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ABSTRACT — The Stiefel and Grassmann manifolds have been studied extensively and play a
prominent role in many applications. Their geodesic structure is well understood; in par-
ticular, minimal geodesics and the cut locus in the Grassmann manifold admit classical
descriptions. The oriented Grassmann manifold is less frequently treated explicitly. In this
note we review the relevant Stiefel and Grassmann results for Hilbert spaces, including the
infinite-dimensional case, give direct proofs adapted to our notation, and derive an explicit
minimal-geodesic criterion and a cut-locus characterization for the oriented Grassmann man-
ifold.
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1. Introduction

The interest in Stiefel and Grassmann manifolds is long standing. They provide
natural configuration spaces for orthonormal frames and linear subspaces, and they
occur in numerical linear algebra, optimization, statistics, and shape analysis. Classical
studies go back to [18,21]. A standard reference for matrix algorithms and the Rieman-
nian geometry of these manifolds is [5]; statistical aspects are treated, for example, in
[3]; and Grassmannian descriptions of shape spaces appear in [19,22,23].
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This also motivates a companion paper in preparation on the StiefelCurve software
library, where Gr* (2, L%([0, 1])) is used to represent planar curves up to translation,
rotation, and scaling in shape analysis.

Interest in these topics continues to this day. Recent work includes surveys and
computational treatments of Grassmann manifolds [1], algorithms for logarithms and
geodesics on Stiefel manifolds [14,25], and cut-locus results for the canonical metric
[20]. In contrast, this paper uses the metric induced by the ambient Hilbert space.

In this paper we review the definitions of the Stiefel manifold, the Grassmann man-
ifold, and the oriented Grassmann manifold in a possibly infinite-dimensional Hilbert
space H. We use the Riemannian metric induced by the ambient Hilbert space on the
Stiefel manifold and the corresponding quotient metrics on the Grassmannians. Other
natural metrics exist on these manifolds, but they are not considered here.

Main contribution of the paper

The main contributions of the paper concern the oriented Grassmann manifold. The
ordinary Grassmann results are recalled and reformulated mainly as preparation and
comparison, but in a form that is readily adapted to infinite-dimensional Hilbert spaces
through the use of p X p Gram matrices.

Using the ‘‘angle-eigenvalues’” Lemma 3.11, Proposition 3.18 shows that a class
of Grassmann geodesics! admits a geometric decomposition into ‘principal spaces’”
that depends only on the endpoints.

In Definition 3.22 we introduce an oriented variant of the singular value decompo-
sition, denoted SVD*, and the associated oriented principal angles. With these tools,
Proposition 3.20 gives a criterion for minimality, Proposition 3.23 gives an explicit
construction of a minimal geodesic in Gr*(p, H), and Theorem 4.2 gives a geometric
characterization of its cut locus. The cut locus is described by three endpoint con-
figurations: a doubly-semi-perpendicular case, a multiplicity condition on the largest
ordinary principal angle together with the orientation sign, and the case where the
two oriented planes project to the same unoriented plane. Using this characterization,
Theorem 4.6 and Corollary 4.7 compute the injectivity radius and the diameter of the
oriented Grassmannian.

To the best of our knowledge, the minimality criterion of Proposition 3.20, the con-
struction of minimal geodesics in Proposition 3.23, and the cut-locus characterization in

(1) These geodesics need not be minimal. The geodesic ODE is the same in the standard and
oriented Grassmannians.
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Theorem 4.2 are not available in the literature in this explicit endpoint/principal-angle
form. The injectivity-radius and diameter statements are then recorded as consequences
of that characterization.

Structure of the paper

In Sec. 3.1 we recall the classical geodesic formula on the Stiefel manifold and
the closed-form description of geodesics. In Sec. 3.2 we do the same for the Grass-
mann manifold; Sec. 3.2.1 discusses the geometric meaning of the decomposition, and
Sec. 3.2.2 relates the angles to the eigenvalues of the associated Gram matrices. All
formulas are rewritten in a Hilbert-space form that uses only p X p Gram matrices;
this avoids singular value decompositions that are less transparent when dim H = co.

For the Grassmann manifold, in Sec. 3.3 we present the characterization and the
known formulas for minimal geodesics and in Sec. 4.2 the classical characterization of
the cut locus. Then in Sec. 3.5 and Sec. 4.3 we derive the corresponding statements for
the oriented Grassmann manifold, where the endpoint representatives must be oriented
representatives and the ordinary singular value decomposition must be replaced by the
oriented variant SVD* introduced in Definition 3.22. We then use the corresponding
oriented principal angles.

For the Stiefel manifold itself, the corresponding global minimality and cut-locus
problems are more subtle. Explicit systematic criteria are not available in the same
form. 2

For the reader’s convenience, this paper is mostly self-contained: we include short
proofs of most classical results used below, adapted to the definitions and conventions
of this paper.

2. Definitions
We present a short account of the main definitions and the corresponding notation.

DEFINITION 2.1. Suppose that M is a smooth complete Riemannian manifold with-
out boundary, modeled on a Hilbert space, possibly infinite dimensional.

(?) For comparison, see the introduction of [14], which discusses the logarithm problem and
provides theoretical guarantees for a S-metric family including the embedded metric at 8 = 1.
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o LetPeMandV € TpM be fixed. Lety : R — M be the geodesic solving
Viy@) =0, yO)=P, y(0)=V.

Then
expp(V) =y(1)

defines the exponential map.

» Consider a geodesic written as y(t) = expp(tV). A conjugate point Q along the
geodesic 3 is a point Q = y(r) = expp(rV) such that d expp at rV is not invertible.
The multiplicity of the point is the dimension of the kernel of d expp. *

* The cut locus of P is the set of all points Q = y(1), for some V # 0, such that y
restricted to [0, 1] is a minimum-length geodesic connecting P to Q, while, for every

t > 1, y restricted to [0, t] is no longer a minimum-length geodesic connecting P
to y(t). 5

These definitions are classical and can be found in standard texts such as [4], [10],
or [11].
The following result is fundamental.

THEOREM 2.2. ¢ [fa geodesic has a conjugate point of positive multiplicity in its
interior, then it is not a minimum-length geodesic between its endpoints.

Consequently, if a geodesic is minimizing up to a conjugate point Q = y(r) of
positive multiplicity, then it cannot be extended past Q as a minimizing geodesic; hence
Q is in the cut locus of P.

PrOPOSITION 2.3. Suppose that M is finite-dimensional. Then every conjugate
point has positive multiplicity. Moreover, for every P € M, the cut locus of P has the
Jfollowing properties.

e The cut locus is closed.
e It is rectifiable.

e It is the union of a singular part ¥ and a conjugate part:

(®) Definition 1.12.9 in [10].

(4) Note that, if dim H = oo, then a conjugate point may have multiplicity zero.

(®) Note that P is not in the cut locus of P.

(¢) Theorem 1.12.13 in [10], where this assertion holds also if H is infinite dimensional.



Geodesics and the cut locus in Grt 5

— X is the set where the distance function

is not differentiable; equivalently, it is the set of points Q joined to P by at least
two distinct minimizing geodesics.

— The conjugate part consists of those points Q such that expp(V) = Q, ||V|| =
dy (P, Q)7, and expp is not locally invertible at V.

(In all of the above we consider only Q # P andV # 0.)

e If Q is in the cut locus of P and they are connected by infinitely many distinct
minimizing geodesics, then Q is both a singular point and a conjugate point to P.?

* The closure of X is the cut locus.

The classical alternative between ordinary cut points and conjugate cut points is
discussed, for instance, in [10]. The relation with the singular set of the distance function,
and the rectifiability properties of that singular set, are treated in [13].

2.1 — Stiefel and Grassmann manifolds

Let p > 1 be an integer, and let H be a vector space endowed with a scalar product.
Then

2.1) St(p.H)={(e1.e....€p) € H” : |le;l = 1, (esnej),, =0, Vi, j.i# j}

is the Stiefel manifold of orthonormal p-frames. We assume dim H > p, so that the
Stiefel manifold is nonempty. When H is a Hilbert space, St(p, H) is a smooth embed-
ded closed submanifold of H”. With the Riemannian metric induced by the ambient
space, it has the following Hopf—Rinow-type properties: it is metrically and geodesi-
cally complete, its exponential map is globally defined, and any two points in the same
connected component can be joined by a minimizing geodesic. °

(7) Equivalently, the geodesic s - expp(sV), 0 < s < 1, is minimizing from P to Q.
(8) Lemma 4.8 in [13].
(®) If p = dim H, then St(p, H) = O(p) has two connected components, so the end points

must be in the same component. In infinite dimension the existence of minimal geodesics was
proven in [7]; see the recap in Appendix A. In infinite dimension, closed bounded subsets need not
be compact, contrary to one of the conclusions of the finite-dimensional Hopf-Rinow theorem.
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When H = RY it is customary to represent the p-frame as an N X p matrix (with
orthonormal columns); in this case the Riemannian scalar product of A, B € RNXP g

(2.2) (A,B)yp = tr(A'B) .

If H is a generic Hilbert space, we agree that

p
(A,B)p» =tr(ATB) = > (A1, Bi)y ,
i=1
where AT B denotes the p X p matrix with entries (A,», B j> s
The Stiefel manifold also carries other natural Riemannian metrics; see [5, 8, 15].
Here we use only the metric induced by the ambient Hilbert space.

The space Gr(p, H) of p-dimensional subspaces of H is called the Grassmann
manifold; it can be identified with the quotient

Gr(p, H) = St(p, H)/O(p)
where the group O(p) of p X p orthogonal matrices acts by right multiplication, chang-
ing the columns of a frame in St(p, H) by an orthogonal linear combination. This action
can be defined for any space H (not just H = R™): if v,w € HP and A € RP*P then

V=wA = v = ijj,i-

p
j=1
When H is a Hilbert space, the Grassmann manifold is again a smooth complete Rie-
mannian manifold.

The space Gr*(p, H) of p-dimensional oriented subspaces of H is called the ori-

ented Grassmann manifold; we identify it with the quotient
Gr*(p,H) = St(p, H)/SO(p) .

The manifolds Gr(p, H) and Gr*(p, H) have the same geodesic properties: they
are smooth Riemannian manifolds, they are metrically and geodesically complete, their
exponential maps are globally defined, and under the standing assumption p < dim H,
any two points can be joined by a minimizing geodesic.

Now denote the natural projection maps by
St(P,H) — Gr(p’H)s Y [Y]Gr,

St(p,H) — Gr*(p,H), Y [Y]cr
Gr'(p,H) — Gr(p,H), P [Plar.

When P € Gr(p, H) and P = [Y]g;, we will say that Y is a representative. When P €
Gr*(p,H) and P = [Y]Ge+, we will say that Y is an oriented representative.
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ProposITION 2.4. If p = dim H then St(p, H) = O(p), which has two connected
components (one being SO(p)), Gr(p, H) is one point, and Gr*(p, H) is two points.

If p+1 < dimH, then St(p, H), Gr(p, H), and Gr*(p, H) are connected. The proof
is in Appendix C, p. 46.

For the above reasons we impose this hypothesis.

HyPoTHESIS 2.5. We will assume that H is a Hilbert space and thatdim H > p + 1
in the following.

Note that all following results hold also when H is infinite dimensional.

REMARK 2.6. The Stiefel and Grassmann manifolds can also be defined in differ-
ent, but equivalent, ways: see the Introduction in [1]. Note also that all the different
Riemannian metrics on St(p, H) considered in [5,15] project to the usual Riemannian
metric on Gr(p, H) and Gr*(p, H), since they coincide on the horizontal part of the
tangent space in St(p, H).

The results in [7], recalled in Appendix A, show that the cut locus in the possibly
infinite-dimensional manifolds studied here is completely determined by the corre-
sponding finite-dimensional cut locus.

For the conjugate points, we add this result.

THEOREM 2.7. Consider a geodesic y(t) in St(p, H) starting from P = y(0), and
let Q =y(r). Then Q is a conjugate point along the geodesic with positive multiplicity if
and only if there exists a subspace E C H, with dim E < 3p, such that y(t) € St(p, E)
and Q is a conjugate point along the geodesic in St(p, E).

The same holds in the Grassmannian and the oriented Grassmannian.

The proof is in Appendix C, p. 47.

2.2 — Jordan angles

The principal angles '° between two p-dimensional subspaces P, Q0 C R" were
introduced by Camille Jordan in his study of the relative position of subspaces under
the action of the orthogonal group.

(19) Also called Jordan angles in honor of the fundamental paper [9]
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DEFINITION 2.8. Given orthonormal bases U,V € R"™P of P and Q, the Jordan
angles

IA
SR

0<6; <+ <6,
are defined by performing a SVD decomposition of UTV. If
1201220, 20

are the singular values, then 6; = arccos 0.
Equivalently, there exist orthonormal bases

uy,...,up €P, vi,...,0p €0,

such that
(ui,vj) =0 (@ #j), (ui,v;) = cosb;.

There is also a purely geometric definition [2], which is useful when the spaces do
not have the same dimension.

DEFINITION 2.9. Let P,Q C R" be two linear subspaces, with
dimP = p, dimQ =g,
and assume, for instance, that p < q. The principal angles

0<6, < <6, <

to | N

between P and Q may be defined recursively by the procedure Py = Qo = {0} and for
i=1,...,p

o; = max max  {u,v),
ueP, |lull=1 veQ, |v|=1
ulP;_ v1Q;
(ui,v;) = oy,
6; = arccos oy,

P; =span{uy,...,u;}, Q; = span{vy,...,v;}.
Here u; € P and v; € Q are unit vectors realizing the maxima.

If dim P = dim Q = p, this recursive construction gives orthonormal bases satisfying
the conditions in the previous definition.

The definitions above extend naturally to the case when R" is replaced by a Hilbert
space H, possibly infinite dimensional.
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The Grassmann manifold is a Riemannian symmetric space, and the Jordan angles
form a complete set of invariants for a pair of points P, Q € Gr(p, H) under the action
of O(H). If dim H > 2p, choosing suitable orthonormal coordinates, one may write

P =span{ey,...,ep}

and
0= span{cos f1e1+sinbepyy,...,c086, e, +sinb), ezp} .

2.3 — p-plane configurations

With a slight abuse of terminology, we will call a point P € Gr(p, H) a p-plane,
and a point P € Gr*(p, H) an oriented p-plane.
We introduce these convenient definitions.

DEFINITION 2.10. Let Py, Py € Gr(p, H), Py # P. We say that they are
(1) perpendicular if every vector in Py is orthogonal to every vector in Py;

(2) semi-perpendicular if there exists a non-zero vector in Py that is orthogonal to P,
or equivalently with the roles of Py and P exchanged;

(3) oblique if no non-zero vector in either p-plane is orthogonal to the other p-plane.

Thus perpendicular planes are also semi-perpendicular, while oblique planes are
precisely the planes that are not semi-perpendicular. Equivalently, for Stiefel represen-
tatives Yy, Y1,

(1) Po, Py are perpendicular iﬁ"YOTYl =0, iff all principal angles are nt[2;

(2) Py, P are semi-perpendicular iff det(Y'Y) = 0, iff at least one principal angle is
0
n/2;

(3) Py, Py are oblique iff det(Y] Y1) # 0, iff no principal angle is /2.

These conditions do not depend on the choice of representatives. The proofis in Appendix C,
p. 49.

2.4 — Tangent and normal spaces

What follows comes from Section 2.2.1 in [5] (and is valid for the generic case when
H is a Hilbert space, using the extended notations presented in the previous section).
Given Y € St(p, H), the tangent space

(2.3) TySt(p,H) ={V e H? : V'Y +YTV = 0}



10 Andrea C. G. Mennucci

and the normal space is

(2.4) NySt(p,H) = {YS: S e RP*P ST = S}

For A € RP*P get

A+AT A-AT

sym(A) = 7 skew(A) = 7

Let Z € HP and Y € St(p, H). The normal projection of Z is
(2.5) an(Z) =Y sym(Y'Z),
and the tangent projection is
(2.6) nr(Z)=Yskew(Y'Z)+ (I -YY")Z.

Here YY" denotes the orthogonal projection of H onto the span of the columns of ¥,
applied columnwise to Z; I is the identity operator on H.

For Gr(p, H), we note that the vertical space associated to the right action of O(p)
on St(p, H) is

2.7 Verty = {YA: A e RP*P AT = —A}

Using the horizontal subspace at Y, we may identify the tangent space of Gr(p, H)
with

(2.8) Ty Gr(p,H) ~{V € H? : YTV = 0}.

These are the directions horizontal to the right action of O(p).

3. Geodesics
3.1 — Geodesics in the Stiefel manifold

Classically, the Stiefel manifold St(p, R") is defined as the set of all frames com-
posed of p orthonormal vectors in R" (with 1 < p < n); those frames are represented
as n X p matrices A with orthonormal columns, thatis, ATA =1 where I € RP*? is
the identity matrix.
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Geodesics in Stiefel manifolds St(p, R™) are known to have closed-form solutions,
as demonstrated by [5]."

ProrosiTiON 3.1 (Geodesics in St(p,R"™)). Let I C R be an interval. Suppose that
St(p,R"™) is endowed with the Riemannian metric (2.2), namely

(A,B) =tr(A™B) .

Then a smooth path Y : I — St(p,R") is a geodesic if and only if it satisfies

G F+y'y)=0.

The solution is

(3.2) (Y (2)e, ¥ (1)e™") = (Y(0),Y(0)) expt ( EAO ;\SO )
0

where Ag = YT (0)Y(0), So = YT (0)Y(0), and 1 is the p X p identity matrix.
Moreover

(3-3) A0 =YT (Y (1)
is constant and equal to Ao along the geodesic;
34 S() = YT ()Y (1) = ™' Spe™ ™"

Ao

A is skew-symmetric and S is symmetric; hence " is an orthogonal matrix. The proofis

in Appendix C, p. 49.

A different expression for Stiefel geodesics, covering other choices of Riemannian
metric as well, can be found in [24]; see also Theorem 2.1 in [14].

The solution in (3.2), while written for St(p, R"), extends to St(p, H), where H is
a Hilbert space. In this case, A, S are the matrices of all scalar products

(3.5) A= YY)y Sij= Yy

of vectors in the frames (or, respectively, their derivatives).
Consequently, ||Y (¢)||s is constant along the geodesic and

1Y (0)llse = Vtrs () = Y (0)ls: -

The length of the geodesic, from time O to time ¢, can be written in many different ways

(3.6) AnanM=mnmm=zu%.

(1Y) [5] credits a personal communication by R. A. Lippert for the final closed-form formula
(3.2).
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3.2 — Geodesics in the Grassmann manifold
We first define this notation.

LEMMA 3.2. Let 1 € R and A € RP*P_ We use the notation B = VA only formally:
the following expressions are defined by their power series in A, and therefore do not
require that an actual square root B exists. We define the following symbols

cos(tB) = Z( 1()2k]3]:tzk,

(—l)kAk+1t2k+1

o0 -1 kAkt2k+1
kD) , B_lsin(tB):Z—( ) .

Bsin(tB):Z 2, 2k+ 1)

k=0

The third series is well defined even when A is not invertible. If such a matrix B = VA
exists and is invertible, these definitions agree with the usual matrix functions.
With these definitions, we have

%cos(tB) =— Bsin(tB) ,

0 0
EB sin(tB) =B? cos(tB) , EB_l sin(tB) =cos(tB) .

where again these formulas do not depend on the existence of a matrix B = VA. The

proofis in Appendix C, p. 50.

The group O(p) of p X p orthogonal matrices acts by right multiplication. This
action is isometric; hence, by Noether’s theorem, there is an associated conserved
momentum along geodesics: this quantity is the matrix A(¢) = Y7 (1)Y(¢) defined in
equation (3.3), and it is called angular momentum.

As discussed in the introduction, the Grassmann manifold can be identified with
the quotient

St(p, H)/O(p) .

A geodesic in the Grassmann manifold can be represented by lifting it to a geodesic
in the Stiefel manifold that is horizontal with respect to the action, that is, such that
A = 0. This means that all velocities ¥; are orthogonal to all positions Y;. In this case
S(t) = Sy is constant, as shown by the relation (3.4), hence the geodesic equation is
simpler, so the geodesic formula (3.2) can be expressed more explicitly:
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PROPOSITION 3.3. Let Y(t) be a horizontal Stiefel geodesic representing a geodesic
in Gr(p, H). Set S =Y (0)TY(0) and let R = \S."2 Then

cos(IR) —Rsin(tR)

(3.7) (Y (0),Y(1) = (¥ (0),Y(O) | 7 sin(tR) cos(tR)

which can be summarized as
(3.8) Y (1) = Y(0)cos(R) + Y (0)R'sin(tR) ;
It can be directly verified that this is the solution to (3.1). The proofis in Appendix C, p. 50.

An alternative finite-dimensional description of the above results can be found in
Section 2.5.1 of [5], or in Proposition 3.3 of [1]. That description uses an SVD of Y (0),
whereas the formulation above uses only the finite p X p Gram matrix S = Y (0)TY(0).
This makes the formula more directly adapted to Hilbert spaces.

A further simplification is then possible: we may right-multiply the frames by an
orthogonal matrix, and they will still represent the same point in the Grassmann man-
ifold. By the Spectral Theorem, 2 let O € SO(p) be an orthogonal matrix such that
D = O RO is diagonal (and then D? = O7 SO); define Z(t) = Y (1)O, then

Z(1) = Z(0) cos(tD) + Z(0)D ' sin(tD) ;

let vy, v2,...,v, € Ryg be the diagonal entries of D, after reordering so that 0 < vy <
. e S Up-

We obtain a total decoupling of the above formula: each column evolves according
to its own velocity v;. When v; = 0, the column Z;(¢) is constant. For each i for which
v; # 0, the corresponding column evolves as
Z:(0)

4

(3.9 Z;(t) = Z;(0) cos(tv;) + sin(tv;) .
Note that v; = ||Z;||, so Z; (0)/v; is a unit vector: each Z;(¢) moves on a great circle
in H, with speed v;; all circles are orthogonal.

The length of the geodesic from time O to time ¢ is

)4
(3.10) I\ Z 02 = 1\te(S) = 1|Z]| = )Y,
i=1

(12) Here R denotes the unique symmetric positive semidefinite square root of S.
(13) Usually the Spectral Theorem is stated as ‘‘there exists an O € O(p)’’ but, up to changing

the sign of one column, it is equivalent to this formulation.
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in accordance with the previous relation (3.6).
Moreover, for any two times 7, 7, the matrix Z(#)" Z(7) is diagonal, with diagonal
entries cos((¢ — 7)v;). In particular Z(0) " Z(¢) has the values cos(fv;) on the diagonal.

REMARK 3.4. In general, v; > 0. If the above is the lift of the minimal Grassmann
geodesic connecting [Z(0)]g, to [Z(1)]gy, then the values v; € [0, /2] are the prin-
cipal angles. Indeed {Z;(0), Z; (1)) = cos(v;).

REMARK 3.5. More generally, fort, T € R, the principal angles between the p-planes
[Z(1)] and [Z(7)] are, up to ordering,

arccos | cos((t — T)v;)] .

This does not depend on the representation Z of the geodesic in the Grassmann manifold.

In particular, if P(t) is a geodesic in Gr(p, H), there is € > 0 such that the princi-
pal angles between P(t), P(1) are, up to ordering, |(t — 7)v;| when |t — 1| < &. This
characterizes the ‘‘velocities’ of the geodesic P(t).

We will use the following elementary reparametrization fact.

LEMMA 3.6. Lety be a geodesic in Gr(p, H) or Gr* (p, H), with principal velocities
(v). If r > 0 and (1) = y(rt), then 8 is a geodesic with principal velocities ¥; = rv;.

Thus, when discussing whether a geodesic is minimizing, we may assume without
loss of generality that r € [0, 1].

3.2.1. Geometric decomposition. The complete geometric picture can also be described
as follows. We note this lemma.

LEMMA 3.7. Let P, =Y (t)] Gy, and let Iy =, P, be the intersection of these vector
spaces. We call it the invariant space for the geodesic. The following are equivalent.
o dimly = k;
* vj=0for1 <j<kandv;>0fork+1<j<p.

ProrosiTION 3.8. Define Y (t), Z(t), v; as in Section 3.2. The vector space Ky
spanned by the columns Y;(t),Y;(t) (fori=1,...,p and t € R) is the same as the
vector space spanned by the columns Z;(t), Z;(t). This vector space decomposes as
the orthogonal direct sum of

o Iy, where the columns Z;(t) (fori =1,...k) are constant in t, and form an orthonor-
mal basis for Iy;
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e KynN I)i, where each column Z; (t) (fori =k +1,. .. p) moves in the two-dimensional
plane *

i = span{Z; (1), Z;(1)},

along a circle, with speed v;, as in (3.9). For any fixed t, Z;(t), Z;(t) [v; (for i =
k+1,...p) are an orthonormal basis for Ky N I;.

The vectore space Ky is the direct sum of the orthogonal spaces
3.11) Ky=Iy®onn® - 0mp,.
We have dim Ky =2p — k.

REMARK 3.9. Ifall v; # 0, we have reduced to the simplified situation where

Z1(1) Z,(1)

Up

Zi(1),...,Z,(1)

is a 2p-orthonormal frame in H, at all times. (This can happen only if dim H > 2p,
obviously.)

3.2.2. The angle-eigenvalues Lemma. Using the Hilbert-space formulation (3.8) for
geodesics, we can prove this useful lemma.

REMARK 3.10. IfY(t) is a horizontal geodesic lift of a geodesic y(t) in Gr(p, H),
then every other horizontal geodesic lift of the same geodesic is of the form Y (t)Q, with
Q € O(p). For Gr*(p, H), the same statement holds with Q € SO(p).

LEmMA 3.11 (The angle-eigenvalues Lemma). Fix two p-planes Py, Py € Gr(p, H).
Suppose that Yy, Y, € St(p, H) are representatives of Py, P.

Consider a geodesic connecting Py to Py. Up to lifting and possibly rotating Y| by
Q € O(p), this geodesic is represented by a horizontal geodesic Y : [0,1] — St(p, H)
with Yy =Y (0) and Y,Q =Y (1). Let W = Y (0) be its initial velocity.

Then the matrices

M=Y(0)'Y(1)=Yy¥1Q and N=Y(0)'Y(1)=W'Y,Q

are symmetric and, together with S = Y (0)TY (0), admit a common orthonormal eigen-
basis. If z € RP is a common eigenvector and o, 0, A are the eigenvalues as in

Mz =07z, Nz =0z, Sz = Az,

(1) m; does not depend on 7.



16 Andrea C. G. Mennucci

the following holds:
(3.12) o=cosV1, 6=VasinVa.

The above results also hold if we fix two oriented p-planes Py, P € Grt(p, H). In
this case the endpoint rotation satisfies Q € SO(p).
The proof is in Appendix C, p. 51.

So the relation (3.12) gives a strong constraint on the eigenvalues of S, for any
horizontal geodesic representing a geodesic connecting Py, P.

In particular we can use this to characterize the minimum-length geodesic and the
cut locus, as we will show.

A simplified statement is this.

COROLLARY 3.12. Under the same hypotheses,

(3.13) o7 = [cos i, 6; = ;| sin ;]

where o; are the singular values of YOTYl, 0; are the singular values of Y (0) "Y1, and
A; are the eigenvalues of S = Y (0) 7Y (0); the identity holds up to reordering. The proof s
in Appendix C, p. 51.

3.2.3. Geodesics in the oriented Grassmann manifold. The same infinitesimal formulas
apply to the oriented Grassmannian Gr* (p, H) = St(p, H)/SO(p), since SO(p) has
the same Lie algebra of skew-symmetric matrices as O(p). !> The difference appears
for minimal geodesics, as we will see in the next sections.

3.3 — Minimal geodesics in the Grassmann manifold

We now present the simple (and well-known) characterization of minimal geodesics
in the Grassmann manifold.
Suppose that Yy, Y] € St(p, H) are representatives of two p-planes Py, Py € Gr(p, H).
We define
B=Y]Y

and compute the singular value decomposition of B, so

(3.14) B=UxV".

(15) Indeed, SO(p) is the connected component of O(p) containing the identity.
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Let o; = Z; ; be the singular values. ¢
REMARK 3.13. Since Yy and Y| are Stiefel frames, for every v € RP we have
IBoll = 1Yy Yioll < Y10l = [[o]l.
Thus ||Bllop < 1, and all singular values satisfy oy € [0, 1].

We now define Zy = YyU and Z; = Y| V: these represent the same p-planes in the
Grassmann manifold. Let zo; and z; ; denote their i-th columns.

We define
(3.15) v; = arccos(oy), 0<v <m/2.
As aforementioned, the values v; are known as principal angles. Let D =diag(vy, . . .,vp).

We then define an initial velocity frame W = (wy, ..., w p): if v; > 0, then

1

sin v;

A

Wi =0i%i, L =

(Zl,i - O'izo,i) 5

(note that Z; is a unit vector, parallel to the projection of z; ; onto the orthogonal com-
plement of zq ;); if v; = 0, then z;; = z0; and we set w; = 0.

ProproSITION 3.14. The equation
(3.16) Z(t) = Zycos(tD) + WD~ ' sin(¢D)

(where D~'sin(tD) is understood in the sense defined above in Lemma 3.2) then rep-
resents a minimum-length geodesic such that Z(0) = Zo, Z(1) = Z,, Z(0) = W.

The same geodesic can also be written columnwise as
(3.17) Zi(t) = zo,; cos(tv;) + Z; sin(tv;).

We will show two proofs in the following sections.
The length of the geodesic is given by (3.10).

This SVD/principal-angle construction gives a minimizing Grassmann geodesic;
see Section 4.3 in [5]. The presentation in [5] extends, with minor adaptations, to p-
planes in Hilbert spaces, including the infinite-dimensional case. In the shape-analysis

(1) We will assume that they are in decreasing order, although this is not relevant in this
section.
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literature it has already been used by [23] and then in [ 19]; for a modern matrix-manifold
reference see [1].

The above are called Neretin geodesics in [23] in reference to the paper [17] that
describes some of the above ideas.

The above is also related to this criterion for minimality.

PrOPOSITION 3.15. Asin Lemma 3.11, fix two p-planes Py, Py € Gr(p, H), suppose
that Yy, Y1 € St(p, H) are representatives of Py, Pi. Consider a geodesic -y connecting
Pg to Py. Up to lifting and possibly rotating Y1 by Q € O(p), this geodesic is represented
by a horizontal geodesic Y : [0,1] — St(p, H) with Yy = Y(0) and Y,0 =Y (1).

Then vy is a minimizing geodesic connecting Py to Py if and only if all the eigenvalues
of S = Y(0)TY(0) are less than or equal to n* [4.

3.3.1. Proof of minimality. For convenience of the reader, we prove that the above
geodesic built in Prop. 3.14 is indeed the minimum-length geodesic. We will need the
following lemma.

LeMMa 3.16 (Minkowski’s integral inequality). Let (X, M, u) and (Y, N, v) be
o -finite measure spaces. Let f : X XY — [0, c0] be M ® N-measurable. If 1 < g < oo,

then
q l/q
/){(/ny(x,y)dV(y)) du(x) S/Y

This is Theorem 6.19(a) in [6].

LetYy = (e1,...,ep) and Yy = (fi,..., fp) be two fixed Stiefel frames, and let
Y(t) = (y1(1),...,yp(t)) be any Stiefel path joining them. Each column y;(7) is a
unit-sphere path from e; to f;, hence

1/q

/X Flry) du(X)] dv(y).

1
/ 15501l dt = arccos(e;. ).
0

We apply Lemma 3.16, in the form

DI

i=1

1/2

1{P 1/2
(2
S/o (Za,(r)) dr

i=1
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for non-negative functions a;, which is obtained by taking u to be the counting measure
on {1,...p}. We obtain

1 1 p
len() = /0 1Vl dr = /O (Z ||yn-<z>||z)drz
i=1
2 1 2 P
> Z( /O ||y',~<z>||Hdr) > (Zarccos2<ei,ﬁ>).

i=1 i=1

For a Grassmann path, the terminal frame may be replaced by any equivalent repre-
sentative Y1 Q, with Q € O(p). Thus the global lower bound is obtained by minimizing
the right-hand side over all such Q. The principal-angle statement is precisely that this
minimum is attained by the SVD alignment and is equal to

p

1/2
Z arccos’ (a'i)) .

i=1

The geodesic constructed above has exactly this length by (3.10), hence it is minimizing.
The eigenvalue criterion in Prop. 3.15 is proved below.
In the oriented case the same argument applies, but the admissible terminal repre-
sentatives are restricted to Q € SO(p); this is the reason for the SVD* construction
below.

3.3.2. Another minimality proof. The next proof gives a self-contained derivation
of the principal-angle lower bound. We will use Corollary 3.12. After reordering, set
d; = /A;, and rewrite the relation (3.13) as

(3.18) |cosd;| =0y .

Since the length of such a geodesic is

1/2
17(0) . = Vers = (Z dg) ,

among all d; > 0 satisfying the equation (3.18), the smallest possible value is
v; = arccos o; € [0, 7/2].

Therefore any geodesic connecting Py and P has length at least (}; vl.z)l/ 2. This lower
bound is attained by the geodesic constructed in Proposition 3.14 in the previous section.
The above reasoning provides a proof of Prop. 3.15.
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3.4 — Invariant geometric decomposition

For certain geodesics, the decomposition in Proposition 3.8 may be transformed
into a decomposition that depends only on the endpoints.

ProrosiTION 3.17 (Principal spaces). Let P,Q C H be two p-dimensional sub-
spaces. Let the principal angles be

0<6; < <86, <

ST

andlet 0 < 1) < --- < Ty, be the distinct positive values among them, so that
{rj:j<m}={0; :i <p}\{0}.

Let I =P N Qand K = P + Q. Then there exists a unique decomposition in mutually
orthogonal spaces

(3.19) K=IoVi®---0V,

that is characterized by the facts that, for each j,
VjZ(PﬂVj)+(QﬁVj), (PﬂQﬂVj)Z{O},

* the subspaces P N\'V; and Q NV} have the same dimension,

* and their only principal angle is ;.

Moreover dim I = k iff 0 is a principal angle with multiplicity k. Note that the spaces
VJ‘ have even dimension. The proofis in Appendix C, p. 51.

PrOPOSITION 3.18. Consider a geodesicy : [0,1] — Gr(p,H), let Py =y(0), P| =
v(1). Let v; be the velocities of vy, and suppose that 0 < v; < 7.
Let
w; = arccos(| cosv;|) = min{v;, 7 — v;}

be the reduced velocities. Then the w;, up to ordering, are also the principal angles of
Py, Py.
Let0 < 11 < -+ < Ty, be the distinct positive principal angles of Py, P1, so that

{rjij<m}=A{w; :i <p}\{0}.
Let I = PoN Py,K = Py + Py, and decompose

K=IleVi® -0V,
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as in Proposition 3.17.
Let Y(¢) : [0,1] — St(p, H) be a horizontal geodesic that is a lift of y(t). Apply
Proposition 3.8 to Y to define Ky, Iy, rt;, v; so that

KYZIyﬂBﬂ'kHGB"'@ﬂ'p.

Then
K =Ky, sothat P(t) C K forall t;
e I=1Iy;

* the principal spaces are built as
(3.20) Vi= P s

* ineach space Vj, the geodesic has the form
y@)nv;= span{cos(tal)el +sin(tay)epyt, . .., cos(tap)ep + sin(tah)ez;,}

where, for each i, a; is either T; or 1 — 7. Here

— dimV; =2h, and ey, . . ., ez, is an orthonormal basis of V;;
- ey,...,ey is an orthonormal basis of Ph N\ V;;
cos(ay)e; +sin(ay)epns1, - ..,cos(ap)ey + sin(ap)ean

is an orthonormal basis of Py N'V;.

*  On the invariant part,
y(ynl=1

for all t; that is, the planes do not move there. Equivalently, the indices with v; = 0
give constant columns in the lifted geodesic, and these columns span the invariant
term ly = 1.

Note that the above statements are valid for any lift Y (1) of y(t).
The proof'is in Appendix C, p. 52.

REMARK 3.19. The above proposition can be generalized from the hypothesis 0 <
v; < 1 to the assumption that either v; = 0, or v; ¢ nZ. The zero speeds still give the
invariant term I. For the non-zero speeds, the reduced velocities are still arccos | cos v;|,
but the branch speeds should be recorded modulo r: in a principal block with angle 7},
one has v; = t; (mod n) or v; = —7; (mod r). We do not need this extra generality
here.
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3.5 — Minimal geodesics in the oriented Grassmann manifold

For minimal geodesics between oriented subspaces one must choose oriented repre-
sentatives, equivalently use rotations in SO(p) rather than arbitrary matrices in O(p).
This leads to a different criterion for minimality.

ProProsITION 3.20. Fix two oriented p-planes Py, Py € Gr*(p, H) and choose ori-
ented representatives Yy, Y| € St(p, H) so that Py = [Yy|Gr+ and Py = [Y1]Gr+. Consider
a geodesic y connecting Py to Py in Gr*. A lift Y : [0,1] — St(p, H) may be chosen
so that

e Y is horizontal, 7
e Yy=Y(0)and
e Y10 =Y(1) with Q € SO(p).
Let
S=Y(0)'Y(0), M=Y(0)"Y(1).

Up to permuting the indices, we assume that the eigenvalues A; of S are in increasing
order.

Then vy is a minimizing geodesic connecting Py to Py if and only if one of the fol-
lowing cases occurs:

(a) det M > 0 and all the eigenvalues A; of S satisfy A; < n*/4; or

(b) detM < 0and A; < n2/4 for 1 <i < p whereas n*[4 < Ap < 7% and moreover
Vi <71,
fori < p.
ProoOF. Let
S=Y0)'Y(0),M=Y(0)'Y(1), N=Y(0)'Y(]).

We know from Lemma 3.11 that S, M and N are symmetric and can be diagonalized
simultaneously. Let O € SO(p) be a matrix that diagonalizes them; also let

Ai, 04,0,

(17) We recall that ‘‘horizontal with respect to the SO(p)-action’’ is equivalent to ‘horizontal
with respect to the O(p)-action”’.
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be the eigenvalues of S, M, N respectively; each associated to the eigenvector that is
the i-th column of O.

Up to permuting the indices, all in the same way, we assume that the eigenvalues
A; of § are in increasing order.

By the Lemma we know that

o; =cosd;, 0; =d;sind;

where
di = .

In particular
(3.21) detM = [ [ov =] |cosd; .
So the hypotheses become:
(a) detM > 0andall d; € [0,7/2]; or

(b) detM <Oandd; < nm/2forl <i< p whereas 7/2 < d,, < n and moreover
di <m— dp

fori < p.

By the geometric considerations in Section 3.2.1, the intuition is as follows.

Define Z(¢) = Y (¢)O, so Zy = YyO and Z; = Y10Q0; let z¢; and z1; denote their
i-th columns; so

(3.22) (Zi(0), Zi(1)) g = 0; = cos(d;)
(3.23) (Z:(0),Z;(1)),, = 6; = d; sin(d;) .

Let Z(0) be its initial velocity, then d; = || Z; (0)||x.

Consider the vector spaces K, I, r; defined in Proposition 3.8 and the decomposition
in equation (3.11).

The configuration in the plane &; is then shown in figure 1.

Since Z(t) is fixed, the decomposition (3.11) is fixed as well. In particular the ter-
minal vector Z; (1) lies in the two-dimensional plane r;, and the columns are separated
by this decomposition. Therefore, within this fixed decomposition, the only ways in
which Z(1) can represent the same unoriented endpoint are

Zi(l)=z1; or Zi(1)=-z1; for every i.

It represents the same oriented endpoint P precisely when the number of minus signs
is even.
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Zi(0)/d;
RN

R
~

plane 7T, -

FIGURE 1. x; plane

Recall that d; = || Z; (0)]|; if d; # O then

(3.24) Z;(t) = Z;(0) cos(td;) +

sin(zd;)

1

Zi(0) .
d

(asin 3.17); if d; = 0 then Z;(¢) is constant and always in the invariant space /.
Assume first that ¥, and hence Z, has minimum length. The length is

p
\ D4
i=1

di = 11Z;(0)| € [0, x].

This already tells us that

Indeed, if this is not the case,

 if d; > 27 we may subtract 27k so that d; € [0, 2], and rescale Z; (0) accordingly;

» ifd; € [m,2n], then we reverse the direction of Z;(0) and rescale it to be of speed
2r — di.

All the above single-flip moves do not alter the endpoint Z(1). See Figure 2.
Knowing that d; € [0, 7] and using (3.21) we can say that

e det M = 0 iff there is at least one d; = n/2;
e detM > 0 iff there is no d; = /2 and the number of /2 < d; < =« is even;

e detM < 0 iff there is no d; = 7/2 and the number of 7/2 < d; < 7 is odd.
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Z;(0)

F----is
N
S

Z(0)
é

- > -T----

200 &7 2 k7T
plane 7r; - plane 7; .\L.Z,—(O)

FIGURE 2. A single-flip move shortens a branch longer than 7 without changing the endpoint.

There is another possible move, which we call a double-flip: replace the endpoint
z1,; with —zp ;, reverse the initial direction, and replace the length d; with 7 — d;. See
Figure 3. Equivalently, when d; # 0, the initial velocity changes as

ZI(O) (g —ﬂ

—d; .
——2,(0).

4

Note that this move changes the orientation of the frame Z(1), and hence of Y (1). If
d; = m/2, then this move does not change the length of the geodesic. If 7/2 < d; <«
then this move reduces the length of the geodesic.

Z;(0)

21,i s\

fF-m-

Z:(0) : 70
" >

plane n[ S plane 7rt

FIGURE 3. A double-flip replaces the endpoint by its opposite and changes the branch length
from d; to © — d;.

When we consider the problem in Gr(p, H), those moves are all permissible, and
the conclusion is that Y is a minimal-length geodesic if and only if 0 < d; < 7/2 for
every i: hence the characterization (3.15) for minimal geodesics.

When we consider the problem in Gr* (p, H), we reason as follows.

e If there is an even number of i such that 7/2 < d; < «, then we can reduce all of
them by double-flip, and we obtain the same geodesic as in the Gr(p, H) case. In
this situation det M > 0.
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¢ If there is an odd number, and there is at least one d; = /2, we can again double-flip
them all. Again we obtain the same geodesic as in the Gr(p, H) case. Note that
d; = m/2 implies det M = 0.

* Suppose there is an odd number of indices i such that 7/2 < d; < &, and no index j
such that d; = 7r/2; as we proved above, in this situation det M < 0; we double-flip
as much as possible, but one will be left in the range 7/2 < d; < x: so we choose
to skip the one that provides the worst improvement, and this is the one where d; is
minimum. (This will be explained better later on.)

Summarizing, if a geodesic is minimal, then either (a) or (b) must be satisfied; oth-
erwise there are moves that reduce its length while still connecting the same endpoints.
Conversely, if (a) holds, then the geodesic is minimal also in Gr, by Prop. 3.15.

Consider a geodesic Y that satisfies (b). To prove that (b) implies that Y is minimal,
we lower bound the length of any admissible geodesic Y, when det M < 0. Let

S=Y(0)"Y(0), M=Y(0)"Y(1),

let A;, o; be the eigenvalues, as above. Let d; = v/A;. We know that d; € [0, 7] and that
o; = cosd;. Since det M < 0, there is no d; = 7/2, and letting

Jy ={i:n/2 <d; £ n}

then #Jy is odd (as we proved above).
The constraints o; = cos d; and d; € [0, ] force only one possible choice in each
component: d; = a; or d; = 7 — a;, where

a; = arccos |o;| = min{d;, 7 — d;} € [0, 7/2].
The numbers a; depend only on the endpoint data Py, P;, through |o7;|, and not on the

particular admissible geodesic. Indeed |o| are the singular values of Y, Yi, for any
choice of oriented representatives Yy, Y] of Pg, P;. We first define the baseline length

squared
L() = Z a%.
i

LetJ C {1,..., p}. If#J is odd, then we can build a geodesic connecting Py to P
using the branch lengths a; fori ¢ J and m — a; for i € J, and then define its squared

length by
Ly= Z a% + Z(Tl’ —a;)?=Lo+ Z(n2 —2na;).

i¢J ieJ ieJ
This is minimized when J = {j}, where a; = max; a;. For this minimizing choice, the
only long branch is d; = 7 — aj, and for every i # jonehas d; =a; < a; =7 —d;.
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After reordering the A; = dl.2 in increasing order, the long branch is indexed by p, and
this is exactly condition (b). Hence the length of ¥ realizes the lower bound, and Y is
minimal. [

COROLLARY 3.21. Under the same hypotheses as before, let
M=Y(0)'Y(l)=UZVT

be an SVD decomposition. Assume that the eigenvalues A; of S are ordered in increasing
order.

Then vy is a minimizing geodesic connecting Py to P if and only if one of the fol-
lowing cases occurs:

o detX =0 and all the eigenvalues of S are less than or equal to ©* [4; or

e detX >0, detU =detV, and all the eigenvalues of S are less than or equal to 7r2/4;
or

o detX >0anddetU =—detV and A; < 72 /4 for 1 <i < p, whereas n* /4 <4, < 2,

and moreover

\//1_1- <=4,
fori < p.
PRrROOF. Since M = UXVT, we have

det M =detU detX detV.

If detX =0, then det M = 0. If det £ > 0, then det M > O is equivalent to det U =
det V, while det M < O is equivalent to det U = — det V. The three alternatives are
therefore exactly the two alternatives in Proposition 3.20, with the singular case det X =0
separated from the non-singular positive-determinant case. |

For this reason we use the following modified SVD.
DEFINITION 3.22 (SVD™"). In the standard SVD decomposition
B=UZV',

the entries on the diagonal of £ are non-negative and ordered in decreasing order, but
U and V need not belong to SO(p).

IfdetU = detV = —1, we change the sign of the last column of both U and V; the
diagonal matrix X is unchanged.
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Ifinstead detU = —detV, up to changing signs of the last columns, assume detU =1
and detV = —1; then we change the sign of the last column of V and also change the
sign of the last diagonal entry of X.

We call the resulting decomposition SVD* and denote it by

B=USV".
Note that if the smallest singular value is zero, then the above operation does not
change the diagonal matrix. This occurs iff det ¥ = det £ = 0.

PROPOSITION 3.23. Let Py, Py € Gr*(p, H) and choose oriented representatives
Yo, Y1 € St(p, H) so that Py = [YolGr+, P1 = [Y1]Gre- The following construction pro-
duces a minimal geodesic from Py to Py. Let

Yy Y, =USVT
be an SVD* decomposition with
(3.25) £ =diag(o,...,0p), 1201 20m>...20,-1 2|0, 20.

If some singular values have multiplicity, the adapted bases U,V are not unique. In the
construction below we fix one such choice. Inside a non-zero equal-singular-value block,
the rotations of the left and right adapted bases are linked; inside a zero singular block
they are independent. See also Appendix B. These rotations may give other adapted
bases, and possibly other minimizing geodesics, but the minimality argument depends
only on the signed singular values o;. Set

v; = arccos(oy), O<vy <m.

We call them oriented principal angles. See Figure 4.

» Ifop >0, then the horizontal geodesic constructed from the pairs Z(0) = YoU,
Z(1) =YV, as in Section 3.3, is a minimizing geodesic.

*  Wenow consider the case o), < 0. We define Z = YoU and Z, =YV, which represent
Py and Py, respectively, in Gr*(p, H). Let zo; and z; ; denote their i-th columns.
If |oi| < 1, we define

. 1
(3.26) 2 = ———(21.i — 7iz0,i) -
V1= (0:)?

Note that o; = (Zo,i, Zl,i>H, so Z; is a unit vector parallel to the projection of z1 ;
onto the orthogonal complement of zy ;; moreover <2,-, ZU)H > 0. Ifo; =1, the
i-th column is constant, so we set Z; = 0 for convenience.
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If o, = =1, choose any unit vector %, orthogonal to all columns z ; and to all Z;
withi < p, the resulting geodesic is not unique, but the endpoint and its length are
independent of this choice. Note that the above choice is possible since we assumed
dimH > p + 1. See Remark C.1 in Appendix C.

A N

Zi ) i
PN 2L 21,0 4
N R K.
1 LS N 1
|// - N \\I
1, . 20,0 A . 20,i
PN : ooy
O'i>0 0'i<0

FIGURE 4. Positive and negative signed entries in the SVD* construction.
Since o, < 0, this gives v, € (w/2,r], whereas v; € [0,n/2] fori < p.
We then define an initial velocity frame W = (wy, ..., w),) by
Wi = 0% -

The resulting geodesic is

(3.27) Z;(t) = zo,; cos(tv;) + Z; sin(tv;)

that is

(3.28) Z(1) = Zycos(tD) + WD~ ! sin(1D)

where D = diag(vy, . . ., vp), with the usual limiting interpretation when some v; = 0,

as defined in Lemma 3.2.

Moreover,
» 1/2
dgr+ (Po, P1) = (Z 012) -
i=1
ProofF. The formula above gives a horizontal geodesic. Indeed, in the diagonal
coordinates Zy = YoU and Z; = Y, V, the columns satisfy

(zo,i,Z1,j>H =0 fori#j, <ZO,isZI,i>H = 0.

Hence the two-dimensional planes generated by zp; and z; ; are mutually orthogo-
nal after removing the common components, and the construction above is the usual
separated Grassmann geodesic in these planes.
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At t = 1 the geodesic reaches the end point with the correct orientation. When

|oi| < 1, Z;(1) = z1,;, because cosv; = 0; and sinv; = /1 — o-l.2 so we have

21, = 0i20,i + J1 — 07 & = 20,; cosv; + Z; sinv;.

This is just (3.26) rearranged. If o = 1, then v; = 0, Z; = 0, and the column is constant.
If o, = -1,thenv, =n,and Z,(1) = —29,, = 21,p, independently of the admissible
choice of Z,,.

It remains to check minimality. If o7, > 0, then v; < /2 for every i, so condition (a)
in Proposition 3.20 holds. If o7, < 0, then v, = 7 — arccos |, | is the only long branch.
Since the singular values are ordered in decreasing order,

arccos o; < arccos |op| =71 — v, fori < p.

After reordering the eigenvalues of S in increasing order, this is exactly condition (b).
L . . 1/2
Thus the geodesic is minimizing in both cases, and its length is ( i vlz) 2 |

REMARK 3.24. Fix two p-planes Py, P; € Gr(p, H). Each has two lifts to the ori-
ented Grassmannian, denoted by P;, P; € Gr*(p, H), such that P; # P; but [P;]gr =
[ﬁi]Gr = ISi,fori = 1,2

Let 9 be aminimal-length geodesic between Py and P1. Since Gr* (p, H) — Gr(p, H)
is a two-fold Riemannian covering, ¥ has two lifts, and both are minimal geodesics in
Gr*. Depending on the endpoint orientation, they are either

* one connecting Py to P and the other connecting Py to Py; or

e one connecting Py to Py and the other connecting Py to P;.

REMARK 3.25. The alternatives (a) and (b) can also be read at the level of oriented
representatives.

Fix Py € Gr*(p, H) and an oriented representative Y.

Consider an endpoint Py € Gr*(p, H) with [Polgr # [P1]cr Let Py = [P1]cr

The group O(p) has two connected components, S* = SO(p) and S~ = O(p) \
SO(p). Hence the fiber of the unoriented endpoint P splits into two SO(p)-orbits,
which we call O, and O_.

* If Py, Py are oblique, these two orbits are distinguished by the sign of det(YOT Y):
one has positive sign and the other negative sign. We choose notation so thatY € O,
iff det(Y,'Y) > 0, while Y € O_ iff det(YY) < 0.
With this convention, geodesics satisfying (a) are the minimizing horizontal Stiefel
geodesics from Yy to the positive-sign orbit O,. Geodesics satisfying (b) are the
minimizing horizontal Stiefel geodesics from Y to the negative-sign orbit O_: the
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ordinary Grassmann minimizer reaches the wrong oriented lift, so one uses the
cheapest possible long branch to reach the required orientation.

o If Py, Py are semi-perpendicular, then both orbits are at the same distance, and
they are reached by minimal horizontal Stiefel geodesics of type (a). In this case
det(Y, Y) = 0, at least one principal angle is nt/2; this is a cut-locus phenomenon,
discussed in Sec. 4.3.

3.5.1. Invariant geometric decomposition. For minimal geodesics in the oriented Grass-
mann manifold, the decomposition in Proposition 3.18 is mostly unchanged.

PROPOSITION 3.26. Fix two oriented p-planes Py, P1 € Gr*(p, H). Let P(t) be a
minimal geodesic connecting them.

Let Py, Py € Gr(p, H) be given by [P;]g, = P; fori =0, 1, and let P(1) = [P(1)] G

The decomposition K =1 &V, & --- @& V,, given by Py, P| in Proposition 3.18
applies as well.

If the geodesic is of type (), then P(t) is the minimal Grassmann geodesic and the
motion in each block V; has speed a;.

If the geodesic is of type (b), then the oriented constraint changes only the motion
inside the block V,, corresponding to the largest ordinary principal angle ay,: one
direction in that block is traversed with speed m — a,, instead of a,.

ProoF. Choose oriented representatives and a horizontal lift as in the SVD* con-
struction above. Let s; > - -+ > 5, > 0 be the ordinary singular values of YOT Y1, and
let

a; = arccos s; € [0, 7/2]

be the ordinary principal angles. These angles determine the endpoint decomposition
of Proposition 3.18, after grouping equal values g; into the block speeds a;.

In type (a), the signed SVD™ entries are all non-negative. Hence the oriented geodesic
uses the same angles a; as the ordinary Grassmann minimizer, and the statement follows
directly from Proposition 3.18.

In type (b), the SVD* construction changes the sign of one entry with the smallest
ordinary singular value s,,. Equivalently, it changes one ordinary angle a,, = arccos s,
the largest principal angle, into the long branch 7 — a,,. All other directions keep their
ordinary angles. Thus only the two-dimensional direction chosen inside the eigenspace
for the largest principal angle is changed. If this largest angle has multiplicity, the chosen
direction may vary, but it always lies in the same endpoint-defined block V,,,. Therefore
the decomposition K =1 & V| @ --- & V,,, is unchanged, and only the motion inside
V. 1s modified as stated. [ ]
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3.5.2. Examples.

EXAMPLE 3.27. Suppose that H = >(N) or H =RN (with N > p). Let 6 € [0, t].
Consider the two frames in St(p, H)

xo=(e1,e2,...,ep), xg=(ejcos@+epsinb,es, ... ep).

Then
dgr(x0,x9) =min{6, 7 — 0} , dg+(x0,x9)=6.

EXAMPLE 3.28. In H = R3 consider
Yo = (e1,e3), Y1 = (ez,—e3)

and let P; = [Y;] € Grt(2,R?) be the corresponding oriented p-planes; these p-planes
are semi-perpendicular. To build the minimal geodesic, we compute

M:YOTle(g 01)

This is a singular case, since the singular values are 1 and 0. We follow the steps in
Definition 3.22. A standard SVD is

0 1 1 0 0 -1
M = ZT = > = = .
R B T A )

Here detU = —1 and detV = 1. Since the last singular value is zero, the corresponding
singular vectors are not uniquely determined. We may therefore change the basis in the
zero singular block and choose instead

~ (0 -1 « 1 0 ~ 0 1
o= o) 2=l ol =)
Then U,V € SO(2), and M = USV™. In this singular example, the signed last entry
of £ is still zero; hence the SVD* coincides with this SO(2)-adapted SVD. Hence
Z(0) = YoU = (e3,—ey), Z(1) =1V = (e3,€2).
The corresponding angles are vy = 0 and v, = 72, and the geodesic is

it

Z(t) = (63, —e1 cos (%t) + e5 sin (?)) .

This is a geodesic of type (a). It lies on the cut-locus boundary, so the minimizing
geodesic is not unique. Its length is n /2.
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EXAMPLE 3.29. Let /4 < 0 < /2 and let a = cos 0 (note that a > 0). In H = R3
let u = e; cos 0 + e sin 8, and consider

Yo = (e1,e3), Y1 = (u,—e3)

and let P; = [Y;] € Gr*(2,R?) be the corresponding oriented p-planes; these p-planes
are oblique. To build the minimal geodesic, we compute

M:YOTle(g 01)

The matrix M is non-singular, and its singular values are 1 and a. One possible SVD*

decomposition is
M=YJY, =UZV"

with

where U,V € SO(2). Hence
Z(0) =YoU = (e3,~e1),  Z(1) =11V = (e3,u).

The corresponding angles are vy = 0 and v, = arccos(—a) =  — 0, and the geodesic is
Z(1) = (e3, —ej cos (t(m — 0)) + ez sin (1(w — 6))).

This is a geodesic of type (b). It does not lie on the cut locus, so the minimizing geodesic
is unique. Its length is m — 6.

If 6 = /2, then the second example would coincide with the first example. If 7/2 <
6 < &, then the geodesic is of type (a), and its length is # — 6. It is interesting to note
that an infinitesimal shift of the endpoint can switch the minimizing geodesic from

type (a) to type (b).

4. Cut locus and diameter
4.1 — In the Stiefel manifold
For the Euclidean metric on St(p, R™), the injectivity radius is [25]

inj(St(p,R")) = =.
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Moreover, for n > 2p, recent sharp distance bounds imply the diameter formula
[14, Theorem 6.6]

diam(St(p,R")) = 7+/p .

The maximal distance is attained precisely between antipodal points X and —X.

At present, an explicit global description of the cut locus of a point in St(p, R")
for the Euclidean metric does not appear to be known in a form comparable to that
available for Grassmannians. The injectivity-radius result shows that geodesics are
minimizing and unique below distance , and that this bound is sharp.

In the Hilbert manifolds used in this paper, the finite-dimensional reduction in
Theorem A.1 is the bridge between these finite-dimensional results and the infinite-
dimensional setting.

4.2 — In the Grassmann manifold
For the Grassmann manifold Gr(p, R"), the situation is much simpler [1,3,21].

ProPOSITION 4.1. Let Py = [Yy] € Gr(p,R"™). Then the cut locus of Py consists of
all Py that are semi-perpendicular to it:

Cut(Po) = {[V1] € Gr(p,R") : det(Y, Y1) = 0}.

Equivalently, P belongs to the cut locus of Py if and only if at least one principal
angle between the two p-planes equals 7 /2.

If exactly one principal angle is equal to ©t/2, then Py is in the singular part of the
cut locus, but not in the conjugate part; if at least two principal angles are equal to
/2, then Py is in the singular part and also in the conjugate part of the cut locus. The

proofis in Appendix C, p. 5318

See Theorem 9in [21] or [18]. 1°
If 61,...,6, € [0, /2] denote the principal angles between Py and Py, then

d(Po, Py) = (Zp: 9?)1/2.

i=1

(18) We include the proof for completeness, and because the proof in [21] uses different coor-

dinates and notation for Gr(p, H). Moreover the provided proofs will be reused in Section 4.3.3.
(1) These references give the cut-locus characterization, but do not separate the singular and

conjugate parts using the terminology adopted here.
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It follows immediately that

. " n
inj(Gr(p,R")) = 5

Forn > 2p,

diam (Gr(p, R")) = %@.

Forp+1<n<2p, x
diam(Gr(p,R")) = E\/n = p.

The diameter is attained when all principal angles are equal to 7/2, i.e. when the
two p-planes are perpendicular.

The above results can be easily proved using the decomposition in Proposition 3.18.
Equivalently, along a unit-speed geodesic with velocity eigenvalues viz, the ordinary
Grassmann cut time is 7/(2 max; v;); see Proposition 5.1 in [1].

Again, Theorem A.2 is the bridge between these finite-dimensional Grassmannian
results and the Hilbert-manifold setting used in this paper.

4.3 — In the oriented Grassmann manifold
We now characterize the cut locus in Gr* (p, H).

THEOREM 4.2. Let us fix Py € Gr*(p, H).
Fix an endpoint Py € Gr*(p, H) with P| # P,.
Then Py is in the cut locus of Py if and only if at least one of the following conditions
is satisfied.
(A) Py, Py are doubly semi-perpendicular, that is, there are vectors u; # 0,u; € Py for
i =0, 1 that are mutually orthogonal and are orthogonal to P,. Equivalently, the
largest ordinary principal angle is /2 and has multiplicity at least two.

(B) The largest ordinary principal angle between the underlying unoriented p-planes
has multiplicity at least two, and, for any oriented representatives Yy, Y|, one has
det(YJYl) <O0.

(C) Py, Py represent the same unoriented p-plane. ?°

While proving Theorem 4.2 below, we will also show in Remark 4.10 and Proposi-
tion 4.11 that, when p > 2, every point in the cut locus is both singular and conjugate.

(?°) Since Py # Py, they have opposite orientations.
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REMARK 4.3. If p = 1, then Gr* (1, H) ~ SY™H=1 The cut locus of a point is its
antipodal point, corresponding to condition (C); conditions (A) and (B) do not apply.
The injectivity radius and the diameter are both equal to n. The antipodal point is
singular. If dim H > 3, it is also conjugate; in the limiting case dim H = 2, the manifold
is the circle S', and the antipodal point is singular but not conjugate.

We will divide the proof into two parts, which will be presented in Sections 4.3.2
and 4.3.3.

LEMMA 4.4. Choose oriented representatives Yy, Y| € St(p, H) so that Py = [Yo] G+
and Py = [Y1]Gr+, and decompose as before:

“4.1) M=Y)Y, =UZV";

where U,V € SO(p), and %, o; satisfy the relations in equation (3.25). Define the
oriented principal angles v; = arccos(o;) € [0, 7].

Then the three conditions in the theorem are equivalent to the following conditions
on the oriented principal angles.

(A) For two distinct indices i, j, v; = vj = /2.
B) vp 2n/2and v, = —vp_1, that is, op = —0p_1.
©) vp=m.
The proof is in Appendix C, p. 54.
REMARK 4.5. Condition (B) actually overlaps with the others:
* ifv, =vp_1 = /2, then it overlaps with (A);
* ifv, =mvp_1 =0, then it overlaps with (C); indeed in that case det M < 0 and
op=—lando;=1fori <p-1.
To obtain three mutually exclusive conditions, one may add det M < 0 and vp,,v,_1 ¢

{0,7/2, 7} to (B).

THEOREM 4.6. Assume p >2anddim H > p + 2. The injectivity radius of Gr* (p, H)

7r/\/§ .
If, in addition, dim H > 2p, then the diameter of Gr*(p, H) is
max{m, \pr/2} .

ProOF. We consider the three types of cut locus and, for each type, compute the
maximum squared distance, under the condition dim H > 2p, and the minimum squared
distance, in general, between a point and a point in its cut locus.
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(A) The distance squared is
p-2
)2+ Z v?
i=1

with 0 < v; < /2 for i < p — 2. Hence the minimum squared distance is 7%/2,

while the maximum is
prt/4.

(B) We know that v, € I = [n/2, r]. The distance squared is
p-2
2 2 2
v, + (T =vp) +Zvi
i=1
with 0 < v; < m —v)p, fori < p — 2. The minimum squared distance is again
) 2_ 2
min vy, + (mr —v,)" =n7/2
vpel P ( 2 /
while the maximum is

mavaZ, +(p-1)(m— vp)2 :max(pv?, -2(p-Dnvp,+(p— 1)7r2) =max{n>, pn’/4}
vp€el vpel

(it is attained at one of the extremes).
(C) The squared distance is always 7°.

Note how the extremes of case (B) coincide with the other cases, as remarked above.
Therefore the minimum squared distance from a point to its cut locus is min{z?/2, pn?/4} =
72 /2, since p > 2. Under the additional assumption dim H > 2p, the maximum squared
distance between two points is max{x?, pr?/4}. [

The finite-dimensional cases dim H < 2p can be handled by passing to orthogonal
complements. We use the isomorphism

Gr+(p,Rn) = Gr+(n - paRn)

valid for 1 < p < n - 1. It associates P € Gr*(p,R") with P+ € Gr*(n — p,R™), ori-
enting P+ so that P + P+ is positively oriented. The case dim H = p + 1 reduces to the
sphere case of Remark 4.3; the remaining cases are covered by the following corollary.

COROLLARY 4.7. If p+2 < n < 2p — 1, then the diameter of Gr*(p,R") is

max{m,\n—pn/2}.
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4.3.1. Examples. We adapt Example 3.27 as follows.

EXAMPLE 4.8. Suppose that p > 2 and H = €>(N) or H =RN (with N > p +2).
Let 0 € [n/2, nt]. Consider the two frames in St(p, H)

Yo=(ei,ea,...,ep), Yo=(e1cos0+ep. sing,—e,cos6+epmsin,es,... e, ).
Let Py = [Yolgr+ and Py = [Yg¢]Gr+. We have
M =Y, Yy = diag(cos 6, —cos6,1,...,1),

hence det M = 0 when 6 = n/2, whereas det M < O for n/2 < 6 < n. The oriented
principal angles are
0,...,0,mr—0,0.

A minimal geodesic connecting them is
Y (1) = (e1 cos(16) + e 41 sin(20), ez cos(t(m — 0)) + e pya sin(t(mw — 0)), €3, ..., €p)
fort € [0, 1]. Its length, that is, the distance between the endpoints, is

V0?2 + (7 —6)2.

For every 0 € [n/2,n], Py is in the cut locus of Py:
e If0 =mn/2, then Py, Py are doubly semi-perpendicular, so we are in case (A).
o Ifn/2 <0 <mn,then Py, Pg are in case (B) (in the strict sense explained in Remark 4.5);

e If8 = m, then we are in case (C): Py and Pg are the two different orientations of
the same unoriented p-plane.

This example shows that case (B) interpolates between the other two cases.

4.3.2. Sufficient. Let us fix Py € Gr*(p, H), with p > 2, and fix an endpoint P; €
Gr*(p, H) with Py # Py, throughout this subsubsection.

PrOPOSITION 4.9. Suppose at least one of the conditions (A), (C) is satisfied. Then
Py is in the cut locus of Py, and it is both a singular point and a conjugate point to Py.

PROOF. As in Proposition 3.3, let
Y(t) = Y(0) cos(tR) + Y (0)R ™" sin(¢R)

be the minimal geodesic connecting Y (0) = ¥, to Y (1) = ¥;. Up to using the SVD*,
we assume that R is diagonal, with R; ; = v;, 07 = cosv;.
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(A) Suppose thatv; =v; = /2,50 0y = 0j = 0;let W = (Wy, ..., W,) be defined by
Wi =~Y;(0), W;=-Y;(0), Wjy=Y,(0)forh#i,j,

and let
Y () = Ypcos(tR) + WR™! sin(¢R) .

Then

- =Yu(l) h=ij
1) =
Tn(D) {Yh(l) h#i,j

hence [¥(1)]g = Pi. Note that these two geodesics are of type (a).
(C) Suppose that v, = m,s0 0, = —1.Let W = (W, ..., W) be defined by

Wy ==Y, (0), W; =Y,(0) for j # p

and let
Y(t) = Yocos(tR) + WR™! sin(¢R) .

This geodesic connects Y (0) = ¥, to Y (1) = Y;. Note that these two geodesics are
of type (b).

REMARK 4.10. The constructions above also show how large the families of mini-
mizing geodesics are in the degenerate cases.

* In case (A), let h be the multiplicity of the zero singular value, equivalently the
number of indices i such that v; = /2. Then h > 2. On this zero block the SVD
is not unique: after fixing adapted bases for the two endpoint subspaces, one may
change their relative position by an element of SO(h), and this generally gives a
different minimizing geodesic. ' This proves that the point is singular. Moreover,
since h > 2, the group SO(h) contains non-constant smooth curves. Differentiating
the corresponding family of minimizing geodesics gives a non-zero Jacobi field
vanishing at the endpoints; hence the endpoint is conjugate to P.

(?) This is related to the discussion of uniqueness of the SVD in the presence of zero singular
values; see Appendix B.
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* In case (C), the endpoints represent the same unoriented p-plane with opposite
orientations. One obtains minimizing geodesics by choosing a direction in Py to
reverse and a normal direction through which it rotates. In particular, even after
fixing the normal direction, the choice inside Py is parametrized by SP~. This again
gives a non-trivial smooth family of minimizing geodesics with the same endpoints,
so the endpoint is singular and conjugate to P.

ProposITION 4.11. Suppose that (B) is satisfied. Then P is in the cut locus of Py.
Let h be the multiplicity of the largest ordinary principal angle. Then h > 2, and for
each unit vector g € R", there is a different geodesic P4(t) connecting the endpoints.

ProOF. Choose oriented representatives Yy, Y1 € St(p, H) so that Py = [Yp] g+ and
P = [Y1]Gr+» and let M = Y"Y; as usual.

Assume that v, # m/2; otherwise v, = 7 — v,_1 = 7/2 and we may use the con-
struction in the point (A). Assume also that v, # 7, otherwise the construction for point
(C) applies. Then we are in the situation of a type (b) geodesic, and det M < O.

We first build the type (a) geodesic using the standard SVD. We proceed as in
Section 3.3. We decompose

M=Yv,=UsV".

We assume that det U = 1,detV = —1 up to changing signs of the last columns. Let a; =
arccos X; ; be the principal angles, in increasing order. Define D = diag(ay, ..., ap),
Zo = YoU, and Z; = Y; V. We then define an initial velocity frame 1%

i =

sinlai (Zl,i - COS(ai)ZO,i) ifa; >0
0 if ai=0

Let
Z(t) = Zycos(¢D) + Vsin(tD) .

Then [Z(1)]g is the same underlying p-plane as [P;]g;, but it has the opposite orien-
tation, since detV = —1. See Figure 5.
Consider the decomposition

K=IoVi®---0V,

in Proposition 3.18. Let 24 = dim V,,, and let p = p — h for convenience. Hypothesis
(B) says that a,, = a,,_1, hence h > 2 by the relation (3.20). 22

(*2) In (3.20) the role of v; and a; is the opposite to the notation used here.
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Let Q € SO(p) be given by
(I O
°-(3 5

0xQ" =%

with Q, € SO(h). Then

and
YOTYl =UQxQ"'VT

is another decomposition, as explained in Appendix B. This means that
72(t) = ZoQ cos(tD) + VQ sin(¢D)

is again a geodesic.
If we now apply the construction of Section 3.5 (up to a double flip), we obtain

Z(1) = Z2(1) = ZpQ cos(tD) + VO sin(zD)
where v; = a; fori < p whereas
vp=ap,—n€[-n/2,0];
and D = diag(vy,...,vp). Then
Zi(1)=Zi(1)fori < p -1, Z,(1) ==Z,(1),

s0 [Z(1D)]Gm = Pi.

‘717 5
L Z,(1) ‘m—a,>n/2"
T S i i / . Zp(o)
A r---->
1,7 ) Zp(o) /’,:
b----2 A
R 3 |
ap <mf2 —Z,(1) v
—Vp

FIGURE 5. The ordinary short branch reaches the opposite oriented lift, while the long branch
reaches the required oriented endpoint.

These geodesics are all minimum-length geodesics; indeed, using a single flip, we
can write

Z(t) = ZoQF cos(tD) + VQF sin(tD)
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where 0; = a; fori < p,
bp=n—ap € [n/2,n],

D= diag(?dy,...,0p) and F = diag(1,1,...,1,-1). This is a geodesic built by the
SVD* construction.

We now note that P4 (1) = [Z2 ()] G+ depends only on the last column of Q,, which
we call g: this is the direction in which we perform the long branch. Given ¢, we can
build any Q, with last column ¢, and the geodesic P4 (¢) will be the same, since different
choices rotate Z,_p41 . .. Z,_1 over themselves.

At the same time, if ¢, § € R” are different unit vectors, then P?(z) and P9(¢) are
different geodesics. Indeed, their initial tangent spaces in the last block V,,, are different:
the long branch is taken in different directions ¢ and §. Hence the projected geodesics
differ for small ¢ > 0.

Since the family P? is non-trivial, the endpoint is singular. Differentiating a non-
constant smooth subfamily gives a non-zero Jacobi field vanishing at the endpoints, so
the endpoint is also conjugate to Py. [

4.3.3. Necessary. We will assume p > 2 in the following.

The idea of the proof is as follows. Suppose that none of (A), (B), and (C) holds.
Then the relevant inequalities are strict, so they remain true after a small reparametriza-
tion ¢ — rt, with r > 1. Using Lemma 3.6, we will prove that the geodesic remains
minimizing slightly past its endpoint; hence the endpoint is not in the cut locus.

In the following i, j, h, h; > 1 are integers.

Let us fix Py, Py € Gr*(p, H), with p > 2 and P; # Py, throughout this subsubsec-
tion. Consider a minimal geodesic y : [0, 1] — Gr*(p, H) connecting the two. Let v;
be its velocities, in increasing order.

We use the criterion in Proposition 3.20. Since v; = v/A;, we know that v; < 7, and
that, if 7/2 < v, < 7, then

v Sm—-vp,i<p-1.

If v, = &, thenv; = 0 fori < p — 1, so we are in case (C) and then that geodesic is
not unique, as shown in Proposition 4.9.
We then consider the case v, < 7, so we can use Proposition 3.18. Let

w; = arccos(| cosv;|) = min{v;, 7 — v;}

be the reduced velocities. Then the w;, up to ordering, are also the principal angles of
Py, P.Let0 < 1) < --- < Ty, be the distinct positive principal angles of Py, P;. Let
I =Pyn P,K = Py+ Py, and use the decomposition

K=IoVi®o---®V,.
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We remark that this decomposition depends only on the endpoints.
We want to understand whether an extension of 7 is still a minimizing geodesic.
Let 6(¢) = y(rt), with r > 1. Also let

M =6(0)T6(1).

Then, by Lemma 3.6, the principal velocities of 6 are §; = rv;. For r > 1 sufficiently
close to 1, we still have §; < &, so 8 admits the same geometric decomposition as 7.

Let hj = dim(PoNV;) = % dim V;. We know that in each space V;, the geodesic
has the form

y@)nv; = span{cos(tal,j)el +sin(ta j)epst, . .., cos(tap, j)en + sin(tah,j)ezh}

where h = h; and, for each i < h, a; ; is either 7; or m — 7.
At the same time, these velocities are those of the original geodesic, that is, as
multisets,
{ai,j:iShj,jSm}={v,~:vi>0}

but we know that 0 < v; < /2 fori < p — 1: hence all those velocities are short, a;, =T,
except possibly one long branch a; ,, = m — 7, = v),, which happens inside V,,,.

In particular, in all the principal spaces V; with j < m, we have 7; < /2, so the
geodesic is uniquely determined from the endpoints by the same proof as in Proposi-
tion 4.1. It remains only to study what happens inside y(7) N V,,.

‘We now consider all possible cases.

e Ifn/2<vw p < m, then we split into two subcases:

— IfdimV,, = 2, then there are no degrees of freedom: y(¢) N V,, is an oriented
line that has to travel minimally to another oriented line, with an angle less than
7, hence there is only one geodesic; moreover, since case (B) does not hold,
we have v; < m —wv), fori < p. This strict inequality persists for all » > 1 close
enough to 1, giving

b <nm—10, fori<np, /2 <0, <m.

Consequently, by equation (3.21), M has negative determinant, and 6 satisfies
the long-branch case of Proposition 3.20; it is minimizing and extends y past
t=1.

- IfdimV,, > 4, this is (B), and there are multiple geodesics by Proposition 4.11.

» Ifv, = n/2, then we split into two subcases:
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— IfdimV,, =2, then there are no degrees of freedom, so there is only one geodesic;
since case (A) does not hold, v; < /2 fori < p. Forr > 1 close enough to 1,
this gives

U <nm-10, fori<np, /2 <0, <m.
Again, by equation (3.21), M has negative determinant, so 6 is minimizing by
the long-branch case of Proposition 3.20; it extends y past ¢t = 1.
- IfdimV,, > 4, this is (A), and there are multiple geodesics by Proposition 4.9.

» Ifv, < m/2, then we have uniqueness by the argument in Proposition 4.1. Choosing
r > 1 sufficiently close to 1, all reparametrized velocities satisfy #; < /2, so 6 is
minimizing by the short-branch case of Proposition 3.20.

Therefore, if none of the three conditions occurs, every minimizing geodesic from Py
to P; extends as a minimizing geodesic past P;. Hence P; is not in the cut locus.

A. From infinite to finite dimensions
We recall Theorem 3 from [7] for the reader’s convenience.

THEOREM A.1. Let H be a Hilbert space withdim H > 2p. Consider a 2p-dimensional
Hilbert space W and an isometric linear embedding i : W — H. Then i induces an
isometric embedding

i :St(p,W) — St(p,H), (X1, .. ,xp) > (ix1, ..., 0x)p) .

(1) i.(St(p, W)) is totally geodesic in St(p, H).
(2) Let dw be the distance in St(p, W) and similarly dg in St(p, H). Then

(A.T) dw (x,y) = dp (ic(x),1.(y)) -

(3) Letx,y € St(p, W), and let y be a minimal geodesic connecting x to y in St(p, W).
Then i, o7y is a minimal geodesic connecting i.(x) to i.(y) in St(p, H).

(4) The diameter of St(p, H) is equal to the diameter of St(p, R?P).

(5) Any two points x,y € St(p, H) can be connected by a minimal geodesic y. Any
minimal geodesic lies in St(p, U), where U is a 2p-dimensional subspace of H
depending on vy.

(6) Letx,y € St(p, H). Then y is in the cut locus of x if and only if there is a 2p-
dimensional subspace W of H and %,y € St(p, W) such that x = i,(X), y = i.(¥),
and ¥ is in the cut locus of X in St(p, W).
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Note that point (5) in the above theorem implies that minimal geodesics can be
numerically computed using a finite-dimensional algorithm; see Section 3.3.4 in [19].
The corresponding statement for Grassmannians is Theorem 6 in [7].

THEOREM A.2. Theorem A.l remains valid when Stiefel manifolds are replaced by
Grassmannians. In particular, for any two points x,y € Gr(p, H), there is a minimal
geodesic y connecting x to y. The same holds for the oriented Grassmannian Gr*(p, H)
of oriented p-planes.

B. Uniqueness of SVD
Let B € RP*P_and let
B=UZVT, U,V € O(p), T =diag(o1,...,0p),

where
0'120'22“‘20'p20.

For each singular value o, define
Iy ={ie{l,...,p}:0i=0},

and
Uy :=span{U; :iel,}, Vo i=span{V; :i € I, },

where U; and V; denote the i-th columns of U and V/, respectively.
Then the singular values o, counted with multiplicity, are uniquely determined by
B. Moreover, for every o > 0, the subspaces U, and V- are uniquely determined by
B, and
dimU, =dimV, = #l .

The individual columns U;, V; with i € I, are not uniquely determined; they may be
changed by a common orthogonal transformation on the block /.
For o = 0, the corresponding subspaces Uy and V) are

Uy =kerB", Vo = ker B,

and are also uniquely determined, although the relation between bases in Uy and Vj is
independent.
Equivalently, if
B=UzV"
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is another SVD with the same ordered diagonal matrix X, then for each o > 0,
span{U; : i € I} = span{U; : i € I},

and
span{V; :i € I,} =span{V; : i € I, }.

C. Proofs

REMARK C.1. We justify a comment used in Prop. 3.23. If H is infinite-dimensional,
the orthogonal complement of the finite-dimensional forbidden span is automatically
non-trivial. Suppose instead that dim H < oco. Let

g =dimspan({zo; : i < p}U{Z; : j < p}).
Let I = PyN Py and
k=dimI=#{i:v; =0} =#{i: 0y =1} =#{i : ; = 0}.

Then q =2p — 1 — k. If o, = =1, we can choose the unit vector Zp, iff ¢ < dimH — 1,
that is
2p—-1-k <dimH -1

and this is equivalent to k > 2p — dim H, that follows from k = dim I = dim(Py N P;)
and dim(Pg+ Py) =2p — k < dimH.

Proof of 2.4. We recall the simple proof that, if p + 1 < dim H, then St(p, H), Gr(p, H),
and Gr* (p, H) are connected.

Suppose p + 1 < dim H. Let Yy, Y; € St(p, H). Let Wy be the finite-dimensional
subspace spanned by the columns of ¥ and Y;. Choose a finite-dimensional subspace
W C H such that

WoCc W, dmW=n2>p+1.

Then Yy, Y] € St(p, W). After identifying W with R”, we may regard Yy and Y} asn X p
matrices with orthonormal columns. Since n > p, each Y; can be completed to a matrix
M; € SO(n), i =0, 1. Define

0 = MM{ € SO(n).

Since every element of SO(n) is the exponential of a skew-symmetric matrix, there
exists A such that

Q=eA.
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Therefore
y(1) =€,  tel01],

is a continuous path in St(p, W) C St(p, H) connecting Yy to Y. Hence St(p, H) is
connected.
In finite dimension, when p < n, one may also use the homogeneous-space descrip-
tion
St(p,R") = SO(n)/SO(n - p)

which immediately implies connectedness, since SO(n) is connected.
Now consider the natural projection maps

m: St(p,H) — Gr(p,H),
and
" St(p, H) — Gr*(p, H),

Both maps are continuous and surjective. Since the continuous image of a connected
space is connected, it follows that Gr(p, H) and Gr*(p, H) are connected.
Notice that the natural forgetful map goes in the opposite direction,

Grt(p,H) — Gr(p, H),

because an unoriented p-plane has no canonical choice of orientation. Thus one should
not use a map Gr(p, H) — Gr*(p, H). Instead, both Grassmannians are obtained as
continuous images of the Stiefel manifold. [

Proof of 2.7. Let M = St(p, H). For V € Tp M we identify TyTpM = TpM. The fol-
lowing are equivalent.

* O =vy(r) is a conjugate point along the geodesic with positive multiplicity;
* Z € TpM is non-zero and belongs to the kernel of d expp at rV;

* there is a Jacobi field iy : [0, 7] — T M that projects on y and satisfies
n(0)=0, Den(0)=Z, n(r) =0;

* setting
Y(t,5) =expp(t(V +5Z))

fort € [0,r],s € [-1, 1] we have
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This follows from standard results, see [10] Section 1.12.

In particular, let E be the span of the columns of P, V, Z. Then every geodesic
Y (-, s) is contained in St(p, E), and hence the Jacobi field is tangent to St(p, E) along
Y(-,0).

This can also be shown analytically, which may be useful for numerical computa-
tions. We consider the closed form formula in Proposition 3.1, here rewritten as

(C.1) (Y (1),Y) = (P,V +5Z) exp(t M(s)) exp(—tN(s))
with
Ay -So (A O
M(S)_(ﬂ Ao ) . N(S)_(o Ao)
and
Ay=P"(V+sZ)=P'V+sP"Z ,
So=(V+sZ) T (V+sZ) =V V+sVZ+sZV+s*Z7Z.
Let P 3
F(t) = R » exp(tM(s)), G(1)= R » exp(—tN(s)) ;

An analytic formula can be written using the explicit formula for the Fréchet deriva-
tive

1
D(expX)(X;Z) = / exp (tX)Zexp ((1 —1)X) dt,
0
which can be found in [16] 23. Differentiating it, we obtain

% (Y(1,5), V(1. 5)) =(0, Z) exp(tM(0)) exp(~tN (0))
s=0

+ (P, V)F(1) exp(—tN(0)) + (P, V) exp(tM(0))G (1)

Since the above are right matrix multiplications, each column in 7(¢) is contained in
the span E of the columns of P,V, Z.

The converse is obvious, since St(p, E) is totally geodesic in St(p, H).

In the Grassmannian and the oriented Grassmannian, we first use horizontal Stiefel
lifts of the geodesics.

(?®) See also Appendix B in [19].
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Proof of 2.10. Let A = Y[ Y;. If x, y € RP, then
(Yox,Y1y)y = x" Ay.

Hence Py and P are perpendicular if and only if x" Ay = 0 for all x, y, which is equiv-
alentto A = 0.

Moreover, a non-zero vector Ypx € Py is orthogonal to every vector in P; if and only
if xTAy = 0 for every y, that is, if and only if x” A = 0. Such a non-zero x exists if and
only if A is singular. Equivalently, there exists a non-zero vector Y1y € P orthogonal
to Py if and only if Ay = 0, again if and only if A is singular. Therefore Py and P, are
semi-perpendicular if and only if det(YOT Y1) =0, and they are oblique if and only if
det(YOTYl) # 0.

Finally, replacing Y; by another Stiefel representative Y; Q;, with Q; € O(p), changes
A to Q7 AQ;. This preserves the properties A = 0, det A = 0, and det A # 0, so the
conditions are independent of the representatives. [

Proof of 3.1. We recall the argument in Section 2.2.2 of [5]. The tangent space at Y is
TySt(p,R") ={Z:Y"Z+Z"Y =0}.

In particular, along any differentiable path in the Stiefel manifold, A(¢) = YT (£)Y (¢) is
skew-symmetric.
With the Euclidean metric induced from R"*P, the normal space at Y is

NySt(p,R") = {YB : B € RP*", BT = B}.

A constant-speed curve is therefore a geodesic exactly when its acceleration is normal
to the Stiefel manifold. Since S(¢) = Y7 (£)Y (¢) is symmetric, the equation

Y=-YS§

has normal acceleration and gives (3.1).
We now record the conserved quantities used in the closed formula. Substituting
(3.1), we obtain
A=Y"Y+Y VY =S-Y'YS=0,

hence A(#) = Ap. Similarly,
S=VTY +YTY = -=SA¢ + AoS,

SO
S(1) = e e~ A0,
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Taking the trace shows that the speed tr(YTY) = trS(¢) is constant.

It remains to verify the closed form. Set E(t) = e, W(t) =Y (¢)E (1), and V(¢) =
Y(t)E(t). Since S(¢)E(t) = E(t)S, the equation (3.1) is equivalent to the constant-
coefficient first-order system

(W, V) = (W,V) (?{0 _ASOO) .

Solving this system with initial data W(0) = Y (0), V(0) = Y (0) gives exactly (3.2). m

Proof of 3.2. Indeed
(=1)k Ak2k-1 (= 1)k Ak+172k+1 .
— cos(tB) Z 2k =11 Z 2k D) = —Bsin(tB) ,
o ] ~ (—l)kAk+1t2k ~
EB sm(tB) = kZO W =A COS(IB) .
and similarly for the third one. |

Proof of 3.3. Put ¥ = Y(0) and V, = Y(0). Since R? = S and every analytic function
of R commutes with R, the displayed formula gives

Y (t) = Yy cos(tR) + VoR ™' sin(¢R)

and hence
Y (1) = —=YyR sin(tR) + Vy cos(tR).

Differentiating once more,
Y(t) = =YoR? cos(tR) — VoRsin(tR) = =Y (/)R> = =Y (1)S.

Thus Y satisfies ¥ +Y'S = 0, which is (3.1) in the horizontal case, where S = YTY is
constant. At ¢ = 0 the formula gives Y (0) = ¥y and Y (0) = Vj, so it is the required
solution.

Note also that differentiating (3.8) we obtain the second set of columns in (3.7),
namely

(C.2) Y(t) = =Y (0)Rsin(tR) + Y (0) cos(tR) ;

hence (3.8) and (3.7) are equivalent. [ ]
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Proof of 3.11. We know that Y (¢) satisfies all properties in Proposition 3.3. By multi-
plying equation (3.8) on the left by Y (0)™ and by Y (0) T, respectively, we obtain that
(C.3) Y(0)"Y(1) = cos(R) ,

(C.4) Y(0)'Y(1) = Rsin(R) .

In particular, Y(0)TY (1) and Y (0)TY (1) are symmetric. Again, by the Spectral The-

orem, let O € SO(p) be an orthogonal matrix such that D = O RO is diagonal with
non-negative entries (and then D?=0750), so

(C.5) 07Y(0)TY(1)O = cos(D)
(C.6) 0"Y(0)"Y(1)O = Dsin(D)
but then OTY(0)TY(1)0 and OTY(0)TY (1)O are diagonal. ]

Proof of 3.12. We note that in the previous proof |o;| are also the singular values of
Y, Y1, and similarly |6;| are the singular values of Y (0) Y, because right multiplication
by Q € O(p) does not change singular values. |

Proof of 3.17. Let I = PN Q and k = dim /. Let b; = cos 7;. Let us trace through the
definition 2.9. The first step is to consider the set

Zo={(u,0) e PXQ:lull =1, [Pl =1, (u,v) =1}
but the conditions imply that u = v, so
Zo={(u,u) u el |lull =1}

and in particular / # {0} iff O is a principal angle. Let us set Py = Q¢ = I. Recursively,
forj=1,...,m,define

bj:= max max (u,v),
ueP, |lull=1 veQ, |v|=1
ulPj_y v1Qj

Zj ={(u,0) € PxQ: w0y =by, lull =1, [oll =1,
MJ_Pj_l, UJ_QJ'_I}

Pj I=Pj_1 GBspan{JrPZj}

Q=01 ®span{npZ;}

where 7 p, g are the canonical projections from P X Q. Note that Z; is the ‘‘argmax’’
of the first line. Then we define

V= span{ﬂpZ]— U nQZj} .
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By induction on j, the max—max construction gives b j = bj, and these spaces satisfy
the stated properties.
Note that the vectors u;, v; defined in 2.9, when grouped by ‘‘same angle 7;’’ are a
basis for V;:
Vj = span{ui, [ 91' = Tj} .

Another proof may be obtained by studying the SVD in Definition 2.8. In an SVD-
adapted pair of orthonormal bases, V; is the span of the principal vector pairs whose
singular value is cos 7;. The uniqueness criterion for ‘‘uniqueness of the SVD’’, see
Appendix B, then proves that this decomposition is unique. |

Proof of 3.18. We use Lemma 3.11. Up to lifting and possibly rotating Y7 by Q € O(p),
this geodesic 7 is represented by a horizontal geodesic Y : [0, 1] — St(p, H) with
Yo =Y(0)and Y;Q =Y (1). Let W = Y(0).

Then the matrices

M=Y0)'Y(1)=YyY1Q0 and N=Y(0)'Y(1)=W"Y,Q

are symmetric and, together with § = ¥ (0)TY (0), admit a common orthonormal eigen-

basis.
By (3.12)

(C.7) o=cosV1, 6=VAsinVa.

since 0 < VA < 7 for the positive eigenvalues under discussion, different A produce
different pairs (o, ) and vice versa.

Thus the corresponding common eigenspaces of M, N, S are tied together, and the
eigenspaces determine the endpoint-dependent summands V. Precisely,

e V;isthespanof Y (0)z,Y(0)z, where z is an eigenvector associated to A with Va= T
or Vl=rm — 7j; equivalently

* Vj;isthespanofY(0)z,Y (1)z, where z is an eigenvector associated to A with V= T
or \/Z =7 — Tj.

These two facts are equivalent. Let a = VA for convenience; since Rz = az, we have
cos(tR)z = cos(ta)z , sin(tR)z = sin(ta)z
hence

Y()z = Y(0) cos(tR)z + Y (0)R ™" sin(tR)z = Y (0)z cos(ra) + éY(O)z sin(ta)
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o)
Y(1)z =Ypzcos(a) + éY(O)z sin(a)
but also 4
Y(0)z = m(Y(l)z - Yoz cos(a)) .

Proof of 4.1. If a principal angle is 77/2, then an easy construction shows that P is in
the cut locus. Indeed if

Y(¢) = Y(0) cos(tR) + Y(0)R™" sin(zR)

is a minimal geodesic, with R diagonal, and R, , = n/2, thenlet W = (W1, ..., W),)
be defined by
W, =-Y,(0), Wy, =Y,(0) for h # p,

SO
¥(¢) = Yycos(tR) + WR™ ! sin(¢R)

is a different minimal geodesic. At ¢ = 1, its p-th column is the negative of the p-th
column of Y (1), while all other columns are unchanged; hence Y (1) represents the
same point P € Gr(p,R").

This construction is similar to the one for point (A) in Proposition 4.9; when at least
two such angles occur, the zero block also gives a non-trivial family of minimizing
geodesics, hence a conjugate point by Proposition 2.3.

Suppose instead that exactly one angle /2 occurs. By Proposition 3.17, equal
principal angles, equivalently equal singular values, belong to the same orthogonal
block. The Jacobi equation along the geodesic, written in principal coordinates, splits
according to this orthogonal block decomposition. On every block with principal angle
< 1/2, the geodesic is still before the first conjugate time, so no non-zero endpoint-
vanishing Jacobi component can occur there. The block associated with the single
angle /2 is two-dimensional, hence its Grassmann factor is Gr(1, R?); in this one-
dimensional factor there is no non-zero Jacobi field vanishing at both endpoints. Hence
Py is not a conjugate point.

Conversely, if all principal angles are < 7/2, we prove that the minimal geodesic is
unique, and its endpoint is not in the cut locus. We use Proposition 3.18 to decompose

(C.8) K=IoVi®---0V,

into principal spaces. On /, any minimizing geodesic is constant. On each V;, the
common principal angle is a; € (0, 7/2).
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Let F{ be an orthonormal basis of Py NV}, and let F; be the corresponding principal

basis of P; NV;. Then
Fi —cos(a;)Fy
Ey=———F
sin(a )
is uniquely determined up to the same right orthogonal change of basis as F, F';. Hence
the subspace curve

span{cos(ta;)Fo + sin(ta;)E}

is independent of the chosen adapted bases. Thus each principal block, and hence the
whole minimizing geodesic, is unique. Moreover, if the geodesic is extended by a little
bit, as in Section 4.3.3, the principal velocities are still less than /2, so the extension
is still minimizing. |

Proof of 4.4. Let s; > --- > 5, > 0 be the ordinary singular values of M =Y,[Y;. The
ordinary principal angles are a; = arccos s;. By the construction of the SVD*,

o;=s; fori < p, lopl| = sp,

and the sign of o, is the sign of det M, with the convention that o7, =0 when det M = 0.

For (A), the existence of two orthogonal non-zero vectors in Py that are orthogonal
to P is equivalent to dimker M" > 2. This is equivalent to M having at least two zero
singular values, hence to at least two ordinary principal angles equal to /2. Since zero
singular values remain zero in the SVD", this is equivalent to v; = v; = 71/2 for two
distinct indices.

For (B), the largest ordinary principal angle has multiplicity at least two if and only
if the smallest ordinary singular value has multiplicity at least two, that is, s,,_1 = 5p.
Together with det M < O, this is equivalent to

O'p =—O'p_1.

Indeed, if det M < O, then 0, = —sp, and 07,1 = 5p,_1; if det M = 0, then 5, = 0, and
the equality says s,,_; = 0. Since v; = arccos o5, the equality o, = —0,_ is equivalent
tov, =m —v,_1,and det M < 0 gives v, > /2.

Finally, (C) holds if and only if the underlying unoriented p-planes are equal and
the orientations are opposite. This is equivalent to all ordinary singular values being
equal to 1, and to det M < 0. In the SVD?, this gives o; = 1 fori < p and op =1,
hence v, = nr. Conversely, if v, = &, then o}, = —1; by (3.25), all ordinary singular
values are equal to 1, and the sign is negative, so the oriented p-planes represent the
same unoriented p-plane with opposite orientations. |
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