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ABSTRACT. In this article we introduce a diffeomorphism-invariant met-
ric on the space of vector valued one-forms. The particular choice of
metric is motivated by potential future applications in the field of func-
tional data and shape analysis and by connections to the Ebin-metric on
the space of all Riemannian metrics. In the present work we calculate
the geodesic equations and obtain an explicit formula for the solutions
to the corresponding initial value problem. Using this we show that it is
a geodesically and metrically incomplete space and study the existence
of totally geodesic subspaces. Furthermore, we calculate the sectional
curvature and observe that, depending on the dimension of the base
manifold and the target space, it either has a definite sign or admits
both signs.

1. INTRODUCTION

Motivated by applications in the field of mathematical shape analysis we
introduce a diffeomorphism-invariant metric on the space of full-ranked R"-
valued one-forms Q1 (M,R"), where M is a m-dimensional compact mani-
fold and m < n. The definition of our metric will not include any derivatives
of the tangent vectors. For this reason we call the metric an L?-type metric,
which however differs, due to the appearance of the foot point «, from the
standard L2-metric. The main reason for introducing this particular depen-
dence on the foot point is the invariance of the resulting metric under the
action of the diffeomorphism group Diff (M), see Lemma 4.1.

Contributions of the article. In this article we will initiate a detailed
study of the induced geometry of the proposed Riemannian metric. The
point-wise nature of the metric will allow us to reduce many of the investi-
gations of the metric to the study of a finite dimensional space of matrices.
Using this we are able to obtain explicit formulas for geodesics and curva-
ture. Our main results of the article are summarized in the Theorem below:

Theorem 1.1. The geodesic equation on the space of full ranked, vector
valued one-forms Q#(M, R™) has an explicit, analytic solution formula as
presented in Theorem 3.6. Depending on the values of m and n the sectional
curvature is either sign-definite or admits both signs. Furthermore the metric
is linked via a Riemannian submersion to the Ebin metric on the space of
all Riemannian metrics.
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As a consequence of the explicit formula for geodesics we will obtain
the metric and geodesic incompleteness of the space Q}F(M ,R™). For the
finite-dimensional space of matrices we will characterize its metric comple-
tion, which consists of a quotient space of matrices, where two matrices are
identified if they have less than full rank. In future work, we plan to use
this charaterization to determine the metric completion of the space of full
ranked one-forms, using a similar strategy as in [12]. Finally, in Section 5,
we will discuss potential applications in the field of shape analysis.

Background and motivation. In the following we will further motivate
the study of this metric from two different angles.

Connections to shape analysis. The field of functional data analysis is con-
cerned with describing and comparing data, where each data point can be a
function [31, 33, 15, 4]. In this context the difficulties lie both in the infinite
dimensionality as well as in the non-linearity of the involved spaces. Infi-
nite dimensional Riemannian geometry has proven to provide the necessary
tools to tackle some of the problems and applications in this field. A space
that is of particular interest in this area of research is the space of (un-
parametrized) curves or surfaces, which appears e.g., in the study of human
organs, trajectory detection, body motions, or in general computer graphics
applications. In order to obtain a Riemannian framework on the space of
unparametrized surfaces (curves resp.), one needs to consider metrics on the
space of parametrized surfaces (curves resp.) that are invariant with respect
to the reparametrization group [26, 23].

Given a parametrized surface (curve resp.) f: M — R", we can view df
as a full-ranked one-form. Hence, one can construct invariant Riemannian
metrics on the space parametrized surfaces (curves resp.) as the pullback of
invariant Riemannian metrics on the space of full-ranked one-forms, which
puts us directly in the setup of this article. A similar strategy has proven ex-
tremely efficient for shape analysis of unparametrized curves and has yielded
to the so-called SRV-framework [23, 3]. For surfaces the situation is more
intricate. A generalization of the SRV-framework has been proposed in [24].
This framework, called the square root normal field (SRNF), has proved
successful in applications but has severe mathematical limitations. The rep-
resentation proposed in the current article will allow us to obtain a better
mathematical understanding of the properties of the induced metric on the
space of surfaces. The main reason is the simpler characterization of the
image of the map f + df, as compared to the SRNF. In fact we obtain the
isometric immersion:

Imm(M,R") — Q}  (M,R") C Q! (M,R"),

where Q} (M, R™) denotes the subset of exact one-forms (assuming that
the topology of M is sufficiently simple). The present article will focus
mainly on the geometry on the larger space of all full-ranked one-forms;
we plan to investigate the submanifold geometry of the space of exact one-
forms in a future application-oriented article. This strategy is similar to that
of Ebin-Marsden [17], who considered the L?-geometry of Diff(M) where
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FIGURE 1. A geodesic in the space of regular curves modulo

translations with respect to the Younes-metric (5.2), a special
case of our metric.
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FIGURE 2. A geodesic in the space of surfaces modulo trans-
lations with respect to the generalized Ebin metric (4.1).

all the geometry may be done point-wise, then considered the submani-
fold of volume-preserving diffeomorphisms under the induced metric (where
geodesics describe ideal fluid motion).

In Figures 1, 2, and 5 one can see examples of geodesics in the space
of immersions, equipped with the pull-back of the generalized Ebin metric
studied in this article. The depicted examples are results from preliminary
work that will be further developed in the future.

Connections to the Ebin-metric on the space of all Riemannian metrics.
Another motivation for the present article can be found in the connection
of the proposed metric to the Ebin metric on the space of all Riemannian
metrics, which has been introduced by Ebin [16]; see also the article of De
Witt [14]. Motivated by applications in Teichmiiller theory, Ké&hler geometry
and mathematical statistics, the geometry of this metric has been studied
in detail by Clarke, Freed, Groisser, Michor and others [21, 19, 9, 12, 11,
10, 6]. The proposed metric is closely related to the Ebin metric as they are
connected via the Riemannian submersion:

QL (M,R™) — Met(M), a— a’a;

see Section 4.1 for more details. Even more, the proposed metric shares
many of the geometric features of the original Ebin metric; e.g. positive
geodesic distance, existence of explicit solutions to the geodesic equation
and geodesic and metric incompleteness. On the other hand, we will see
that the sectional curvature can admit both signs, which is in stark contrast
to the Ebin metric on the space of Riemannian metrics, which always has
negative curvature.

2. NOTATION

2.1. Spaces of matrices. In large parts of the article the pointwise na-
ture of the metric will allow us to reduce the analysis to the study of a
corresponding Riemannian metric on a finite dimensional space of matrices.
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Therefore we introduce, for m < n € N, the space of all full rank n x m
matrices:
M (n,m) = {a € R™™| rank(a) =m} .

The space M, (n,m) is an open subset of the vector space of all n x m-
matrices M (n,m) and is thus a manifold of dimension n x m. The full-rank
condition on the elements of M, (n,m) allows us to consider the Moore-
Penrose pseudo inverse at of a matrix a € M, (n,m), which is defined by
at = (aTa)_laT. The most important property of at is ata = L,xm, i.e.,
a® is a left-inverse. Here I,,,x,, denotes the m x m identity matric. In
general when lower-case u is an n X m matrix, we will use upper-case U to
denote the n x n square matrix U = ua™.

Related to the space of full rank n x m matrices is the space of positive
definite symmetric m x m-matrices:

T

Sym, (m) := {a € M(m,m):a" = a and a is positive definite} .

Similarly to the space of all full rank n x m matrices, the space Sym , (m)
is a manifold as it is an open subset of a vector space, namely of the space
of all symmetric m x m-matrices Sym(m).

In the remainder of the article we will also use the group of all invertible
m-dimensional matrices GL(m), the groups of special orthogonal matrices
SO(n) and SO(m) and orthogonal matrices O(n) and O(m).

2.2. Spaces of one forms, diffeomorphisms and Riemannian met-
rics. Suppose M is a compact m-dimensional manifold M and recall that
m < n. Let Q'(M,R") denote the space of smooth R™-valued one-forms
on M. Recall that an R™-valued one-form « on M is a choice, for each
x € M, of a linear transformation a(x) : T, M — R" that varies smoothly
with # € M. Note that Q'(M,R") is — with the usual addition and scalar
multiplication on R™ — an infinite dimensional vector space. If a(x) is injec-
tive for all x € M, we say that « is a full-ranked one-form and we denote by
QL (M,R") the space of full-ranked one-forms. We immediately obtain the
following result concerning the manifold structure of Q} (M, R™):

Lemma 2.1. The space of all full-ranked one-forms Q#(M, R™) is a smooth
Fréchet manifold with tangent space the space of all one-forms Q' (M, R™).

Proof. By definition we have Q! (M,R") C Q'(M,R"). The full-rank con-
dition is an open condition and thus Q1 (M,R") is an open subset of an
infinite dimensional vector space, which concludes the result. O

Related to this space is the infinite dimensional manifold of all smooth
Riemannian metrics Met(M). For an overview on different Riemannian
structures on this space and in particular to the Ebin metric we refer to the
vast literature, see e.g., [21, 19, 9, 12, 11, 10, 6].

On both of the spaces we consider the action of the diffeomorphism group

Diff (M) := {¢ € C(M, M)| ¢ is bijective and ¢! € C*(M, M)}
via pullback:
Q4 (M, R") x Diff (M) = Q' (M,R"), (o, ) = ¢*a(z) = ap(z)) o dp(),
Met (M) x Diff (M) = Met(M), (g,9) = ¢*g(x) = dp” (2)g(p(x))dp(x)
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3. A RIEMANNIAN METRIC ON THE SPACE OF FULL RANK
n X m-MATRICES

The main results of this article will be concerned with a diffeomorphism-
invariant Riemannian metric on an infinite dimensional manifold of map-
pings, as introduced in the introduction (4.1). The pointwise nature of the
metric will allow us to reduce many aspects of the study of the corresponding
geometry to the study of a corresponding metric on a (finite dimensional)
manifold of matrices, which will be the object of interest in the follow-
ing section. Therefore we consider the space of full rank n x m matrices
M, (n,m) with m < n as introduced in Section 2.1. For a € M (n,m) and
u,v € TgM4(n,m) we define the Riemannian metric:

(3.1) (u,v)q = tr(u(aTa) o)y /det(aTa).

Using the Moore-Penrose inverse at = (a’a)"ta® of a € My (n,m), we
obtain an alternative formula for the metric that will turn out to be useful

later:
(u,v)q = tr(UVT)/det(aTa), U=ua®, V =wvat.

As a first result we will describe a series of invariance properties of the
Riemannian metric that will be of importance in the remainder of the article:
Lemma 3.1. Let a € My (n,m) and u,v € T,M,(n,m).

(1) The metric (3.1) is invariant under the left action of the orthogonal
group:
(zu, 20) 24 = (u,v)q for z € O(n);
(2) The metric (3.1) satisfies the following transformation rule under
the right action of the group of invertible matrices:

(uc, ve)qe = (u,v)q|det(c)| for c € GL(m);

(3) The metric (3.1) is invariant under the right action of the group of
determinant one or minus one matrices:

(ue,ve)qe = (u,v)q for c € GL(m),det(c) = £1;

Proof. The proof consists of elementary matrix operations. For z € O(n)
we have

(zu, 20).q = tr(zu(a’ 2T za) "ol 21)/det(aa)

= tr(u(aTa)"toT)/det(aTa) = (u,v)q,
which proves the invariance under the action of O(n). To see the second

property we calculate for ¢ € GL(m):

(uc, v¢) e = tr(uc(cr a’ac) Lel v)y/det(cTal ac)

= tr(ucc™H(aTa) " () 7 el w)y/det(ala)| det(c)|

= (u,v)q| det(c)|.

The third statement follows immediately from the second one, which con-
cludes the proof. O
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3.1. The space of symmetric m x m-matrices. In this section we will
describe the relation of our metric to a well-studied Riemannian metric on
the space of symmetric matrices. Therefore we recall the definition of the
finite dimensional version of the Ebin-metric, as studied by [19, 9]:

(3.2) (h, kyS™ = itr(hg_lk:g_l)\/det(g),

where g € Sym_ (m) and h,k € Ty, Sym(m) = Sym(m). Our main result
in this section will show that the projection
(3.3) 7 : My(n,m) = Sym, (m), avrsala
is a Riemannian submersion, where the spaces are equipped with their re-
spective Riemannian metrics.

Note that O(n) acts by left multiplication on M, (n,m). The following

proposition tells us that the orbits under this action are precisely the fibers
of the map 7 : My (n,m) — Sym_ (m) defined earlier.

Proposition 3.2. Let a,b € M, (n,m). Then a”a = b"'b if and only if there
is z € O(n) such that a = zb.

Proof. Tt is easy to see that if a = zb for some z € O(n), then
ala = (2b)T2b = b7 27 2b = b1 0.

Conversely, denote by p € Sym_ (m) the positive definite symmetric square
root of a’a. Then we have

ala=b"b=p?= (p 0) <g> , Where p = (1(;) € Mi(n,m).
1

It is enough to show that there is z € O(n) such that a = zp. Let 21 = ap™".
We have

1 1

T -1 7T, —
2121 =P a ap = = Imxm,

which means that the columns in z; form a set of orthonormal vectors in
R™. Let z3 be an n x (n — m) matrix whose columns form an orthonormal
basis of the orthogonal complement of the span of the columns of z;. Let
z = (21 22). Then a = z1p = (21 2’2) p = zp. Now the conclusion follows

by using
T Z? Z%—‘Zl Z{Zz
Tz = T (Zl 22) — T T = Ipxn-
z2 22 Zl 22 ZQ

Proposition 3.2 implies that 7 induces a diffeomorphism
(3.4) O(m)\M (n, m) = Sym, (m),

where O(n)\M4(n,m) denotes the space of orbits under the O(n) action.
Furthermore, for any a € M, (n,m) we obtain a (non-unique) decomposition

a—z(o( s ) , with z € O(n), and s € Sym (m) .

n—m)Xxm
In the following theorem we describe the corresponding Riemannian sub-
mersion picture:
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Theorem 3.3. The mapping 7 : My (n,m) — Sym, (m) is a Riemannian
submersion, where My (n,m) is equipped with the metric (3.1) and where
Sym_ (m) carries the metric (3.2). The corresponding vertical and horizontal
bundles are given by:

Vo ={ue Mi(n,m)|u=Xa, X €s0(n)}
Ho = {v € My(n,m)|va™ € Sym(n)}.

Proof. In the following we identify the space of all symmetric matrices
Sym_ (m) with the quotient space O(n)\M(n,m). The Riemannian metric
on My (n,m) descends to a Riemannian metric on the quotient space due
to the invariance under the left action of O(n). To determine the induced
metric on the quotient space we need to calculate the vertical and horizontal
bundle.

It is immediate that the vertical bundle of 7 at a € M, (n,m) consists
of all matrices u such that u = Xa with X € so(n). A matrix v is in the
horizontal bundle if it is orthogonal to all elements in the vertical bundle.

Letting V = va™, we obtain

0= (Xa,v), = tr(Xa(aTa) " wT)/det(aTa)
= tr(XV7T)y/det(ala).

for all X € so(n). It follows that V' has to be a symmetric matrix, proving
the expressions for the vertical and horizontal bundles given in the statement
of the Theorem.

To show that the differential dm, induces an isometry H, — T () Sym_ (m)
we calculate

dra(v) = aTv +vTa.
For a horizontal tangent vector v we have

(dmg(v), Cl7ra(v)>7sr}(/:)1
1

=2 tr((aTa) Y (vTa + aTv)(a’a) (vl a + aTv))y/det(aTa)
= %tr((aTa)_lvTa(aTa)_lvTa) det(aTa)

1
+3 tr((aTa) Yol a(aa)al v)y/det(ala)

Using the cyclic permutation property of the trace and the fact that V = va™
is symmetric we obtain

tr((aTa) ol a(a®a) Yl a)y/det(aTa)
= tr(a(a’a) Yol a(a’a) 0T /det(aTa)

— (VYT /det(aTa) = tr(VVT)/det(aTa) = (v, v).

A similar calculation for the second term shows the statement. O
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3.2. The Geodesic Equation. In this section we will present the geodesic

equation of the Riemannian metric 3.1 and derive an explicit solution for-

mula.

Theorem 3.4. The geodesic equation on M (n,m) with respect to the met-

ric (3.1) is given by

at =ar(a’a)al a4+ ai(a’a) el ay — a(aTa) ral ay

(3.5) 1

+ 3 tr (a(a’a)af) a — tr (ar(a’'a) " al) ay.

Proof. Let a(t) be a smooth curve in My (n,m) defined on the unit interval
I =10,1] and da be a smooth variation of a that vanishes at the endpoints
t =0 and t = 1. The energy of a in My (n,m) is given by

E(a) = /I<at,at)adt

= /Itr(at(aTa)_laf) \/Mdt.

The directional derivative of the energy function E at a in the direction of
da can be calculated as:

dE(a)(da) =6 </I tr (at(a’a)a}) det(aTa)dt> (0a)
= 2/tr ((6a)i(a”a)~tal) \/det(aTa)dt
I

- 2/tr (ar(a”a) " (8a) a(aTa)  a]) \/det(aTa)dt
1

+ /tr (a(a’a)tal) s < det(aTa)) dt.
I
Note that for any smooth matrix function B : R — GL(m) we have

d d

—detB=tr (BB ')detB; —B'=-B'B,B"
dt (BB det By !
Using integration by parts and the above formulas we obtain

dE(a)(da) = /(’T(a),éa)adt,

1

where
T(a) = —2tr (a’az(a’a) ™) ar — 2a4 + 2a4(a”a) " (a a);
—2a(a”a) " Ha)) ay + tr (ar(a’ @) 'af) a.
Now the result follows, since a is a geodesic if and only if 7 (a) = 0. O

Using the Moore-Penrose inverse at = (aTa)"'a® a simpler form of the
geodesic equation can be obtained:

Lemma 3.5. Let L = a;a™. Then a is a geodesic if and only if L satisfies
the equation:

1
(3.6) Li+tr(L)L + (L'L — LLT) - 3 tr(LY L)aa™ =0
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FIGURE 3. Geodesics in the space M, (3,2). The matrices
are visualized via their action on the unit rectangle. Note,
that the geodesic in the right figure leaves the space of full-
ranked matrices in the middle of the geodesic.

Proof. We have
L = (a;a™)¢ = aga™ + at((aTa)_laT)t
= aga™ —ar(aTa) (al a + aTar)(aTa) T + ar(aTa)tal
= ayat —ai(aa)alaa™ — L + a;(a¥a) tal.

Now equation (3.6) is obtained by inserting the expression of a; in (3.5). O

This form of the geodesic equation allows us to obtain an analytic formula
for the solution of the geodesic initial value problem, which constitutes the
first of the main results of this article:

Theorem 3.6. Let 6 = tr(LTL) and 7 = tr(L). The solution of (3.5) with
initial values a(0) and L(0) = a¢(0)a(0)* is given by

(3.7) a(t) = f(t)l/me—s(t)woa(o)es(t)Po’
where
ft) = mi(o)t? L)+, s(t) = OT f‘é‘;),

wo=LT(0) = L(0), Ry =(a(0)"a(0))" (ar(0)"a(0)) — T;O)Imxm?

and Ly xm s the m X m identity matriz .

Proof. This result can be shown by a direct calculation, substituting our
solution formula into the geodesic equation. We can easily compute for
example that

1 "(t
L(t) = —_e~5()wo (fn(z)ao — wopag + aoP(]) aa“esw‘),

and from here verify the formula (3.6). A more instructive proof of this
result, along the lines of Freed-Groisser [19] is presented in the Appendix A.
O

In Figure 3 one can see a visualization of a geodesic in the space M (3,2),
where we visualize the matrices via their action on the unit rectangle. As
a direct consequence we obtain the following result concerning the incom-
pleteness of M, (n,m):
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Corollary 3.7. For any initial conditions a(0) = ag and a;(0) with Ly =

ar(0)ag , the geodesic a(t) in My (n,m) exists for all time t > 0 if and only if

at(0) is not a constant multiple ¢ of ay for some ¢ < 0. If a;(0) is a negative
2

multiple of ag, then the geodesic reaches the zero matrixz at time T = Telm -

Proof. Note that Lo = at(O)aar = at(O)aaragag = Loaoaar. Using Cauchy-
Schwarz inequality we have
(t(Lo))? = (tr(Loaoad))? < tr(LoL]) tr(apag (aoa)")
= tr(LoLY) tr(apag apad) = tr(LoLd) tr(agag)
= mtr(LoL}).

Then we conclude that 73 < mdy with 79 = 7(0) and § = 6(0) in the

notation of Theorem 3.6, and the only way the equality holds is if there is a
number ¢ such that Lo = a;(0)ad = apag, i.e., a;(0) = cag. Thus if a;(0) is

not a multiple of ag, we must have 78 < mdy, and therefore

1 2et
ft) = €2t2+(1+%7'0t)27 s(t) = - arctan <2 —|—67'075>7 €= /mdy — 7¢.

Thus f(t) is never zero and s(t) is well-defined for all ¢ > 0.
On the other hand, if a;(0) = cap, then mdy = 78 and 79 = cm, and we
have

2t

t) = (14 <3t)? t) = :
=+, ()= 5o
Hence f(t) approaches zero in finite time, and as it does, s(¢) approaches
positive infinity. Note however that in this case wy = 0, and

Py = c(aOTao)_l(agao) - %Im =cl, —cl,, = 0.

Thus the solution formula (3.7) becomes
a(t) = (1+ “51)* ™ay,
and the result follows. O

3.3. Totally Geodesic Subspaces. In this section we will study two fam-
ilies of totally geodesic subspaces of the space My (n,m):

Theorem 3.8. The following spaces are totally geodesic subspaces of My (n,m)
with respect to the metric (3.1):

(1) the space Scal(b) := {\b|A € Rso}, where b is any fized element of
M+ (nv m);

(2) the space GL(m), where elements in GL(m) are extended to n x m
matrices by zeros.

Proof. The first result follows directly from the last sentence of the proof of
Corollary 3.7.

To prove that each component of GL(m) is a totally geodesic submanifold,
consider the map M, (n,m) — M4 (n,m) defined by a — Ja, where J is the
matrix given in block diagonal form by

1, 0
J = ( mxm mx(n—m) > .
O(nfm)xm _I(nfm)x(nfm)
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We know that this map is an isometry by the first invariance proved in
Lemma 3.1, since J € O(n). Clearly, its fixed point set is GL(m). It is well
known that each component of the fixed point set of any set of isometries is
a totally geodesic submanifold — see, for example [29, Proposition 24]. This
proves that each component of GL(m) is a totally geodesic submanifold.

O

3.4. The Riemannian Curvature. In this part we will calculate the Rie-
mannian curvatures of the metric (3.1). We will then show that the sectional
curvature admits in general both signs. There exists, however, an interesting
subspace where the curvature is negative. In addition we will see, that for
the special case m = 1 all sectional curvatures are non-negative.

To calculate the Riemannian curvature tensor we use the following cur-
vature formula, which is true in local coordinates

R, (u,v)w
= —dly(u)(v,w) + dlq(v)(u, w) + Ty (u, Lo (v, w)) — Ty (v, Ty (u, w)),
here I' : My (n,m) x TMy(n,m) x TMi(n,m) — TM;(n,m) denotes the
Christoffel symbols of the metric. Since M4 (n,m) is an open subset of the
vector space of all matrices M(n,m) we have a global chart and thus we

can obtain the formula of the Christoffel symbol by symmentrization of the
geodesic equation ay = I'y(a¢, a;). Using formula (3.5) we thus get:

1
Lo(u,v) = 3 (w(a®a) " a +v(a"a) 'ula + uatv + vatu — (ua)Tv

— (va")Tu + tr(u(a®a)vT)a — tr(ua™)v — tr(va®)u).

From here it is a straightforward calculation to obtain the formula for the
Riemannian curvature:

Lemma 3.9. Using the notation U = ua™,V = vat,W = wa™ the Rie-
mannian curvature of My (n,m) is given by
4R, (u,v)wa™
=V, UTWTaat + WUT, VT]aa™ + WUVTaa™ + WTUVTaa™

+ UWVTaa* — [U,VIIWTaat —WVvUTaat —WIvUTaa™t
— VWU aat +2VUTaatW + WU T aatV + VIWT aatU
—20VTaa™W —WVTaa™U — UWTaa™V 4 200 VUTW
+aa VWU + aa"WUTV = 20a"UVIW — aaUWTV
—aa"WVTU + [[V,U], W] + VT, U)W 4+ 20W TV
+20vITw + vTuw + wTutv + viwu - 2vwlu
—2vutw —vtvw —wivTu —uvTwv
+ (VW) tr(U)aa™ — tr(V) tr(WU ) aa™ + mtr(UWT)V
—mtr(VWHU + tr(W) tr(V)U — te(W) tr(U)V
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Furthermore, if any of the tangent vectors of w,v,w, s is of the form Aa for
A € R, then

(Ra(u,v)w, s)y = 0.

Proof. The proof is a very long, but basic computation using the curvature
formula

R(u,v)w = —dI'(u)(v,w) + dI'(v)(u,w) + I'(u,I'(v,w)) — T'(v, T'(u, w)),
and the differential of the Christoffel symbol
24T (u) (v, w)a™

=— VU WTaat —vUWTaa™ + VWTU —WUTVTaa™
—wWUVTaa™ + WVIU —VUTaa™W —VUW + VUTW
—WUTaa™V — WUV +WUTV + aaUVIW + UTVIW
—UVTW + aatUWTV + UTWTV —UWTV — tr(VUTWT)aa™
—tr(VUW)aa™ +tr (VWU + tr(VU T aa™)W + tr(VU)W
—tr(VUDOYW 4+ tr(WU T aa ™)V + tr(WU)V — te(WUT)V.

O

In the following we will decompose the tangent space of the space My (n, m)
in a scaling part — i.e., changing only the determinant of the linear mapping
— and the complement. Therefore we recall that any square matrix U can
be decomposed into a traceless part and a remainder as follows:
tr(U tr(U tr(U
U=U — LaaJr + LozaJr =Uy + Laaf

m m m
Analogously we define for a non-square matrix v € T, M (n, m) the decom-
position
tr(ua™) tr(ua™) tr(ua™)

U=1u— a+ a = ug +
m m

a.

We will call ug the traceless part and a to be the pure trace part
of u. It is easy to see that Uy = uga™. We have seen in Lemma 3.9 that
the curvature tensor vanishes if pure trace directions are involved. As a
consequence the sectional curvature will only depend on the traceless part
of the tangent vectors u and v:

tr(ua™)
m

Theorem 3.10. The sectional curvature of My(n,m) at a is given by

4K, (u,v)/1/det(aTa) = 4(R(u,v)v,u)q/1/det(ala)
=2 tr([Vo, Uol[Vy , Uo)) + 2 tx([Vo, Ug ][Vo, Uo)) + 2 tr(VoUo Vg U )
+tr(VoVy Ug Uo) — 4tx(VoWoUg UY) + 4 tx(VoUg U Vi)
+ tr(Vg VoloUsg ) — 2tr(VoVy UoUg ) — 2 te(VoUg VoUs )
+ 6 tr(VoUZ VoUZ aa™) — 3tr(VoUL Up Vi aa™) — 3tr(Uo Vi VoUZ aa™)
—mtr(VoVy' ) tr(UoUg ) + m(tr(UoVy))?,
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FIGURE 4. Histogram plots demonstrating the scarcity of
positive sectional curvature: z-axis: value of the sectional
curvature; y-axis: number of 2-planes that attained this
value. Left figure: m = 2, n = 3. Percentage of positive
sectional curvature: zero. Middle figure: m = 2 , n = 4.
Percentage of positive sectional curvature: 3.041%. Right
figure: m = 3 , n = 5. Percentage of positive sectional cur-
vature: 0.007%. The figures have been created in MATLAB
using 107 runs with random matrices for each choice of m
and n.

where u,v € ToMy (n,m) are orthonormal with respect to the metric (3.1),
Uo, Vo are the traceless parts of U = ua™ and V = va™, respectively. Fur-
thermore, we have:

(1) For tangent vector u,v that are a pure trace direction the sectional
curvature is zero.

(2) If m > 2 and u,v € TyMy(n,m) such that U = ua™ and V = va™
are symmetric — i.e., for horizontal tangent vectors with respect to
the projection (3.3) — the sectional curvature is negative.

(3) If m = 1 then all sectional curvatures are non-negative and they
vanish identically forn =m + 1= 2.

(4) If m € {2,3} and n > m + 2 then the sectional curvature admits
always both signs.

Remark 3.11 (Open cases and conjecture). Using extensive testing with
random matrices in MATLAB we did not find any positive sectional curva-
tures for any of the open cases, i.e. for m > 3 and for m = {2,3}, n = m+1.
This leads us to the conjecture that the sectional curvature is negative in
these cases. In Figure 4 we show histogram plots of our random-matrix ex-
periments, that also demonstrate the scarcity of positive sectional curvature
in the case m = {2,3} and n > m + 2.

Proof of Theorem 3.10. The formula for K at a € M, (n, m) can be obtained
by direct computation. For orthonormal u and v we have

Ka(u,v) = (Ra(u,v)v,u)q = (Ra(uo, vo)vo, Uo)a,

where the second equality is obtained by Lemma 3.9.
Statement (1) follows directly from the curvature formula. To see (2) we
calculate

4{R(u,v)v,u)q/1/det(a’a)
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= 14(tr(Up Vol Vo) — tr(UoUo Vo Vo))
+ mtr(UgVp) tr(VoUp) — mtr(UpUp) tr(Vo Vo)

= 7tr ([Uo, Vol2) + m ((tr(Uo%))2 — 2 (UR) tr(VOQ)) .

Note that U,V being symmetric implies that Uy, Vy are symmetric. Thus
their commutator is antisymmetric and then tr ([Uo, VO]Q) < 0. In addition,
by the Cauchy-Schwarz inequality we have

(tx(UsV0))* = (tr(UoV)” < tr(UoUT) tr(VoVF) = tr(UZ) tx(VD).

Therefore, Ky(u,v) < 0. Note, that we needed m > 2 to construct two
linear independent tangent vectors u and v with U and V' being symmetric.

For point (3) we first observe the simplified formula for the sectional
curvature in the situation m = 1:

(3.8) Kao(u,v) = Z(aTaf2 (—(vTa)2 — (u'a)? + (a a)3/2>

where u,v € Ty My (n, 1) are orthonormal vectors with respect to the metric
(3.1). If n = 2 in addition we have at each point @ € M;(2,1) only one
2-dim tangent plane. Let u,v € M, (2,1) be a pair of orthonormal tangent
vectors respect to the metric (3.1) such that « is in the direction of a. Then
we have u = (a’a)"'/*a and vTa = 0. Thus by formula 3.8 the sectional
curvature vanishes.

To show the positivity for general n, we consider an orthonormal basis
{e;} of T,Mi(n,1), such that e; = (a a)~'/%a. Expressing orthonormal
w and v in this basis we have v = ), u;e; and v = ), vie;, where the
coefficients satisfy Y, u? = > .v? = 1 and Y, u;u; = 0. Note, that since
a’a is a positive scalar, the orthogonality with respect to the Riemannian
metric implies that the vectors e; are orthogonal with respect to the standard
euclidean scalar product, i.e., el e; = 0if i # j. Using formula (3.8) we then
obtain

(@7 0) K (,0) = (a"a) 2 (~(07a)? — () + (a7 a)??)
:(—vz—ul—i-l :Zu va—u%Zv —U%Zu

% 7
2,2
= —ulvl + E Uz Uy

i>1,7>1
Using the orthogonality of u and v we have ujv; = — Zi>1 u;v; and thus
A 2
g(aT a) 2K o (u,v) ( g um) + E ufv?
i>1 i>1,j>1
= E vl s u2y?
=-2 UV UV + g Uz Vj
i#5,i>1,5>1 i#5,i>1,5>1
= > (wwy—uw)® 20,
i#ji>1,5>1

which proves point (3).
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Finally for statement (4), i.e., m € 2,3 and n > m + 2, we let

0 00 0O --- 00
B Idem B . . B . . .
a= 1y yu=10 0 0l-=1]0 0 01>
(n—m)xm
0 01 0 00
0 0 0 0 01

where Id, %, denotes the m xm identity matrix and 0,y xm the (n—m) x
m zero matrix. It is easy to check that v and v are orthonormal tangent
vectors at a with respect to the metric (3.1). Plugging a and w,v into the
formula of the sectional curvature we obtain

Ka(u,v) =4 —m,
which proves the last statement. O

3.5. The metric completion. In Corollary 3.7 we have seen that M (m, n)
with the metric (3.1) is geodesically incomplete. By the theorem of Hopf-
Rinow that implies that the corresponding metric space is also metrically
incomplete. In this section we will study its metric completion. For tech-
nical reasons we will restrict ourself to the case n > m, as the space
My (m,m) = Gl(m) is not connected and thus one would have to study
the completion of each of the two connected components separately. To
keep the presentation simple we will not treat this special case.

We first recall the formula for the geodesic distance function on My (n,m)
with respect to the metric (3.1):

(3.9) dist"*™(ag,a1) = inf {L(a) = / llai]|odt ‘ a:[0,1] = My(n,m)
e I

is piecewise differentiable with a(0) = ag, a(1) = al},

where the norm || - || is induced by the metric (3.1) on M (n,m). We first
calculate an upper bound for the geodesic distance:

Lemma 3.12. Let a,b € M (n,m) with n > m. Then

dist™* ™ (a,b) < \/25 <</det(aTa) + Q/det(bTb)> :
Proof. Let a,b € My (n,m). Using the invariance properties of the metric —
c.f. item (2) in Lemma 3.1 — we observe that the geodesic distance between
scaled versions of the matrices a and b can be made arbitrary small, i.e.,
dist"*™(da, 0b) < € for § > 0 sufficiently small.

We will now calculate an upper bound for the geodesic distance between a
matrix to a scaled version of the same matrix. Therefore let a; € M (n, m).
We consider the path a(t) = (1 —t)a; for t € (0,1 —0). Using a;(t) = —ay
we calculate

1-6 1
dist™ ™ (a1, 6a1) < /0 lae(®) gy dt < /0 e () ooyt

1 - 1/2
_ /0 (tr (at (aT(t)a(t)) 1atT) det(aT(t)a(t))> dt
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' 2 T V2 2 T
= "%,/ det dt = —y/det :
/0 <m et(ay a1)> NG et(ay ar)

Now the statement follows from the triangle inequality:

dist™ ™ (a, b) < dist™ "™ (a, da) 4+ dist" " (da, 6b) + dist™ " (db, b)

:\/Qm <</det(aTa) + f/det(b%)) te,

which proves the result. O

Using this result we are able to characterize the metric completion of
M, (n,m):

Theorem 3.13. Let n > m. The metric completion of the space M, (n,m)
with respect to the geodesic distance (3.9) is given by M(n,m)/ ~ where
a ~ b if rank(a) < m and rank(b) < m.

Proof. In the following let {ax} and {b;} be Cauchy sequences with respect
to the geodesic distance function dist”*™. First we consider the case that
det(alay) — 0 and det(blby) — 0 as k goes to infinity. By Lemma 3.12
we have dist" ™ (a, b)) — 0 and thus any two such sequences are identified
with each other in the metric completion. This new point corresponds to
the concatenation of all matrices with non-maximal rank.

It remains to consider the case in which det(alax) /4 0 as k — co. In
this case, there exists an n > 0 and Ky € N such that det(a} a;) > n for all
k > Ky. By the identification (3.4) we write ax = zps, with z; € O(n) and
sk € Sym™(m) (extended to a n x m matrix with zeros). We will view sy,
both as an n x m and as an m X m matrix, depending on which form is more
convenient for our purposes. Since O(n) is compact we can always pass to
a convergent subsequence and using the left invariance of the Riemannian
metric (and thus of the induced geodesic distance function) we may assume
that this limit is the identity matrix, i.e., limg_ o0 2 = Ixn. It remains to
show that si converges. Since aj is a Cauchy sequence we have

€ > dist™ ™ (21,55, 2151) = dist™ ™ (s, 21 z5)) > i(r)l{ )dist"xm(sk,zsl).
ze€0(n

The mapping 7(a) = a’a is a Riemannian submersion onto the space of

symmetric matrices with the metric (3.2) and thus the last expression is
equal to the geodesic distance induced by (3.2) of s{sk and slTsl. Thus we
have shown that s{sk € Sym™(m) is a Cauchy sequence with respect to the
geodesic distance of the metric (3.2). By a result of Clarke [12, Proposition
4.11] and the assumption on the determinant there exists a constant C' such
that (slsy);; < C for all k > Kj. It follows that

(stsk)jj = Z(sk)f(sk)if <C

and thus \(sk)f | < V/C. Therefore s;, is in a bounded and closed subset of
R™*™ and thus, by taking a further subsequence, we can conclude that s
converges to a unique element s € Sym™ (m). O
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Remark 3.14 (The space of symmetric matrices (revisited)). Using the
Riemannian submersion structure as described in Section 3.1 to study the
geometry of the space of symmetric matrices 3.2, one can regain several
classical results of [19, 21, 12, 16], including the solution formula for the
geodesic equation and the non-positivity of the sectional curvature. We will
present the alternative derivation of these results in Appendix B.

4. THE GENERALIZED EBIN METRIC

The Riemannian metric that we will define on Q} (M, R™) does not depend
on a metric on M. However, we will start by putting a metric on M, use it
in our definition of a metric on Q% (M,R™), and then prove that the latter
is actually independent of the former!

So, begin by assuming that M is endowed with a Riemannian metric g.
Associated to g is a volume form iy on M. Suppose that a € Q}F(M, R™),
and ¢, n € T,QL (M, R") = Q' (M, R").

We now define a function F, : M — R. Given x € M, choose an or-
thonormal basis for T, M with respect to g. With respect to this basis (and
the standard basis for R"), a(x), ((x), and n(z) are represented by n x m
matrices, say a, u and v, respectively. We then define

Fy(z) = (u,v), = tr (u(a’a)"'oT)y/det(aTa),

as motivated by equation 3.1 on M, (n,m). Here are two facts about F:

(1) The value of Fy(x) does not depend on the choice of orthonormal
basis at . This follows from the third invariance of Lemma 3.1,
since the change of basis matrix between two orthonormal bases has
determinant £1.

(2) The function Fy is smooth. This follows since we can choose a
smooth field of orthonormal bases on a neighborhood of z in M.

We now define our Riemannian metric G on Q! (M, R"):

(4-1) Ga(Ca 77) = /M Fg#g

We will sometimes write this metric simply as

Gal¢,n) = /M tr (¢ (7)) \/det (aTa) sy .

where it is understood that «, ¢, and 7 are replaced by their matrices with
respect to orthonormal bases.

We will now show that G is actually independent of which metric g we
choose on M. Suppose we have two metrics g; and g2 on M. Fix a point
x € M, and choose two bases of T, M, one orthonormal with respect to g1
and one with respect to gs. Denote by ¢ the m x m change of basis matrix
between these bases. Then it’s easy to see that pg, = |det c|ug,. Hence by
the second invariance of Lemma 3.1, Fy, 1y, = Fy,fig,. Since this is true for
every x, it follows that the metric defined in equation 4.1 is independent of
g. The following lemma gives two important invariances of our metric G on
QL (M,R").

Lemma 4.1. Let o € Q) (M,R") and ¢,n € T,QL (M, R").
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(1) The metric (4.1) is invariant under point wise left multiplication with
O(n), i.e., let z(x) € O(n) for each v € M. Then

Ga(<7 77) = GZQ(Z<7 Z’I’])

(2) The metric (4.1) is invariant under the right action of the diffeo-
morphism group, i.e., for any ¢ € Diff (M) we have

Ga(C,n) = Ggp*a(SO*C7 <P*?7)

Proof. The proof of the first invariance property is the same as for the finite
dimensional metric on M4 (n, m) from Lemma 3.1. For the second invariance
property we calculate

Gorale'Ce'm = [ (" () wa) (")) et (¢a) o)

= /M tr(Cop ((aop)aop)™(nop)h) \/det (o p)Taro ) det(dep) o
= Ga(Can) U

4.1. Connection to the Ebin metric. In this section we will show that
the metric defined in (4.1) on the space Q) (M,R") is connected to the
Ebin metric on the space of Riemannian metrics Met(M) on M. This will
be a consequence of the previous result for the finite dimensional spaces of
matrices and the point-wise nature of the metric. The main difficulty in the
infinite-dimensional situation is proving the surjectivity of the projection
map.

Following [16] we will first recall the definition of the Ebin metric. The
space of Riemannian metrics Met(M) is a open subset of the space of all
smooth symmetric (0, 2) tensor fields on M, denoted by I'(S?T* M), and thus
the tangent space at each element g is ['(S?T*M) itself. Let g € Met(M)
and h, k € TyMet(M) = T'(S*T*M). Fix x € M and choose a basis of T, M,
with respect to this basis g(z), h(x), k(z) can be represented as symmetric
m X m matrices. We can then introduce the metric via

(12) )y =5 [ txthg™ kg

where g, h, k can be interpreted either as tensor fields on M or as the corre-
sponding m x m matrices with respect to the bases and pgy = \/det(g)dz is
the volume form induced by g. It is easy to see that this metric is indepen-
dent of the choice of the basis at x and it is equal to the Ebin metric on M
(up to a constant).

Recall that in Section 3.1 we have shown that the mapping 7 : My (n,m) —
Sym, (M), n(a) + a’a is a Riemannian submersion, where the metric on
M, (n,m) is given by (3.1) and the metric on Sym (m) is given by (3.2).
Similarly, we can define a mapping

(4.3) 7: QL (M,R™) — Met(M), a(z) = o’ (z)a(z)

and we have the following theorem:

Theorem 4.2. Let M and n be such that there exists at least one full-
ranked R™ valued one-form on M, i.e., QY (M,R"™) # 0. Then the mapping
7 QL (M,R™) — Met(M) is a Riemannian submersion, where Q} (M, R™)
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is equipped with the metric (4.1) and Met(M) carries the multiple of the
Ebin metric, as defined in (4.2).

Proof. We first need to show that m is a surjective map, i.e., given g €
Met (M) we need to construct B(z) € QL (M,R™) with 7(8) = g. Therefore
let ag € QL (M,R") be any fixed full-ranked one-form and let gy be the Rie-
mannian metric induced by g via pulling back the Euclidean scalar product,
see (4.3). Choose now a basis vy, ..., vy, for T, M that is orthonormal w.r.t.
go and at the same time orthogonal with respect to g. Then we can define
a new linear transformation 5 : T, M — R" by S(v;) = /g(vi,vi)a(v;). By
construction 87 (v;)B(v;) = g(vs, v;).

To prove that £ is independent of the choice of bases, we choose another
basis w1, - -+ , Uy for T, M that is orthonormal w.r.t gg and orthogonal w.r.t
to g. Denote by A the m xm change of basis matrix between these two bases
{v;} and {u;}. It follows immediately that A is an orthogonal matrix. Since
{v;} is an orthogonal basis for T, M, using Einstein summation notation we
have

g(uj,u;) = g(Advg, AT vy) = (A%)*g(vi, v3i).

By the definition of the positive definite square root of a matrix, we also
have

9(ug, uz) =(A5)?/ g(vi, vi).

Note that {v;} is also orthonormal w.r.t to go. Thus
Bluj) =B(Ajvi) = A5/ g(vi, vi)a(v) = AG(AT)* v/ g(us, w)a(Afus)

=1/9(uj, uj)e(u;)
Blus)" Buj) =B(Avs)T B(AT vr) = (A5)B(v:)" B(vi) = (A5)2g(vi,vi) = glug,uj).

It follows that m(8) = g. Since the metric on Q) (M, R") and the metric on
Met (M) are both point-wise, the remainder of the result is now an immediate
consequence of Theorem 3.3. O

4.2. A product structure for the space of one-forms. We begin this
section by fixing a volume form g on M. Whenever we refer to a matrix
operation on a l-form (e.g., trace or transpose), it is assumed that we have
expressed that form locally as a matrix field, using a basis of the tangent
space that has unit volume with respect to p.

Following the work of [19] we will decompose the space of 1-forms as the
product of the space of volume forms on M with the space of 1-forms that
induce the fixed volume form p, i.e., QL (M,R™) = Vol(M) x Q}L(M7 R™),
where Q}L(M ,R™) denotes the set of all 1-forms such that det (a’a) = 1.
A straight-forward calculation shows that the tangent space of Q}L(M ,R™)
consists of all tangent vectors h € To82,(M,R") such that tr(a*h) = 0 with
at = (aTa)a” being the Moore-Penrose pseudo-inverse. In the following
lemma we calculate the formula of the metric in this product decomposition:
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Lemma 4.3. In the identification Q' (M,R") = Vol(M) x Q) (M,R") the
metric (4.1) takes the form

V1 V9

_ 1
G (O1.1) (2 ko)) = [ ox (67 8) ) gt =y [ 222

The metric G is not a product metric, since the foot-point volume density p
appears in both terms above. Note, however, that the decomposition of the
tangent space into directions tangent to Vol(M) and directions tangent to
Q,(M,R™) are orthogonal to each other with respect to the metric G.

Proof. We first construct a bijection from Vol(M) x Q}L(M ,R™) to the space
of full-ranked one-forms. Therefore we let

#(0) 1= (0.0) = (det(aTa). gm0 ) @)= g

To see that this mapping has the required properties, we calculate

\/det(BTB) = p~ty/det(aTa) =1.

To calculate the induced metric on the product we have to calculate the
variation of the inverse mapping. We have

1
A2~ (p, B) (v, h) = pV/"h+ —p! /"

Thus we obtain the formula of the metric on the product space:

Gpp) (v1,h1), (v2, ha))
= Ga-1(5,5) (27" (p 5)(V1,h1) Ao (p, B) (v, ha))

= Gprimg ( Y+ — ! B p s + — : 1/m1u25>
= [ (b (58 ) ez [ D2
/ tr hl (B78)~ 1BT / tr 8 (5T8)~ lhT)
Now the result follows since any tangent vector h to Q}L satisfies

tr (h (878)716%) = 0.

Note that, by standard properties of the trace, this also shows that last term
vanishes. O

Remark 4.4. If one restricts the metric to the space of volume forms
Vol(M) one obtains the Fisher-Rao metric. For this metric the geometry is
well-studied and completely understood, see e.g. [20, 22]. Furthermore, it
has been shown that the Fisher-Rao metric is the unique Riemannian metric
on the space of volume densities that is invariant under the action of the
diffeomorphism group [1, 5, §|.
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4.3. The geodesic distance. Any Riemannian metric (on a finite or in-
finite dimensional manifold) gives rise to a (pseudo) distance on the man-
ifold, the geodesic distance. In finite dimensions this distance function is
always a true metric, i.e., symmetric, satisfies the triangle inequality and
non-degenerate. In infinite dimensions it has been shown that the third
property might fail, see [18, 25, 2, 7]. In this section we will observe that the
geodesic distance function of the metric (4.1) can be written as an integral
over the geodesic distance function of a finite dimensional space of matrices
and thus we will obtain the non-degeneracy of the geodesic distance on the
infinite dimensional space of all full ranked one-forms. This is essentially the
same proof as for the Ebin-metric on the space of all Riemannian metrics;
see the work of Clarke [11].

To formulate this result we recall the finite dimensional Riemannian met-
ric on the space My (n,m):

(u,v)q = t1 (u (aT'a)"'0T) \/det (aTa) .

Furthermore we denote the corresponding geodesic distance by dist™ ™™ (-, -).
Note that dist™ " is non-degenerate as the space of n x m matrices is finite
dimensional.

With this notation we immediately obtain the following result concerning
the geodesic distance on the infinite dimensional manifold of all full-ranked
one-forms:

Theorem 4.5. The geodesic distance on the manifold QY (M,R™) is non-
degenerate and satisfies

(4.4) dist? (o, B) > / dist™ ™ (a(z), B(x)) 1t -
M

Proof. To prove this result we only need to show the inequality (4.4). The
non-degeneracy of the geodesic distance follows then directly from the non-
degeneracy of the geodesic distance on finite dimensional manifolds and the
face that two distinct elements of Qi_(M ,R™) have to differ on a set of
positive measure. The proof of the above inequality is exactly the same as
in [11, Thm. 2.1] O

Remark 4.6. For the Ebin metric on the space of all Riemannian metrics
it has been shown that the analogue of the inequality (4.4) is actually an
equality, i.e., that

istMet = ist™* ™M ((x x )
dist (a,ﬁ)_/Md £ (o), B())

It is easy to show this result by allowing paths of one-forms that are only
of class L? in € M. Therefore one simply chooses for each = € M a short
path in the finite dimensional manifold R™*™  which immediately yields
the equality. Here a short path means a path of matrices a(¢) such that
len(a(t)) < dist™*™(a(0),a(1)) + € for some € > 0. To prove the result in
the smooth category is much harder. We believe, however, that a similar
analysis as in [11] might be used to obtain this result. We leave this question
open for future research.
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4.4. Geodesics and curvature. The point-wise nature of the metric will
allow us to directly use our results for the space of matrices to obtain the
following result concerning geodesics and curvature, c.f. [27, 13].

Theorem 4.7. The geodesic equation of the generalized Ebin metric on
the space of full-ranked one-forms decouples in space and time. Thus for
each x € M it is given by the ODFE (3.5) with explicit solution as presented
in Theorem 3.6. Similarly, the sectional curvature is simply the integral
over the pointwise sectional curvatures and thus the statements on sign-
definiteness of Theorem 3.10 hold also in this infinite dimensional situation.

4.5. On totally geodesic subspaces. In this section we will show that
the space Q#(M ,R™) contains two remarkable totally geodesic subspaces.
To understand one of these subspaces, we need some preliminaries. Let
Gr(m,n) denote the Grassmannian manifold of all m-dimensional linear
subspaces of R™. Define a map

W QL (M,R") — C°°(M,Gr(m,n))

by

W(a)(x) = a(TyM).
Let & denote the canonical m-plane bundle over Gr(m,n). Given f €
C*>®(M,Gr(m,n)), it is easy to see that f € W(QL(M,R")) if and only
if TM = f*(&). This is because W(a) = f if and only if « is a bundle
isomorphism TM — f*(&).

Theorem 4.8. The following spaces are totally geodesic subspaces of the
space Q}r(M, R™) equipped with the generalized Ebin metric:

(1) any one-dimensional space of scalings A := {tag|t € Ryo}, where
o is a fived element of QL (M,R™),

(2) the space B := {a € QL (M,R™)|W(«) = fo}, where fo is any fized
element of C*°(M, Gr(m,n)). (Note that this space is empty unless
TM = f5(&), by the remark just above this Lemma).

Proof. Here we use the point-wise nature of the metric (4.1) on the space
QL (M,R"). Let x € M and {e;,1 < i < m} be an orthonormal basis of
T, M. Choosing the standard basis for R", (1) follows immediately from the
first statement of Theorem 3.8.

Now we prove (2), i.e., the space B is a totally geodesic subspace. Since
a is a bundle isomorphism TM — f*(£), for each z € M the image of the
orthonormal basis under a;, denoted by {&; = a,(e;)}, forms an orthonor-
mal basis of g, (,). Note that £z () = fo(x) is a m-plane. So we can extend
this orthonormal basis to get an orthonormal basis {é;,1 < i < n} of R".
With respect to this basis {e;} of T, M and the basis {€;} of R", it is easy to
see that each linear transformation in {ay : T, M — R™ | W (a)(x) = fo(z)}
corresponds to a matrix in GL(m) (extended to a n x m matrix with zeros).
Thus the result follows from the second statement of Theorem 3.8. U

4.6. Metric and geodesic incompleteness. As a consequence that scal-
ing of a full ranked one-form is totally geodesic we immediately obtain the
geodesic and metric incompleteness of the metric:
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Theorem 4.9. The space Q}F(M, R™) is metrically and geodesically incom-
plete.

Proof. This follows directly from the fact that scaling of a metric yields
geodesic curves that leave the space in finite time, c.f. Theorem 4.8. U

To obtain the metric completion we believe that a similar strategy as in
[12] will lead to the following result:

Conjecture 4.10. The metric completion of the space Q} (M,R") equipped
with the geodesic distance function of the generalized Ebin metric is the
quotient space Q' (M, R")/ ~, where a ~ 3 if the statement

a(r) # B(x) <= rank(a(x)) < min(n, m) and rank(8(z)) < min(n,m)
holds almost surely.

The proof of [12] used rather heavy machinery from geometric measure
theory. To develop this theory in the current context is out of the scope of
the present article. Thus we leave this question open for future research.

5. AN APPLICATION: REPARAMETRIZATION INVARIANT METRICS ON THE
SPACE OF OPEN CURVES

In this section we will describe the relation of our proposed metric to
the square root framework as developed for shape anlysis of curves [32, 34,
30]. In contrast to the aforementioned framework our construction is not
limited to one-dimensional objects, but has a direct generalization to higher
dimensional objects, notably to the space of surfaces. We plan to develop
this line of research in a future application oriented article and will focus
mainly on the simpler space of curves in this section.

In the following we denote the space of immersed curves in R™ by

Imm([0,1],R") := {c € C*>([0,1],R") : || # 0} .

Here ¢’ denotes the derivative of ¢ with respect to 6 € [0,1]. We can map
each curve to a R"-valued one-form on [0,1] via ¢ — ¢/df. The immersion
condition ensures that the resulting one-form actually has full rank and thus
we obtain a bijection

(5.1) @ : Imm([0, 1], R™)/ trans — Q7 ([0, 1], R™) .

Here we had to identify curves that differ only by a translation as they
all get mapped to the same one-form. Pulling back the metric (4.1) on
Q1 ([0, 1], R™), one obtains a reparametrization invariant metric on the space
of curves modulo translations. It turns out that this metric is exactly the
Younes-metric as studied in [32]:

(5.2)

1
« he.ke
("Gl ) = G (dB(c) (). v (o) (k) = [ 205
where ¢ € Imm([0,1],R™) and h,k € T.Imm([0,1],R™). Here Dy = ﬁ
denotes arc-length differentiation and ds = |¢/|df denotes integration with
respect to arc length. In the article [34] the authors introduced a transfor-

mation for this metric that allows to obtain explicit formulas for geodesics

1
o = / Dsh.Dykds,
0
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between open and closed curves in the plane. Implicitly this has been ex-
tended to open curves in arbitrary dimension in the articles [28]. By consid-
ering the formulas of Section 4.4 in the special case studied in this section
we obtain an explicit formula for geodesics for curves in arbitrary dimension
and in addition we obtain the non-negativity of the sectional curvature:

Theorem 5.1. Let ¢p € Imm([0, 1], R™) and h € T, Imm([0, 1], R™). The ge-
odesic on the space of open curves modulo translations Imm([0, 1], R™)/ trans
starting at cq in the direction h with respect to the metric (5.2) is given by

(5.3) c(t) = f(t)e OV Vg,
where

V =hd, 6o = tr(VIV), 70 = tr(V),

5 T

=3¢l s = [ 1/f)do.
0

Furthermore, the sectional curvature of Imm([0, 1], R™)/ trans with respect

to the metric (5.2) is always non-negative for n > 2 and vanishes for n = 2.

Proof. To prove the statement on the explicit solution formula we consider
the formula given in Theorem 3.6 for m = 1. Let ¢(t,6) be the geodesic
starting at ¢y in direction h. We will use ¢ to denote the derivative with
respect to 6 and ¢; to denote the derivative in time ¢. Using the notation
V = c,(0)ct(0) = heyt we have:

co(t) = f(t)e_s(t)wocges(t)Po,
where f(t) and s(t) are as in Theorem 3.6, wg = V! — V and where
Py = (0509)_1 ’UT09 -1 =0,

Taking the integral with respect to 6 formula (5.3) follows. The result on
the sectional curvature follows directly from statement (3) of Theorem 3.10
and Theorem 4.7. O

In Figure 1, we present one example of a geodesic, that was computed
using the explicit formula derived above.

5.1. The space of surfaces. In this section we will briefly comment on
the difficulties that arise for using the same method to obtain a frame-
work for shape analysis of surfaces. As mentioned above, in the case of
curves, the mapping ® in (5.1) gives us a bijection between the space of
curves modulo translations and the space of full rank R"™-valued one-forms
on [0,1]. Thus the preimage of a geodesic in the space Q% ([0, 1],R"™) gives
a geodesic in the space of immersed curves in R™. However, in the case
of (two-dimensional) surfaces in R? (here typically n will be 3), the opera-
tor d : Imm(S?% R3)/ trans — Q% (52, R?) only induces a bijection between
Imm(S?, R3)/ trans and the space of full rank and ezact one forms, denoted
by @ (52, R?), which is a proper subspace of Q! (%, R?). Furthermore
QL (5% R%) is not a totally geodesic submanifold of Q} (5%, R?) and so
geodesics in 2} (52, R?) do not give rise to geodesics in Imm(S?, R?)/ trans.
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Q0006 6§

FIGURE 5. A geodesic in the space of surfaces modulo trans-
lations with respect to the generalized Ebin metric (4.1).

Thus using this representation for shape analysis of surfaces will require
some extra work. A potential approach is to study the submanifold geometry
of 2 (5%, R?) in more detail to obtain an explicit solution formula in this
space. Alternatively one could work in the space of all full rank one-forms
Q1 (5%,R?) and project the geodesic onto the submanifold Q} (52, R?). In
Figure 2 and 5, we present examples of geodesics between two parametrized
surfaces with respect to the pull-back metric, that have been calculated
using a discretization of the space of full ranked exact one-forms. This is
part of a very preliminary work, that we will pursue in a future application
oriented article.

APPENDIX A. THE COMPUTATION OF THE GEODESIC FORMULA IN THE
SPACE M4 (n,m)

In this appendix we give the computation of the geodesic formula in the
space My (n,m) with respect to the metric (3.1). Recall that the geodesic
equation on M, (n,m) is given by

ayy =ar(aTa)ral'a + ai(aTa)taTay — a(al'a)tal as
(A1) 1 T \=1.T T \-1T
+ §tr (at(a’a)'af ) a —tr(ai(a’ @) 'a") a,

and a simpler form of the geodesic equation for L = a;a™ is given by
1
(A.2) Li+tr(L)L + (L'L — LLT) - 5 tr(LY L)aa™ = 0.

To solve the equation (A.1), we start with the equation (A.2) for L(t) and
we have the following proposition.

Proposition A.1. Suppose a and L are as in (A.1) and (A.2). Define
§ =tr(LTL) and 7 = tr(L). Then T and § satisfy the differential equations

T+ 72— 5 =0, 7(0) = 1o = tr(L(0))
(4.3) {5t fro=0, 5(0) = 6 = tr(L(0)TL(0)).
The solution of these equations is
_fi(t) _ %
(A.4) T(t) = f(t) ) 5(t) - f(t)’

where

(A.5) f(t) = mTéot2 + ot + 1.
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Proof. The trace of (A.2) yields the first equation in (A.3) since tr (aa™) =
tr(ata) = tr(Ixm) = m. Notice that Laa™ = L. We have

tr(LTaa®) = tr(aa™ LT) = tr((Laa™)T) = tr(L7) = tr(L).

Multiplying (A.2) on the left by L’ yields the second equation in (A.3). The
system (A.3) is exactly the same system as in the work of Freed-Groisser [19].
Thus we can use the same trick to solve it. Write 7(¢) = fi(t)/f(t) where
f(0) =1, and the first equation in (A.3) becomes

m

fu(t) = 55(t)f(t), f(0) =1, f(0) = 0.

d
Meanwhile the second equation in (A.3) becomes ﬁ(é f) = 0, which can

immediately be solved to give §(t) = do/f(t). So the second derivative
)
fu(t) = % is constant, and with f;(0) = 79 and f(1) = 1, we get the

]
solution f(t) = %tz + 1ot + 1. Formula (A.4) follows. O

With explicit solutions for 7(¢) and §(¢) in hand, we can now solve the
rest of the geodesic equation (A.2) with initial L(0), given by

(A.6) Lf%?L+uFL—LDU—5%w+:O

2f
Lemma A.2. Let M(t) = L(t) — Tr(nt)a(t)aJr(t). Then L satisfies (A.6) if
and only if M satisfies

(A7) M+?M+mﬂM—MM5:0
Proof. We first compute
(aa™); = (a(aTa)_laT)t
=ai(a"a)"'a” —a(a’a)™ (af a + a”ar) (a"a)"'a” + a(a’a)af
=L —LYaa" —aatL+ L7
=M — MTaa™ —aa™M + MT .

m
Here we used that L = a;a™ = a;(a’a)"'a”, that 7, = 55 — 72 and that

Maat = M. Thus we obtain

5 2
L =M, + ~2aat — Taat+ 1 (M MTaat —aa™M + MT)
m

2f
fep n
= M—i——aa
f o f
T T T T , T 4 T, + Ta T
L'L-LL =M"M—-MM* + —aa"™ M+ —M"'aa™ — —M" — —M.
m m m m

Replacing the terms in (A.6) with the formulas above we obtain equation
(A.7) and thus the statement follows. O
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Proposition A.3. The solution of (A.6) satisfies

= Le s(t)wo es t)wo ft( ) a®a +
(A5) L0 =50 Mo pT QLM
where wy = L(0)T — L(0), s(t) = fOT fCEZ) and My = L(0) — %a(O)a‘*‘(O),

Proof. Use equation (A.7) and set M (t) = N(t)/f(t). Then N satisfies

1
N, + ?(NTN —~NNT) =o.

we obtain

da
fT

Changing variables to s(

(A.9) N, + NTN — NNT =o.

Note that the transpose of (A.9) is NI + NTN — NNT = 0. It follows that
w = NT — N is constant in time, and thus w = wy = NT(0) — N(0) =
MT(0) — M(0) = LT(0) — L(0). We can rewrite (A.9) as

Ny, =NNT - NTN = —wyN + Nwy = [~wp, N].
Then we obtain the solution
(A.10) N(s) = e %O N(0)e*™.
Translate (A.10) back into

T 1
L(t) = M(t) + Ea(t)cﬁ(t) =70 (t) +
we obtain (A.8). O

Using formula (A.8) of L(t) we are now able to obtain a solution formula
for the flow equation a;(t) = L(t)a(t).

)=
Theorem A.4. Let f(t) be of the same form as in (A.5). Then the solution
of the flow a(t) = L(t)a(t) with initial data a(0) is given by

(A.11) a(t) = f(t)1/me—8(t)woa(0)es(t)Po7
where wg = LT( — L(0) and
Py = (a”(0)a(0)) ™" a(0)a(0) — L.

Proof. Using (A.8), the equation for a(t) becomes

1
a; = La = f e %0 Moye®q + n]:}

Write a(t) = f(t)/Q(t) to eliminate the second term. Then we have

1
Qe = e Me™Q

d
Changing variables to s(t f r —U we obtain

Qi=e S“OMoes“’“Q-
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Now let Q(s) = e **°R(s). Then R(s) satisfies the differential equation
Ry =woR + MyR = MI'R
=(L"(0) = “a(0)a* (0)R

=a(0) ((a” (0)a(0))"a{ (0) = Za*(0)) R.

Notice that the initial R(0) = a(0) and R; is always of the form a(0) times
a m x m matrix. Therefore we must have R(s) = a(0)B(s) for some m x m
matrix B, which satisfies B(0) = I, xm and

(A.12) B, = <(aT(0)a(0))_1 a(0)"a(0) — %Imm) B(s).

Let Py = (a”(0)a(0)) " a:(0)"a(0) — %Ime- The solution of the equation
(A.12) with initial B(0) = Ly, is

B(s) = e,
Changing back to t variables, formula (A.11) follows immediately. (]

APPENDIX B. THE SPACE OF SYMMETRIC MATRICES (REVISITED)

In this appendix we re-derive some classical results by [19, 21, 12, 16]
concerning the (finite-dimensional version of the) Ebin-metric on the space
of symmetric matrices using our Riemannian submersion picture. We first
present the geodesic equation on Sym, (m), which corresponds to the hori-
zontal geodesic equation on My (n,m):

Corollary B.1. The geodesic equation on Sym,(m) with respect to the
metric 3.2 1s given by

- T 1
git = Gig lgt+1tr(g Yaig 1gt)g—itr(g Y90) g1

Proof. We identify the space of symmetric matrices Sym , (m) with the quo-
tient space SO(n)\M,(n,m) and consider the horizontal geodesic equation
on M, (n,m), which is given by

1
(B.1) ay = agatay + B tr(as(a’a)Lal)a — tr(aza™)ay.

This is a straight-forward calculation using that a;a™ is symmetric. Now

consider a smooth curve g(t) in the space of symmetric matrices Sym_ (m).
Then g(t) = n(a(t)) = a(t)Ta(t) for some horizontal lift a(t) € M, (n,m)
and

gt = a?a + aTat; git = az;a + 2a?at + aTatt.
Inserting the expression of ay in (B.1) we obtain

T T T
git =00 + 205 a; + a” ay
T (T \—1T T T
=a; a(a” a) " a; a+2a; a; +a” ara

+ tr(as(a’a) " tal)al a — tr(asa™) (al a 4+ aay)

Ta)"taTa,

Notice that a™a = I and a;a™ is symmetric. It is easy to check that

99 g = ai a(a’a)"af a + 2af a; + a’ay(a” @) a  ay.
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Similar to the calculation in Theorem 3.3 we obtain
L g™ 90 = (0 a) " (aFa+ a7 a) (0" a) aF a4 ol a))
=tr(as(a’a)tal),
and
% tr(g " ge) = i tr((a’a) " (af a + a’ar)(a’a) " (aTa + a”a))
=tr(as(a’a) tal) = tr(aa™).
The conclusion follows. U

Using Theorem 3.10 and O’Neill’s curvature formula we obtain the cur-
vature of the space of symmetric matrices. which agrees with the formula
of [19]:

Corollary B.2. The space (Sym+(m), (-, ->Sym) has negative sectional cur-
vature given by:

m 1 _ _ m 1, - 2
K™ (h k) = [te([g™ ho g7 K% + - (tr(g™ hg™"h))

=t (7)) tr (971 0)%) ]V det(g)

Proof. Similarly as in Section 3.1 we identify the space of symmetric ma-
trices Sym. (m) with the quotient space SO(n)\My(n,m). Using the fact
that the metrics on My (m,n) and Sym(m) are connected via a Riemann-
ian submersion, we can calculate the curvature of the quotient space using
O’Neill’s curvature formula.

Let g € Sym,(m) and h,k € T; Sym, (m) be two orthonormal tangent
vectors with respect to the metric (3.2). Then we have a lift a € M (n,m)
and the horizontal lifts h, k € T, (M (n,m)) of h,k such that

m(a) =g, dng(h)=h, dna(k)=k.
Since dm, is an isometry, h,k are orthonormal with respect to the metric
(3.1). Recall from Theorem 3.3 that any horizontal tangent vectors u at
a € Mi(n,m) has the property that U = wa™ is symmetric. Thus by
Theorem 3.10 the sectional curvature K at a for h,k € T,(My(n,m)) is
given by:

Ka(h, k)
7 . .
= (4 tr ([H{), K0]2> + % (tr(H0K0)>
It remains to calculate O’Neill’s curvature term. We have
[h,kla™ = (ha*k — ka*h)a™ = HK — KH = [H, K],
where the commutator on the right side is the usual matrix commutator,
which is defined for any two square matrices. Notice that for symmetric H

and f( , the commutator [H, K] is skew-symmetric and thus [, k] = hatk —
ka™h is in the vertical bundle. Therefore the O’Neill term is given by

z Ttr(ﬁg)tr(f{g)) det(aTa).

Z([ﬁ, R, (8, K])e = —ztr([.ﬁl, &12)y/det(aTa).
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Notice that tr([H, K]?) = tr([Ho, Ko]?). Using O’Neill’s curvature formula

we

then obtain the sectional curvature on the quotient space:

Sym
K5 (1, k)

_ (tr ([H’O, RO]Q) n % (u(ﬁoffo))Q - % tr(A2) tr(f(g)> det(aTa).

It is straightforward calculation to show that

~ ~ 1 -~ _
trQHmeF>=16Udglm9 "E]?);
SR 1
tr(HoK)y) =1 tr(g thg 1k);

() te(R3) =t (o7 ) b (97 B)?)

Therefore, the result follows. O
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