonU is a morphism of supervector spaces

X : Ou(U) = (2,.0,)(U)
such that its homogeneous components Xg, X; satisfy the following derivation property

X (fe) = X (NP*(g) + (= 1)*Vd* ()X, (g) fora =0,1andf,g € Oy (U).

The set DerR (COM ), ((D O N)(U)) of all vector fields along @ will also be denoted by 7, 7.?(U). Remark that 7; M is naturally

a sheaf of 45 O y-modules over M. _
Recall that a morphism of supermanifolds can be viewed as a morphism @* : 9, — ®,0  of sheaves over M or as
a morphism @* : @~ 1(%4 — Oy of sheaves over N. Accordingly, vector fields along & can also be viewed as a sheaf of

O -modules over N : := Derg (45 Ou, O).
There are two standard ways of constructing vector fields along @. If X is a vector field on M, then
X =d*oX

is a vector field along @, and if Y is a vector field on ./, we get the following vector field along @:
(TP*)(Y) =Y o D*.
We thus obtain two morphisms of sheaves over N, namely 5‘1?‘ i> JN and Ty T—» jN , and their analogues over M.
Since knowledge of this sheaves will be useful in the sequel, we give a more explicit description.
Proposition 2.14.
(i) 72 is a locally free sheaf of 0,0 w-modules over M of the same rank as T,,. More precisely, we have an isomorphism
72 =5 8,04 ®oy Tu-
(ii) 7.2 is a locally free sheaf of © ,-modules over N of the same rank as 7. More precisely, we have an isomorphism
@

Ty = 0, ®5-10, P Ti-

Proof. We will prove only (i). Part (ii) then follows from the fact that q)* and @ are adjoint functors.
We will construct two isomorphisms Q and S as below:

Derg (CQM, 5*(2,\/) %} Hom@M (QJ‘{, 5*(9JV) —_— 5*(9N ®(9.M T
Step 1:
We define Q on U, a chart domain of M with local coordinates (g;). Let D be a vector field along @ on U, Q (U)(D) is then
the morphism of @y (U)-module such that

QU)(D)(dg) = (=1)"'D(qy) Vi,
where dq; (9, ) = &ij.

Thus if o = 3=, w; - dg;, we have Q(U)(D)(w) = 3 ;(— 1)IPHeilHilg* (g) - D(q;). It follows that Q (U) is a morphism of
((D O ) (U)-modules and Q is a @ +O y-module morphism.
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Step 2:
Similarly, we define S on a chart domain U. Let ¢ € Homg, ) (2}, (U), @,.0.4(U)), then

) d
S(WU)(@) = Y _(=1)p(dg) ®o,w) dy.  Where 3y = —.
i qi

A direct computation shows that both maps Q and S are isomorphisms of .0 w-modules. O

Remark. The proof of Proposition 2.14 shows that the isomorphism L := S o Q looks as follows in local coordinates on U,
foraD e 7,7 (U):

L) =y (-D"eD)da) ® 3,

i
=) D(q) ® -

Furthermore, if (g;) are coordinates on M, then (é‘h') is a basis of T,f (U) and we have

TO*(Y) =Yod* =) Y(P*q)d,
i

for all vector fields Y on N.

Given a connection on M and a morphism @ : & — M, we introduce the associated pull-back connection in order to
get a covariant derivative along a curve. One has, in fact, the statement below:

Proposition/Definition 2.15. There exists a unique connection V on T,\jf such that the diagram

o~ v
T —— 2} Qo, Tu

o* JM

6 5 lrad
TI\/? d)*QJ\/ ®5*(9N JIV(ID
commutes. This connection is usually called the pullbackof V via @ and is denoted by ®*V.

Remark. The vertical arrow is defined as follows. First there is a natural map from £2}, to 5*5& induced by @* which is
also denoted by @*. Given U an open setin M and w € £2},(U), we get an element v of &2}, (U):

v(X) = D(TP*(X)) forX € (&,Ty)(U),

where @ is defined by

-~

D D.05U)Qo,w) TuU) —> D,0,(U)

I — (=D @*(w(Y)
and the isomorphism 7, = .0, ®0, T Using @* : Oy — @,0, the map &* : Q) — E*ng turns out to be a
morphism of @ ,-modules, that can be tensored with @* : 7, — T,V‘f to obtain the arrow

d* ‘Q}n oy T —> 5*9/1/ B304 Tl\f’

Proof of Proposition 2.15. The proof follows immediately upon interpreting the usual proof in the classical case of
ungraded manifolds sheaf-theoretically. O

Remark. The diagram in Proposition/Definition 2.15 can be equivalently replaced by the following diagram:

~_ v o o~ ~_
71Ty > o712y, ®%-10, P T

v
7N¢ B ‘QJ\/ Ro.y rJ‘NQD

We can now define the covariant derivative along a supercurve @ : R — M. Let (.M, g) be a Riemannian supermanifold

and V its Levi-Civita connection. Consider ¢*V, the pullback connection of V under &.
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Definition 2.16. The even covariant derivative along @ : R'" — M is defined as

\Y

i (D*V)y : Tl —> Tat s

induced by the duality pairing of 9; with elements of Qﬂf{m where (t, 9) are the canonical coordinates on R = R x R/,

Note that if (q;) are local coordinates on U C M, we have for all vector fields X € ’T,V‘f )

v
0= Xk: {atx(qk) + ZX(qi)atd>*(qj)d>*(1"jf‘):| ® .
ij

Analogously, we can define the covariant derivative along a curve with respect to the odd coordinate # on R'!':
v
7= (@*V)s, : Tap —> Tt
induced by the duality pairing of dy with elements of Qﬂém-

In local coordinates, we have a similar formula with an additional sign:

V i * *
0= ; [aexmk) + ;(—1)'X‘+""'X(qi>aeq> (@)@ (r;)} ® O

We can now give a natural definition of supergeodesics.

Definition 2.17. A supergeodesic on (M, V),a supermanifold with a connection V, isa supercurve @ : R = Rx R — m
such that

Vv

The preceding condition is locally equivalent to
R (@) + Y %P (@)d P ()P (I}) =0 Vk, (2.2)
ij

where (qi) are local coordinates on M. Note that the Eq. (2.2) restricted to those k corresponding to even coordinates are
the usual geodesic equations of the underlying classical manifold equipped with the reduced connection V on M.

Remarks. (1) Of course, in general a supergeodesic is only defined on an open subsupermanifold of R'!'! with body an open
interval in R. Slightly abusing, we will often write R'I" meaning such an open subsupermanifold of it.
(2) One can easily generalize Definitions 2.16 and 2.17 to the case R x 4, & an arbitrary supermanifolds replacing R,

Adifferent definition was given by Goertsches [5]: a supergeodesic in the sense of Goertsches is a supercurve @ : R'l — u
such that

VTQ)*B "um_ VT<D*8 nurn—O 2.3
<E m) —<E <9)> 0. (2.3)

Remark that such a curve automatically satisfies the following equations:

V num v num
—T®*(3 =|—=T®*@ =0.
(Zroran) ™ = (Sroan)

Locally, (2.3) is equivalent to
(DB f @I =0 Vkeven,

o
and
B+ fs-f - ") =0 Véodd,

i even,
B odd

where f;, fs € Cg° (5*1 (U)) are functions defined as follows:
®*(q)) =fi Vieven and P*(qp) =fg-0 VP odd.

We call here and in the sequel an index (i, 4, k, 8, .. .) “even” resp. “odd” if the corresponding coordinate has the property.
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In particular, if M = R'"? is equipped with a flat metric (i.e., I} = 0), (2.3) is equivalent to
fi =0 Vkeven, and f{ =0 V§odd.
On the other hand, the geodesic equation (2.2) is equivalent to
fi =0 Vkeven, and f =0 V§odd.

The Egs. (2.2) and (2.3) are thus obviously non-equivalent, moreover initial conditions for these two notions of geodesics
are not the same.

Let us explain in some detail what an initial condition is in the super context. For this we need to recall supervector
bundles and the tangent map (in the category of supervector bundles) coming from a morphism of supermanifolds.

If X = (X, Ox) is a supermanifold and V an open subset of X, we denote by X,y the open subsupermanifold given by
(V! 0X|V)

Definition 2.18. Let V and M be supermanifolds and let 7 : 'V — M be a surjective submersion.
V is called a supervector bundle with base M and typical fiber RP9 if

(i) for all x € M, there exists a local trivialization (U, ¢), i.e. there is an open neighborhood U of x and an isomorphism

@ Vienz—1wy = RPMM x My such that the following diagram commutes

12
Vi) —— R x My

T .
Projz

My

(ii) and there exists a covering of M by local trivializations {(U,, ¢4)} as in (i) such that for all o, B with Uyg = U, N Ug
nonempty set, the transition function g5 = @g o (@) ! : RPI x My, — RPI9 x My, is determined by an element
¢aﬁ S GL(p’q)(@zM (Uaﬁ)), that is

(@ap)* () =f Yf € O (Uqgp),
(@ap)* (Vi) = Z vj - (Pap)ji Vi,
j

where (v;) are the canonical coordinates on RP!,

Theorem 2.19 ([10]). Let M be a supermanifold. The category of locally free sheaves of © ,-modules of finite rank is equivalent
to the category of supervector bundles over M.

Remark. Let now TM = (TM, Ory) and T*M = (T*M, O+ ) be the supervector bundles associated by the preceding
construction to the locally free sheaves 7 and .Qj{ respectively. If M is of dimension n|m, then the total spaces of these
bundles both have dimension 2n|2m, which fits with the naive idea of position and velocity resp. position and momentum
variables. Of course, this point of view is also crucial for the existence of a canonical even symplectic form on T*.M (see
below in Section 3; compare also [7]). Denoting the projection from T .M to M by m, one observes that I" (M, TM) = {® €
Mor(M,TM) | T o @ = idy} is the space of even vector fields or derivations on .M. Instead of going to a “bigger tangent
bundle” of dimension 2m + n|2n 4+ m (compare, e.g., [11]), we prefer to stick to the above tangent bundle and note that
(M, TM)D I (M, ITT M), with ITT M the vector bundle associated to the module sheaf I77, obtained by applying parity
change to 7, is the space of all vector fields on M (compare, e.g., the Sections 7 and 8 of [ 10]). In more modern language, we
can formulate this via relative morphisms (see [12] for a recent and detailed account of this point of view). Letp : V — M
be a fiber bundle in the category Sman of supermanifolds, then we have a functor to the category Set of sets:

Sman — Set, 8+ Mory (M x §,V) :={P € Mor(M x §,V) | po ® = proj,},

and vector fields on M are given by taking Vv = T.M and § = RO, This formalizes, in fact, the classical point of view
of physicists saying that given an odd vector field X, multiplication by an “odd constant” (realized by the canonical odd
coordinate 7 on R%") yields an even “vector field” t - X.

Proposition 2.20. Each morphism of supermanifolds @ : N — M induces a morphism of supermanifolds T® : TN — TM
called the tangent map of &.

Sketch of the proof. Let (¢}") and (quM) be coordinates on & and M. They induce natural coordinates (g}, v¥) and

(quM , va ) which trivialize TV and T .M, respectively. In these coordinates, the tangent map of @ is given as follows

T2)"(g') = @*(q) Vi,
T2)' @) =Y v - 9w @) Vi O
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Let £ be a supermanifold and @ : R x § — M a morphism of supermanifolds. Using the tangent mapT® : TRx T8 — TM,
the sections; : t — (1,t) of TR and the canonical zero section sy : 8 — T8 of T8, we define 9;,® : R x § — TM, the
partial derivative of @ in the direction of R, as follows:

0P =TDPo(s1xS) :RXSE—>TM.
In local coordinates, this amounts to

@:®)* (g = 2*(q)

(3 ®)* (v]) = 32" (q/).

We define for X, Y supermanifolds and xg € X, inj,—,, : ¥ — X x Y by iﬁj—;;o () = (%0, y) and (inj,—, )" (f ® ) = f(xo) -g
for f € Ox and g € 9y. The pullback operation (inj,_,,)* is often denoted by evy_y,.

Theorem 2.21. Let § € Mor(R%, TM). Then there exists a unique geodesic @ : R!" = R x R — . such that
39 oinj,_g = 9.

Proof. The “initial condition” g renders the solution of the system of ODEs (2.2) unique, since 9;® o inj,_o = ¢ reads in the
local coordinates discussed before the theorem as follows:

inji_g 0 @*(qi) = ®*(qi)jt=0 = §"(qi)) and ;D™ (qi)ji=0 = §"(vi). O

Remarks. (1) Of course, the morphism @ is, in general, only defined on an open, connected subsupermanifold of R, whose
body contains the point 0.

(2) The preceding theorem can easily be generalized to cover the situation discussed in the remark after Definition 2.17:
given a supermanifold 4 and a morphism § € Mor (48, T.M), there exists a unique geodesic @ : R x 4 — M such that
0:P oinj,_o = 4.

3. The geodesic flow

In this section we first clarify the construction of superfunctions on supervector bundles coming from a locally free sheaf,
as well as of the canonical two-form on the cotangent bundle of a supermanifolds (both already sketched in [7]). We get a
natural “energy function” H on the (co-)tangent bundle of a supermanifold and an associated Hamiltonian vector field X}.
The flow and integral curves of the latter even vector field exist by results of Monterde and Montesinos resp. Dumitrescu. We
then prove that integral curves of X;; on T*.M are in natural bijection with geodesics on .M, as asked for in the introduction.

Proposition 3.1. Let M = (M, @) be a supermanifold and  be a locally free sheaf of @ y-modulesandletV = (V, Oy) SN
M be the supervector bundle associated to ¥ . Then there exists a natural sheaf morphism 7 ' ¥* — O over V or equivalently
a sheaf morphism ¥* — 7,0+ over M.

Proof. The proof follows directly from the construction of the supervector bundle V associated to #. O

Remark. Section of 7 ~!#* over on open subset in V are of course local superfunctions of @ (V) that are “linear in the fiber
directions”.

Corollary 3.2. Let m : V — M be the canonical projection. Then we have a natural morphism of sheaves

771 (symy, (F¥) ——L— 0Oy

.

1%

Proof. By the preceding proposition we have a morphism of 7 ~!© j,-module sheaves 7 ~! * —> (. Since 9 is a sheaf of
unital supercommutative superalgebras, we have a canonical extension to 7' (Symy, (¥*)) = Symgz-1,, (7' F*) —>
Ov,denoted by x. O

In the case that # = QL we have, after identifying (.le)* with 7, notably the following morphism of @, (M)-
modules:

- (T*M) *
(Symd,, (7)) (M) “—=5 Op+ 5 (T*M).

If M is equipped with a graded Riemannian metric g : Ty Qo, Tu — O, we have the isomorphisms gl T — QL

and g” : 2}, —> T induced by the metric, where

g 0(Y) =g(X,Y) VX,Y € Ty ().
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Using the above identification and the metric we have

b® b
21, ® 2},M) £25 Ty (M) ® Ty (M) —— 0,,(M),
which determines an element h of (.le M) ® .le (M))*. The standard theory of linear superalgebra gives the following
canonical isomorphisms

(2}, M) @ 2),M)" = (2),M) @ (25M)" = Ty M) @ Ty (M).

Let us now define H := %X (T*M)(h) € Or+ 4, (T*M), where h is viewed as a symmetric element of 7 (M) ® 7 (M). In local
coordinates, we obtain

1 "
H= Ezpi'gu'pﬁ
i

where (g;, p;) are coordinates on T*.M induced by coordinates (g;) on M.

Recall that in the super context we have a natural notion of graded differential k-form Qﬁ{ defined, e.g., in [7]. Moreover,
we have a canonical exterior differentiation d of bidegree (1, 0) of the (Z x Z,)-graded commutative algebra §2, of graded
differential forms.

Definition 3.3. A symplectic supermanifold is a supermanifold M = (M, O ) together with a closed non-degenerate two-
form w € £22,(M). We call the symplectic form and the corresponding symplectic manifold even (resp. odd) if w € $22,(M)o
resp. € £22,(M).

Proposition 3.4. Let M be a supermanifold. Then the cotangent bundle T* M of M is equipped with a canonical (even) symplectic
formw € QZ*M(T*M)O. As in the classical case of ungraded manifold, = —da with a canonical potential a € .QT]*M(T*M)O.

Proof. Using the notations of Proposition 2.14 and the remark after this proposition, we can define the canonical even one-
form o on T*M as follows:

T( T*.M)* -
Derg (Or+u (T*M)) ———— Derz (0.4 (M), Oy (T*M)) —=— Orsu(T*M) @0, ) T (M)
\ Jlt@x
o
Or+ 4 (T*M).

T* M
Here T*.M —> M is the canonical projegtion, L is the map defined in the Proposition 2.14 and x is the morphism given
by the Proposition 3.1. The projection w7 * will simply be denoted by 7 in the rest of this proof. We obtain an element
o€ Q;*M(T*M)O described as follows in the local coordinates (q;, p;):

aX) = (1® x)oLoTr*(X)
=(1Q®x)olXom™)

=(1®y (Zx o () ® aq,)

= ZX(q,-) : ;((aql.), by identifying 7*(g;) with g;,
=D _X@) p

— Xl:(_nlm(\qﬂﬂx\)pi -X(q)

= i(—])'pfpi -d(@)(X) VX € Trsp(T*M).

We thus locally have o = Y~ (=1)!%Ip; - d(g;).
Now we set w := —da € _Q%*M(T*M)o. To see that w is non-degenerate, consider its local expression:

1

© = —do =~ [Z(—l)‘“d(m) Ad(@) + Y (=IO, d%m)}

_ Z(_‘l)lqi|+1'l+|qi| ‘pild(qi) A d(p;)

Zd(qi) Ad(p). O
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The non-degeneracy of w allows us to give the following definition:

Definition 3.5. Let (M, w) be a symplectic supermanifold. For any f € O, (M) let X; € T, (M) be the Hamiltonian vector
field defined by the relation:

iXp)w = df,
where (i(X)w)(Y) = (=X elp(X, V).
Note that X; has necessarily the same parity as f if w is even. Direct calculation now shows:
Proposition 3.6. Let M be a supermanifold and (T* M, w) be its cotangent bundle equipped with the canonical symplectic form.

The Hamiltonian vector field Xy € T+ (T*M) associated to an even function f € Op+ 4 (T*M)g is an even vector field and it is
locally given by the following equations:

Xr(q) = (=1)913,f
Xf(pl) - _aqif'

Corollary 3.7. In the situation of the preceding proposition, we have for H, the energy function, the following equations:

Xu(q) =) _pig"
J

1 .
Xu(pi) = =5 3 (="M pidy, g

k.j

Definition 3.8. Let .M be a supermanifold and X be an even vector field on M. A flow of X is a morphism F : R x M — M
of supermanifolds such that:

®oF* =F*oX and Foinj_y=idy, (3.1)
where t is the canonical coordinate on R, 5; the lift of the derivation d; on R to a derivation on R x M acting just on the first
. ~ 0xid . S
factor, and inj,_, : M = {0} x M R x M is the injection map att = 0.

Remark. Of course, the domain of the flow map F is in general only an open subsupermanifold V of R x .M, containing
{0} x M. Abusively, we will often write R x M instead of V.

The following result is due to Monterde and Montesinos [13]:

Theorem 3.9. Let X be an even vector field on a supermanifold M, X the reduced vector field on M, and Vg C R x M the flow

domain of X. Then there exists a unique map F : Vx — M, where Vy is the subsupermanifold of R x M having as body Vx,
satisfying (3.1).

Given the flow F of an even vector field X, we want to use an appropriate notion of initial condition to get “integral
supercurves”. If we choose a point qg in M, we get a curve as follows:

injg—
R%Rx{qo}ﬂkxw{

S

This type of initial condition leads to a poor notion of “integral supercurves”, since ¥ factorizes over M, the body of the
supermanifold M = (M, O ,). Thus we need a notion of initial condition that is more elaborated than simply choosing a
point in the body of M.

Following Dumitrescu [ 14] we give

Definition 3.10. Let .M, § be supermanifolds, X an even vector field on M and 4 € Mor($, M).Amorphism¥ : Rx 4§ — M
such that

doW* =w*oX and ¥oinj_y=d, (3.2)
where ¢ is the canonical even coordinate on R and inj,_, : § —> R x & the evaluation map at t = 0, is called an “integral
curve for X, parametrized by 4 and satisfying the initial condition 4".

The case we are mostly concerned with will be 8§ = R%" but we need this more general “family notion” for integral curves
notably in the proof of Theorem 4.6. We note that one can give the following geometrical description of the set of initial
conditions (for 8§ = RO
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Proposition 3.11. Let M = (M, O ) be a supermanifold and E be a real vector bundle over M such that M = (M, I'%%.). Then
thereis a1 : 1 correspondence between E and Mor(R%, M).

Idea of the proof. The local coordinates given by local trivializations of the vector bundle E yield immediately a bijection
between E and Mor(R', M). O

Similarly to the standard ungraded case, integral curves are given by factorization over the flow map:

Proposition 3.12 ([14]). Let X be an even vector field on M and F be the flow of X. Let 4 € Mor(8, M) be an initial condition.
There exists an unique integral curve @ : R x 8 — M of X with initial condition J. Precisely, it is given by @ = F o (idg X {).

We can now give the first fundamental results of this article, relating the integral curves of the geodesic flow on T*M to the
geodesics of a Riemannian supermanifold M.

Theorem 3.13. Let M be a supermanifold with an even Riemannian metric g, and let (T*.M, w, H) be the Hamiltonian dynamical
system associated to (M, g), and let 8 be a supermanifold. Furthermore, let Xy be the Hamiltonian vector field associated to H, {
an initial condition in Mor(48, T*M) and ¥ the associated integral curve of Xy (W = F o (idg x {)). Then the supercurve
@ =n"Mow : R x 8§ — M satisfies the geodesic equation:

v
L (Te*(@0) =0,

subject to the initial condition 8,® o inj,_, = g° o 4 € Mor(8, TM), where g : T* M = T M is the isomorphism induced by
the metric g.

Proof. Let ¥ be an integral curve of Xy. Then ¥ is given by ¥ = F o (idg x {) using Proposition 3.12 whereF : R x T* M —
T*M is the flow of Xy and 4 € Mor (48, T*M) is the initial condition.
Recall that F is the unique morphism such that

doF*=F*oXy and Foinj_y= idpe.
In local coordinates F is uniquely determined by the following system of equations (compare Corollary 3.7):

3 (F(@) =Y _F (pig"
J

—~ 1 . .
& (F () = =5 D_(=D"F* (pidy, (8)my)

k,j
(inje—g)* o F*(qi) = qi
(inje—g)* o F*(pi) = p;.

We note here and in the sequel the parity |p;| = |g;| often by |i|.
Applying (idg x 4)* to the two first equations of the above system and £* to the remaining equations, we get

o (¥*(q)) = Y _ " (g (33)
Jj
1 . )
0 () = =5 D_ (=D (pid, (8)my) (34)
k.j
(inji—o)* 0 ¥*(q) = 4"(q) (35)
(inji—o)* o ¥*(p) = 2*(Py). (3.6)
Eq. (3.3) gives now
D0 @) - W g) = (). (3.7)

Derivation along the “even time direction” t yields:

0w (py) = Y [02W* (@) - ¥ () + 0¥ (@) - 0¥ (gy)]

i

=) W@ W) + ) 0P (g) - (i) - P (0g,85)-
i k,i

Let us first consider the last summand of the last RHS:
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D 0w (@) - (@) - ¥ (0g,8)
k,i

1
5 [Z QW™ (@) - W (q) - U (g i) + Y 0 (qi) - P (q) - w(aq,.gw}
k,i

ik

1 )

> 8 @) A @) (¥ @) + (<10 0, 8).
i

After relabeling indices we arrive at

1 .
0w (p) = ) 0P (@) g + 5 Y AT (@) - A (@) - (¥ (B + (=D 0y ) (38)
J ij
Using Eq. (3.7), Eq. (3.4) yields:

1 . .
0 (U7 (p0) = —5 D_ (=D (i) - W (38" - ¥ ()
k.j

1 . )
- D (DM (q) - v (g - T (36,8Y) - 9P (o) - W (gy)-
k.j

Is

Summing the following equality over k
g (g - £9) = g8 - 89 + (=!I gy . 5, gl
gives
DMy g g9+ Y (=) Vg - 3,89 = 0.
k k
Then

1 : )
0 (¥ (0) = 5 D (=D"ow (@) - U (B0 - (@) - 00 (gs) - ¥ (gy)
k.j
Is

1 , ,
3 D ()M (q) - U (g gm) - (@) - W (gs) - 09 (gs)
k.j

Ls

1 .
5 D (DMIHHE (@) - (g ) - 00 (@)
k1

1 . :

5 D (= DIMEHIDTIG 9 (g - 09 (qu) - 9 (3 800
kI

After again relabeling indices, we have

1 ) ) )
0 (p) = 5 D (=)D, g (g;) - 9w (qy) - W (0g,85)
ji

1 -
5 D (=DM (q) - 07 (@) - ¥ (08). (39)
Jii

Multiplying (3.8) with ¥*(g*) and summing over ! gives:

1 .
D00 W EY) = 9@ + 5 Y @) - 0w (@) W (dag + (DU oy g) - (8", (3.10)
[ ij,l
Applying the same operations to (3.9) yields
1 S
> oty wr(g") = 3 D (=)D (gy) - 9w (i) - W (9q,8y) - YT (EY). (3.11)
1 j,il

Now, using the equality @*(q;) = ¥* o (nT*'M)*(q,-) = ¥*(q;) and equating the RHS of the equalities (3.10) and (3.11),
we get exactly (2.2) since the Christoffel symbols are given by (2.1).



1502 S. Garnier, T. Wurzbacher / Journal of Geometry and Physics 62 (2012) 1489-1508

Let us check that 9;® o inj,_g = g° o 4.

Recall the canonical sections s, 51 defined before Theorem 2.21. Since @ = 77" o F o (idg x {), we can, in fact, show
that 3;@ = g” o F o (idg x 4).

Firstly, we have

3t<D =Tdo (S] X SO)
= Tn" ™ o TF o (idrg x T4) o (51 X So)
=Tn" ™M oTFo(s; x (TLosy)): R x 8§ — TAM.

If (gi, pi, vi, ;) are the usual local coordinates on T(T*.M) and (q;, v;) local coordinates on T.M, identify with the image of
the tangent map associated to the zero section of T*.M — M. Let further denote (v, t) the point v, % " of TR. We then have

@®) () = (5} x (5§ 0 (TD*) o (TF)* o (Tx" *)*(qy)
= (s} x (s5 0 (T1)")) o (TF)*(q)
= (] x (55 o (TH")(F*(q:)
= (id} x 1) (F*(q:))
= (id} x 4) o F* o (g")*(q))
= (g’ oFo (idz x 1))" ().

and

@®)*(vy) = (5] x (5§ 0 (TH*) o (TF)* o (T ¥)* (v)

= (s} x (s5 0 (T4)")) o (TF)*(vy)

(%}

= (s x (s50 (T4)") (E (v - 9 F" (@) + 13- 85, F (@) + v - atF*(Qi)>
J
= (id} x 4%) (3:F*(gy)

= (id} x 4*) ((F* o Xu)(q;)) . sinceF is the flow of Xy,

= (id} x 4%) (F* (ijg ))

= (i} x £%) (F* o (g")*(w))
= (g’ oF o (ide x 1)) (vy).
Since we now have 3;® = g” o F o (idg x 1), we can easily conclude the proof of the theorem:

3P oinj,_y =g o Fo (idg x §) oinj,_g =g" 0 4. O
Reciprocally, we have the following:

Theorem 3.14. Let ¢ : R x 8§ — M be a supergeodesic with initial condition 3;® o inj,_q = & in Mor($, T:M). Then
g% 00,® : R x 8 — T*M is an integral curve of Xy with initial condition g* o § € Mor(8, T*.M), where g? : TM —> T*M is
the isomorphism induced by the metric g.

Proof. Let @ : R x § — M be a supercurve such that - (Tq) (8[)) = 0and 0;® o inj,_g = ¢ in Mor(4, TM). We define

4 :=g%ogand ¥ = Fo(idg x 1). By the previous theorem, we know that 77" * o ¥ is a geodesic of M with initial condition

g’ o 4 = ¢.By unicity, we have & = 77" o ¥. Now, using a calculation made in the proof of the preceding theorem, we
have 8;® = g” o F o (idg x 4). Theng? 0 8;® = F o (idg x {),i.e., g¥ o 3;® is the integral curve of Xy with initial condition
I=gftog. O

We briefly comment on the case of odd Riemannian metrics.

Definition 3.15. An odd graded Riemannian metric on a supermanifold M is a graded symmetric odd non-degenerate O -
linear morphism of sheaves

g Tu®oy Tu = On,s
where non-degeneracy means that the mapping X +— g(X, .) is an (odd) isomorphism from 7 to .Q}n

Such a metric will simply be called an “odd Riemannian metric” in the sequel. It follows from the non-degeneracy that the
even and the odd dimension of a supermanifold equipped with an odd Riemannian metric must be the same. Since g is odd
the condition of metricity for a connection on M reads as follows
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D¥X(g(Y ®2) =g(VxY ®2) + ()X Vg(y ® VxZ) VX,Y,Z € T (U).
Using the following six-term-formula
28(VxY ® Z) = (—1)|X|Xg(Y ®27) — (_])Izl(\XIHYDHZIZg(X ®Y) + (_1)IXI(\Y\+\ZD+IY|yg(Z ®X)
+2(X,Y1®2Z) — (=D)X g ([, Z] @ X) + (- )X+ Dg(1z, X] @ Y)
one obtains

Proposition 3.16. Let M be a supermanifold with an odd Riemannian metric g. Then there exists a unique linear connection V
on M that is metric and torsion free. This connection is automatically even as a map T — .Q}l ® Ty.

Remark. We call the connection V of the preceding proposition the “Levi-Civita connection of (M, g)”.

As in the even case we have the following definition (compare Definition 2.17):

Definition 3.17. An (odd)Riemannian supergeodesic on a supermanifold .4 with an odd Riemannian metric g is a supercurve
@ : R x 8§ — M such that

VTQ)*B =0 3.12
a( ([))_ ’ (' )

where 4§ is an arbitrary supermanifold and t is the natural coordinate of R.

In order to have a local expression for the differential equation defining a supergeodesic we set as usual V9 = > FJ‘&)k
(compare the text after Definition 2.10). Using the above six-term-formula for odd metrics a tedious but straight forward
calculation yields:

(_1)|1I+U\+\k| ka — 5 Z [(_])\1\31&_[ + (_DM UHUIajgﬂ _ (_1)\1I(1+|1I+U\)algij] glk’
[
where g := g(8;, 9j) € O (U) and g € 9, (V) are defined by 3", g*gi;j = i .
As in the case of even metrics one has an existence and uniqueness result for geodesics.

Proposition 3.18. Let M be a supermanifold with an odd Riemannian metric g, and let § = (S, ©s) be an arbitrary
supermanifold and § € Mor (8, T.M). Then there exists a unique supergeodesic @ : R x § — M such that the initial condition
4 = 0;P o inj,_g is fulfilled.

Remark. Of course, the supergeodesic is in general only defined on a (maximal) open subsupermanifold of R x - containing
{0} x S inits body. Abusively, we will often not explicitly mention this maximal domain of definition.

In order to construct the corresponding “geodesic flow” one first has to observe that an odd metric canonically induces
an isomorphism of super vector bundles g : TM — ITT*.M, where ITT*.M is the super vector bundle associated to the @ 4 -
module sheaf [752],. We observe furthermore that the supermanifold /7T*M has a canonical odd one-form o/"""* whose
exterior derivative w7 M := —d(a/17"*) is an odd symplectic form on I7T* M. The construction of 7" closely parallels
the construction of the one-form & = a”"* (compare the proof of Proposition 3.4). If (g1, .. ., Qm+n) are local coordinates
on M and (p1, ..., Pmen) are the associated fiber coordinates on T*.M with |q;] = |p;] = Oresp. 1for 1 < i < m resp.
m < i < m+ n, then ITT*M has local coordinates (q;, pln), where p{7 isodd resp.evenfor1 <i<mresp.m<i<m+n.
In these coordinates we have

n+m )
oM =" (=1)d(g) A dp[").
i=1
We define the energy function H as in the even case (compare the text after Corollary 3.2) but it should be immediately
stressed that H is an odd global superfunction on I7T*.M. In the above local coordinates one gets

1 )
H=—2> ng""
ij

Observe that the reduction H is the zero functiog on the body of [TT* .M. Since ™™ * and H both are odd, the Hamiltonian
vector field Xy on ITT* M fulfilling d(H) = ™" *(Xy, -) is even. Using Theorem 3.9 and Proposition 3.12 we immediately
get following

Proposition 3.19. Let (M, g) be an odd Riemannian supermanij:old and Xy the Hamiltonian vector field associated to the energy
function H on the (odd) symplectic supermanifold (ITT* M, @™ ™). Then

(i) there exists a unique flow for Xy, F : R X I[IT*M — IIT*M,
(ii) given a supermanifold § and an element 4 € Mor(8, ITT* M), there is a unique integral curve ¥ : R x § — ITT*M of Xy
such that the initial condition ¥ o inj,_o = 4 is satisfied.
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As in the case of even metrics we finally obtain a bijection between integral curves of the geodesic flow and geodesics. Since
the proof is very similar to the proof of Theorem 3.13 we only announce the result without giving the proof.

Theorem 3.20. Let (M, g) be an odd Riemannian supermanifold and Xy the Hamiltonian vector field associated to the energy
function H on ITT* M. Let furthermore 8 be an arbitrary supermanifold. Then

(i) given 4 € Mor (8, ITT* M), the integral curve ¥ of Xy with initial condition J projects to a geodesic @ = a1 M o @ with
initial condition g° o 4, and

(i) given § € Mor(8, TM), the supergeodesic @ with initial condition § yields an integral curve ¥ := g° o 8,® of Xy with
initial condition g” o g.

4. The exponential map of a Riemannian supermanifold

In this section we study, for q in the body of a supermanifold .M, the fiber T;.M of the tangent bundle over g, the restriction
of the tangent map of a morphism to this fiber, and its relation to the “numerical tangent map” (Lemma 4.2). The main result
of this section is that a Riemannian supermanifold possesses a (Riemannian) exponential map and that exp, : TyM — M
is a diffeomorphism near 0 (Theorem 4.4). As an example of an application we show that linearization in a fixed point of an
isometry of a Riemannian supermanifold is faithful (Corollary 4.7).

Let (.M, g) be an (even) Riemannian supermanifold, and X be the even Hamiltonian vector field on T*.M associated to
the energy function H. Let furthermore F : R x T*M — T*.M be the flow of Xy and g* : TM — T*M be the isomorphism
of supermanifolds induced by the metric g.

Consider the following composition of applications:

*
F gl M

Rx TM “Z5 R x T* M T* M
We want to take the fiber of T.M above q € M:

M.

TM

7 TM

{@f —— M
Let us recall the morphism of rings of global sections (7 7*)*(TM) : © (M) — Or, (TM), associated to the sheaf morphism
@™* (™M) "1(O ) — Ory over TM.
Let g4 be the ideal of © (M) defined by
Fq = {f € OuM) | ¢*(f) = 0},

where q¢*(f) = f(q). We denote the ideal in Or, (TM) generated by (nT*"‘)*(gq) by

nT.M
Fq = ((NTM)*(gq))(QT,M(TM)-
i
Then (compare [8] for this construction in general), there exists a subsupermanifold § <% TM of TM such that

95 = {f € Orac(TM) | () = 0} = g7

The supermanifold § will be denoted by Ty M.

Note that if M = R™" and q is an element of R™, we have TM = R™" x R™" and T;M = R™" x {q} = R™". (Compare
the Remark after Theorem 2.19.) In general, given a finite dimensional Z,-graded R-vector space V = Vy @ V;, we have of
course an associated “linear supermanifold”. Then Ty M is the supermanifold associated to T;”’“M .

We now define the map exp, : TyM — M via the following diagram:

id f T*M
RxTM 5 Rx T M —

IidR xig

R x TyM

1\] X iqu M

{1} x TyM = Ty M

T

T* M M

expg
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Recall that the flow F is only defined on an open subsupermanifold of R x T*.M containing {0} x T*.M. Then exp, is in
general only defined on an open subsupermanifold of T;.M containing in its body (0, q). We can now show that exp, is a
locally diffeomorphism near 0 € T;M.

Lemma 4.1. Let ® : M — N be a morphism of supermanifolds. Let q € M, then we have a unique morphism of supermanifolds
Tq®@ : TyM — Tgg)N such that iz, o Ty = TP oy,
Proof. We have the following commutative diagram:

T® ip

TyM 9T TN TyN
J 7TT'M nT,A/ J
{@) M—2— N {p},

where p := ®(q) € N. We will show that the morphism T& o iq factorizes over the morphism i,.

Recall that a morphism of real smooth supermanifolds is completely determined by the superalgebra morphism given
by the pulling-back global sections. _ N

Let us define the morphism T;@ : TyM — T,V by setting its body map equal to T,® := T;® and on the level of global
sections by

(Tq(p)* . GTPN(TPN) —> (91'(1(/\,((7-(11\/1)A
[ o (T®) (),
wheref is an element of Ot (TN) such that i;f(f ) =f.
For allf € Orx(TN) such that i;j(f) = 0, we havef € I = gl’jm by the very construction of T, and then by

definition of g(gm :

Fel@™) (@) opam)-

Thus it is enough to show that ig o (T@)*(f) =0 wheneverf = (#™)*(g) withg € Jp in order to assure that (T,®)* is
well-defined.
Forg € g, < O (N) we have

T2)* (("™)*(@)) = @) *(@*(g)) € (™) * (Fg))or,m)»
since the identity QE?(_iT)(q) = H(p) forh € O (N) shows that g € ¢, implies that @*(g) € J,.
Moreover, since gr,u = (("*)*(gq)) o7, m) We have if ((x"*)*(D*(g))) = 0,i.e.if o (T&)*f)=0. O
Let us recall that for a morphism of supermanifolds ¢ : M — ., and a point ¢ € M, we have a numerical analogue of
the tangent map, i.e. a linear map T""® : T/"" M — TQE)‘ZZ;N defined by
"o (X) (1) =X([2"(N]g). VX € T} M, VIflz) € Op b

It turns out that this map encodes exactly the same information as the morphism T, ®.

Lemma 4.2. Let & : M — N be a morphism of supermanifolds and q € M. Then the following holds:

(1) Tq® : TeM — Tg N is the morphism of (linear) supermanifolds associated to the even R-linear map T*™® : T/ M —

num
2@ N, and

(ii) the numerical tangent map T‘;“““@ is uniquely determined by the morphism of supermanifolds T, ®.

Proof. A calculation in the local coordinates on T.M and T, that are induced from local coordinates on .M and N, directly
shows that both maps T;® and T;“WD are uniquely determined by the evaluation of the super Jacobi matrix of @ in the
point q of the body of M. O

It is well-known that a morphism @ : M — .V is a local diffeomorphism near q if and only if T;”mq) is an isomorphism
of Z,-graded vector space (see, e.g., [15, Theorem 4.4.1]).
Using the preceding lemma, we thus immediately get:

Proposition 4.3. The morphism & : M — N is locally a diffeomorphism near q € M if and only if Ty® : TyM — Tg N is
an isomorphism of supermanifolds.

Theorem 4.4. The map exp, : Ty M — M is a local diffeomorphism near 0.
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Proof. We will show that the map To(exp,) : To(Tg-M) — Ty-M is anisomorphism. More precisely, after identifying To (Tg M)
with Ty M as in the classical case, we will see that To(exp,) = idr, x
Let us focus on the map:

Tg"™ (expg) : Tg"™(TyM) = Der ((Or,u0). R) —>  Der ((Opq), R) = T, M
X > Xoexp;.

If (q;) is a system of local coordinates on .M around g, we denote (q;, v;) the induced local coordinates on T .M. Let us denote
the natural coordinates on TgM by (v;) as well. Then T§™ (T, M) is the Z,-graded R-vector space spanned by (9,;) where
[0y;] = [vil.

The classical theory of exponential maps on ungraded Riemannian manifolds gives the following equality

T5"™ (exp,) (dy,) = 9y, Visuch that|d,,| = 0.

Let us now deal with the odd case. If X = 9,, with |v;] = 1, the “integral curve” y : R%" — T M of X is defined by
y*(vj) = 8 - 0, where 6 is the canonical coordinate of R%.
Since
X(f) = J/ *(f) Yf € Orm;
we have
To"™ (expy) (X) = 7 —y " oexpy,

where y* o exp} = y* o (inji_; x (i} 0 g%)) o F* o (") = (inji_, x (y* o iz 0g™))oF*o (274"
Let us consider the map I" : R'" — M defined by:

= (idj x (y* oty 0g™))oF*o (rrT*‘M)* .

Then, using Theorem 3.13, I'" is the unique geodesic of .M with initial condition n = i; o y € Mor (Ro“, TM), i.e. I' is the
supercurve such that

Rr@)+ Y, Al (@)™ @) (1) =0 if gl =0,
Jul=[l|=0

RT*(@) + Y 4™ (@d ™ (@I +2 Y 8™ (q)d @) () =0 if [q] =1,
[u|=0 Ju|=0
1=0 j1=1

satisfying the initial condition

I*(q) =0 = qk(q) if |q| =0, I (qi) =0 = n*(v) =0 if [qx] =0,
I'*(qi)jt=0 =0 if |qe| = 1, I (q)je=0 = 0™ (vi) = 8k - 0 if |qe| = 1.

Then the unique solution I" : R!1" — ¢ of this system is

F(Qk)—qN() if |gi| =0
I'(q) =t-60-68; iflgl=1

Now, we have
num d *
T3 (expq) (X) = —5injt_ o I'" € Der (Osq-R),

and then

To " (expg) X) (q) = — I (qi)je=1 = {5ki lflgil =1
that is
Témm (equ)(X) = qu.

This finishes the proof that To(exp,) is the identity map. Therefore exp, is a local diffeomorphism near 0. O
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Remark. Already calculations with explicit Riemannian metrics on M = R show that the most direct extension of the
ungraded Gauss lemma cannot hold true, i.e., given a Riemannian supermanifold M, then, in general, for g € M,v =
Vo + v € T;”mM, and w € TL‘,‘(;"“(TQM) = T;”mM,

Zaxn, o) ((Tip™ expy) (v), (Tj'™ expy) (w)) # &g (v, w) .

We can now apply the properties of the above constructed super exponential map to generalize a fundamental
linearization result on Riemannian isometries to the category of supermanifolds.

Let (M, g™) and (V, g") be Riemannian supermanifolds and @ : M — & a morphlsm

Recall that g can be viewed as an element of .Q}V Qo .Q , moreover ®* : ®~'0, — 0O, induces a morphism of
sheaves

191 Ql

\/

Thus the expression q§ (q§ 1g#) makes sense as an element of Q}w Qo .Q}K

Definition 4.5. Let (M, g*) and (W, gV) be Riemannian supermanifolds. An isometry is an isomorphism of supermanifolds
@ : M — N such that the following equality is satisfied

@*(5—1gﬂ) — gM
If (qiM ) and (quN ) are local coordinates on .M and & respectively, the above condition means that
N M N
k,l

where 9/ and 8" denote 9.« and 3, respectively.
i J

Theorem 4.6. Let ® : M — N be anisometry and q € M, then we have

@ oexp) = expg(q) oT,®

Proof. Let us define the following supercurves
A=71""MoF* o (idp x (g% 0iy)) 1 R X TyM — M
and
F=®0A:RxTM—> N, (4.1)

where F* is the geodesic flow of the Hamiltonian dynamical system (T* .M, w, H).
We want to show that I” is a geodesic of N with initial condition n = iz o ;@ € Mor(TyM, TN). By the unicity of
geodesics, it will then follow

r=a""oF"o(idp x (g% 0z o TyP)). (4.2)

The statement of the theorem will then be obtained by evaluating both expressions (4.1) and (4.2) for I" at t = 1.
Since @ is an isometry and the Levi-Civita connection is unique

(@*VY) (To*) =To*(VH)

and thus
N M

v
o= rer (5 rrw)

because A is a geodesic of M. It follows that I" is a geodesic.
Furthermore

o oinj—g = 0 (@ o A) oinj;_g
=T® 0 0; A oinje_g
=TPoi
=g oTy® =n.
We thus have shown that (4.2) holds and the claim of the theorem follows by evaluating both sidesint = 1. O
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Now, we can give the announced linearization result.

Corollary 4.7. Let M be a connected Riemannian supermanifold and let @ : M — M be an isometry such that there exists a
point qo € M with

B(q0) =qo and Tyy® = idr, .

Then @ is the identity morphism of M.

Proof. Let U be the subset of M defined by
U:={qgeM| (@ =qgand T,® = idy, ).

Remark that if 5(q) = q the equality T,® = idg, is equivalent to the numerical version T;”mcp = idT;um - Thus U is a
closed subset of M.
Obviously, the set U is nonempty since qo € U. Let g be an element of U. By the preceding theorem we have

P o exp, = expg g oTqP = exp, .

By Theorem 4.4, the exponential map is a local diffeomorphism and we thus have an open V in M containing q such that
@y = idy,, implying that U is open. By the connectedness of M, it follows that U equals the whole body M of the

supermanifold M. Now we know that q~>(q) = gand T;® = idy,  for all g € M and consequently we have @ o exp, = exp,
for all ¢ € M. The morphism @ is then the identity near each g € M. This prove that @ is the identity morphism of M. O
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