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Abstract

Motivated by energy based analyses for descent methods in the Euclidean setting, we investigate
a generalisation of such analyses for descent methods over Riemannian manifolds. In doing so,
we find that it is possible to derive curvature-free guarantees for such descent methods. This also
enables us to give the first known guarantees for a Riemannian cubic-regularised Newton algo-
rithm over g-convex functions, which extends the guarantees by Agarwal et al. [1] for an adaptive
Riemannian cubic-regularised Newton algorithm over general non-convex functions. This analysis
motivates us to study acceleration of Riemannian gradient descent in the g-convex setting, and we
improve on an existing result by Alimisis et al. [4], albeit with a curvature-dependent rate. Finally,
extending the analysis by Ahn and Sra [2], we attempt to provide some sufficient conditions for the
acceleration of Riemannian descent methods in the strongly geodesically convex setting.

1. Introduction

In this paper, we are interested in the task of minimizing a function f defined over a Riemannian
manifold M. This is an interesting problem, since certain f functions that are non-convex in the
Euclidean sense have been shown to be convex in a Riemannian sense over a specific Riemannian
manifold. We refer to this notion as geodesic convexity or g-convexity, and formally define this later
in this paper. This therefore motivates the study of optimisation methods over Riemannian mani-
folds, where considerable progress has been recently made in understanding such methods, and
proposing better alternatives. Zhang and Sra [16] identified that a modified triangle equality was
sufficient to obtain non-asymptotic guarantees for Riemannian gradient and subgradients methods.
This triangle inequality also underscored the study of an accelerated Riemannian gradient descent
algorithm [17], which also used the idea of estimate sequences [13] to achieve (local) acceleration
within a ball around the minimizer of f for strongly g-convex functions. While this study focused on
guarantees for strongly g-convex functions, a recent paper by Alimisis et al. [4] investigated accel-
eration of first order methods over bounded domains for a broader class of functions which include
g-convex functions, and proposed an algorithm which is shown to have strictly better rate than Rie-
mannian gradient descent, but did not achieve global acceleration. Their analysis was motivated by
a previous study on continuous-time flows to help model acceleration over Riemannian manifolds
[3]. Complementary to these attempts, Hamilton and Moitra [8] and Criscitiello and Boumal [7]
show that global acceleration may not be achievable over negatively curved manifolds. However,
recent papers by Martinez-Rubio [10] and Kim and Yang [9] show that we can obtain global accel-
eration inside a bounded subset of the manifold, and the rates of convergence are affected by the size
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of this subset. While the focus of the non-exhaustive review is first-order methods, second-order
methods have also been proposed over Riemannian manifolds, and we refer to Boumal [6, Chapter
6] for a detailed introduction to such methods.

1.1. Background

In this subsection, we introduce key definitions and terminology necessary for this work. A Rie-
mannian manifold M is a smooth manifold equipped with a Riemannian metric that defines an
inner product between two vectors v, w in the tangent space 7,M of x for every x € M. This
induces a norm given by ||v||; = (v,v), for all v € T, M. The gradient of a differentiable func-
tion f at a point x is a vector in 7, M satisfying (gradf(x),v), = lim;_0 w for curve
¢ :[0,1] — M satisfying ¢(0) = x and ¢/(0) = v for every v € M. A geodesic between two
points x and y on the manifold is a locally length minimizing curve starting at x and ending at y,
and the distance d(z,y) between x and y is given by the length of this geodesic. A subset A of M
is a geodesically unique set if for any two points in A, there exists a unique geodesic connecting
them. The exponential map at a point x on the manifold maps a tangent vector v € T, M to a point
on the manifold Exp,(v) such that v, ,(1) = Exp,(v) where v,, : [0,1] — M is a geodesic
satisfying 7, ,(0) = = and 7; ,,(0) = v. The inverse of the exponential map if it exists is called the
logarithmic map (Log, : y — v), which computes the velocity of the geodesic starting from x to
reach a point y. The exponential and logarithmic maps can be viewed as manifold analogoues to
vector addition and subtraction respectively. A u-strongly g-convex function f : A — R satisfies
forall z,y € A, f(y) > f(z) + (grad f(z), Log,(y))s +#/2||Log, (z)||Z. When y = 0, we refer to
such a function as being simply g-convex. Similarly, a function f : A — R is said to L-g-smooth
when for all 2,y € A, f(y) < f(z) + (gradf(z), Log,(y))z + L/2||Log, (y)||2. We specify other
equivalent definitions of these classes of functions in Appendix A.

2. An energy based analysis of Riemannian descent methods

To study Riemannian descent methods, we first introduce an abstraction that will allow us to study
a collection of such algorithms in a unified manner. This abstraction is equivalent to 1-descent
algorithms of order p proposed in [14] in the Euclidean case.

Definition 1 (p-descent algorithm) An iterative algorithm A is a p-forward descent / p-backward
descent algorithm in M w.r.t. function f if the sequence of iterates {x},}>1 satisfies

farin) < flxr) = cllgrad f (o) 1727, k20 [p-forward descent] ~ (1a)
f(zrs1) < flzr) — cngadf(:ck)Hi/;p_”, k>0 [p-backward descent| (1b)

where c is a constant independent of k and xo € M is the initialisation given to A.

For such descent algorithms, we show that it is possible to obtain rates of convergence to the
minimizer z* of f where f is g-convex function, analogous to the Euclidean setting. This is possible
since the descent property deals with vectors in the tangent space of a point on the manifold, and the
tangent space is isomorphic to a Euclidean space. Before stating this theorem, we introduce some
assumptions, as made in [17] and [4] that we use in the proof.

(A1) A is a geodesically unique convex subset of M with bounded diameter where Fxp and Log
are well-defined.
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(A9) z*is a minimum of f, which lies inside A.

(As3) All the iterates of the algorithm stay within A.

When M is a Hadamard manifold, an example of A satisfying the assumptions is a sublevel set
of f with respect to the initialisation. Hyperbolic spaces and many matrix manifolds are examples
of practically relevant Hadamard manifolds. Other examples of A when M is not a Hadamard
manifold include a subset of a sphere of radius R whose diameter is strictly less than 7 R.

Theorem 2 (Rate for p-descent algorithms over g-convex functions) Let f be a g-convex func-
tion, and let x( be the initialisation which belongs in A C M. If {x}.} are the iterates of a p-descent
algorithm (forward (Eq. 1a) or backward (Eq. 1b)) then, assuming (A1), (A2) and (As), they satisfy
the following guarantee
di A)P
flow) — £ < TS v
where C), is a constant dependent on p.

While not as involved, it is possible to obtain rates when f is non-convex or when it is gradient
dominated. We include these results in the Appendix B, and the proof of Theorem 2 and the proofs
for rates in the non-convex and gradient dominated settings in Appendix C.

Examples of Riemannian p-descent algorithms and their rates.

Theorem 2 allows us to immediately infer rates of convergence for popular Riemannian methods
when used to optimize g-convex functions. We give instances of such methods below, and include
complete proofs of these propositions in Appendix C.1.

1. The Riemannian gradient descent algorithm which generates a sequence of iterates according
to the recursion xy+1 = Exp,(—ngradf(z)) for & > 0, is a 2-backward descent method
when f is L-g-smooth and 0 < 7 < 2/L.

2. The Riemannian proximal descent algorithm which generates a sequence of iterates according
to the recursion xy11 = argmingeq f(y) + ﬁdz(y, xy) for k > 0, is a 2-forward descent
method for any 1 > 0.

3. The Riemannian cubic-regularized Newton algorithm which generates a sequence of iterates
according to the recursion 1 = Exp,, (sx) where sy, satisfies

my(sk) < mp(0), IV (s)llz, < 0llskll2,

with my(s) := f(zx) + (s, grad f(zp))a, + 5 (s, Hessf(zx)[s])ay, + X |s]3, is 3-forward
descent algorithm when f has p-Lipschitz continuous Hessians and M > »/2.

Remark The rates of convergence that we attain for p-descent methods are curvature indepen-
dent, improving on the popular result for Riemannian gradient descent in [16] at the cost of some
additional assumptions, and also matches the curvature independent guarantees stated in [5] for Rie-
mannian gradient descent and proximal descent algorithms over non-negatively curved manifolds.

Remark This theorem allows us to give the first known rates for a cubic-regularized Newton type
algorithm over Riemannian manifolds for g-convex functions. The algorithm is a simpler version
of the practical algorithm by Agarwal et al. [1], which has guarantees in the non-convex setting.
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3. Accelerating descent methods for g-convex and strongly g-convex functions

The energy-based analysis provides an effective way to analyse accelerated versions of descent
methods, as studied by Wilson et al. [15] in the Euclidean case. In this section, we study the
acceleration of the simplest p-forward / backward descent algorithms — which is when p is 2 —
through a Nesterov-style scheme. The algorithm is composed of three updates defined below.

Try1 = Exp,, (Tr41Log,, (21)) (2a)
Yer1 = Ge(Tr11) (2b)
zpt1 = Exp,, ((Ozk+1 + Bri1) "t {5k+1L0gxk,+l (z1) — gl"adf(xkﬂ)}) (2¢)

withyg =20 € A C M. 1, € (0,1), ag, B, > 0 for all £ > 0. G, is a mapping which ensures that
for all 7, f(Ge(x)) — f(x) < —c|lgradf(z)||2. To proceed with the energy based analysis, we first
define the energy function. We use a combination of the function optimality gap and the variant of
the distance to the optimum, formally defined below.

By = Ag - (f(yr) = f(27)) + By - [|[Logy, (k) — Log,, (z7)II2,] - 3)
This choice of the energy function was previously used by Ahn and Sra [2] to study acceleration of
Riemannian gradient descent for strongly g-convex functions. Since the distance term of the energy
is explicitly dependent on xj, the analysis is not straightforward, as we cannot directly compare
|Log,, (y)lz, and [|Log,, . (y)llz,,, for y in general. To aid us in proceeding with the analysis,
we use the notion of a valid distortion rate which was originally proposed by Ahn and Sra [2].

Definition 3 (Valid Distortion Rate Ahn and Sra [2, Definition 3.2]) J; is a valid distortion rate
at iteration k if ||Log, (24—1) — Log,, (v*)[2, < 6xl|Log,, ,(z-1) — Log,, ,(z*)]?2

Tr—1"

Ahn and Sra [2] provide computable forms of §; based on the iterates z and zj at each itera-
tion k for Hadamard and non-Hadamard manifolds. Assuming the existence of such valid distortion
rates, we can use Equation 3 with specific setting of parameters Ay, By, and show that the acceler-
ated method in Equation 2 with algorithmic parameters 7, o, Ox has better rate guarantees than a
standard 2-forward descent / 2-backward descent algorithm.

Theorem 4 (Guarantees for g-convex functions) Let {y;} be the sequence of y iterates gener-
ated by the algorithm described in Equation 2 when given a g-convex function f, an initialisation
Yo = 20 € A C M and parameters

Tht1 = — Q= — Pr/okt1
k+1 Ak+16k+lBk+1+2BkAk k+1 Ak ) /Bk+1 Ak

{ 24, By . Br+1—Br/5;, .
: -

> X _ (E+1)(E+2) 4

Ap = Appr — Ap; Apyy = EHER2) )2( ). By = b

Under (A1), (A2) and (A3) and assuming the existence of a valid distortion rate at every iteration
k > 0, this sequence satisfies

f(yk) - f(ﬂ;'*) < @ + 4/C : dlam(A)z : (1 — 1/6mHX) Omax 1= Max Oz.

k2 k ’ t<k
forall k > 0.

Remark Recently, Alimisis et al. [4] proposed a slightly different version of the algorithm stated
in Equation 2 involving a geodesic search step which incurred a search error. In contrast, the algo-
rithm in Equation 2 does not involve such a search step, and as a result, the rate guarantee derived
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. . Crp e )
in Theorem 4 is free of a search error. When k& < 1,17})’ , the 1/k2 term dominates the 1/k term.

Drawing from the interpretation in [4], this can be viewed as the number of steps until which we
obtain an “accelerated” rate. When . = 1 (for e.g., when M is Euclidean), this upper bound
is 0o, and recovers the O(1/x2) rate shown by Nesterov [12]. When dynax — 00, then we achieve
the same rate as a 2-forward / backward descent algorithm. Due to this, this algorithm achieves a
strictly better rate than a standard 2-forward / backward algorithm as given by our Theorem 2.

While the above analysis was for (weakly) g-convex functions, we can also show that 2-backward
descent algorithms can be accelerated using the same algorithm in Equation 2 with a different set
of algorithmic parameters. This is direct consequence of Ahn and Sra [2, Theorem 3.1], which was
restricted to G.(+) being a gradient step.

Proposition 5 (Guarantees for yi-strongly g-convex functions) Let {yy} be the sequence of y it-
erates generated by the algorithm described in Equation 2 when given a u-strongly g-convex func-
tion f, an initialisation yo = z9 € A C M and parameters

_ Epr1—2pc, _ . _ Skt1—2puc
Thal = g5 kel = 15 B = 25
2
I VI _ S Ay ’
A1 = =g Bl = 5 e
: : o €1 (Epr1—2p0) & . :
where Ej.1 is the solution to the equation B rowrali R [2pe, 1) with Ao, By, & > 0

and ¢ < 1/2u. Under (A1), (A2) and (A3) and assuming the existence of a valid distortion rate at
each iteration k > 0, this sequence satisfies

k 2
s~ 16 < (TI0 =) | |10 - 1) + Loy o) ~ Loty (2O,
j=1
forall k > 0.

Remark Note that the rate of convergence directly depends on values taken by &;, which in turn
depends on the variation of the sequence of distortion rates {J;}. Let dmax = max;<j 5. When
Odmax = 1 (for e.g., when M is Euclidean), Ahn and Sra [2] show in their Lemma 2.1 that the
sequence {;; } x>0 converges to v/2uc. Thus choosing §y > v/2uc, the sequence {&j, }1>0 converges
to /2uc and & > /2uc for all k, giving us the rate O(exp(—+/2uc - k)). Since p-strongly g-
convexity corresponds to ((2u)~!,2) gradient domination (Definition 9), we can compare this rate
to the rate for 2-backward descent algorithms over ((2u) !, 2)-gradient dominated functions, which
is O(exp(—2uc - k)). On the other extreme, when dyax — 00, then & — 2puc, giving us the rate
O(exp(—2uc - k)). As noted for the g-convex case, these guarantees are better than one would
expect from a non-accelerated version, which was noted in [2] but for a gradient descent step.

3.1. Some sufficient conditions for eventual full acceleration of 2-backward descent methods
over p-strongly g-convex functions

As noted earlier, there exists a computable sequence of valid distortion rates {Jx1} dependent on
the iterates {(z, z)} generated by the algorithm in Equation 2. More precisely, for Hadamard
manifolds with sectional curvature lower bounded by —x < 0, the valid distortion rate at the k"
iteration is given by 011 = Ty (d(xk, 2x)) where T,;(0) = 1. Therefore, it would be instructive to
analyse the rate at which the sequence {d(x, z;)} converges to 0, and translate that analysis to a
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rate at which the sequence {¢;;} converges to \/2uc. This is the technique adopted in [2] for their
analysis. In this subsection, we extend their analysis to 2-backward descent methods. We begin by
giving the following lemma, which is a generalisation of Lemma 4.2 in [2].

Lemma 6 Let M be a Hadamard manifold and {(xy, yx, zx)} be the sequence of iterates ob-
tained from Algorithm 2 with parameter settings stated in Proposition 5, where the descent con-
stant ¢ of G, satisﬁes ¢ < min{1/6L, 1/2,} given that f has L-Lipschitz gradients. Define Dy =

f — f(2*) + SllLog., ()2, I & € (2pc, v/Ziic) and the iterates satisfy d(wkﬂ,ykm <

Le \/HJ 1(1=&;) - D for every k > 0, then d(xp+1, 2k+1) < CL e \/HJ 1(1=&;5) - Dy for
every k > 0 as well, where C, ,, . and CL%C are constants only depending on L, i, c

Remark The above lemma states that with any 2-backward descent method that descends suf-
ficiently and causes the sequence of distances {d(zy,yx)} to decrease at a geometric rate, then
the sequence of distances {d(zy, zx)} decreases at the same rate. The original analysis by Ahn
and Sra [2] provides such a result when G, is a gradient descent update, along with an interest-
ing requirement that the step size be strictly greater than /L. Recall that for a gradient update,
¢ = c(y) == v(1 — Lv/2) and argmax, c(7y) = 1/L. Our lemma states that a small enough descent
is sufficient for a similar geometric convergence property.

With the above lemma, we can provide a general convergence result due to a careful analysis of
the evolution of the sequence {&;} by Ahn and Sra [2].

Proposition 7 (Eventual acceleration of the Algorithm in Eq. 2) Let (xy, yi) be the (z,y) iter-
ates generated by the algorithm in Equation 2 when given a u-strongly g-convex functions with
parameter settings stated in Proposition 5, c¢ satisfying ¢ < min{1/6L, 1/2u} and §y € (2uc, v/2uc],
where f also has L-Lipschitz gradients. Then, when M is a Hadamard manifold with sectional
curvature lower bounded by —r < 0, the sequence of iterates {yy.} generated by this algorithm

satisfies f(yr) — f(z*) < (szl(l - fj)) - Dy for all k > 0. Moreover, if d(xpy1,yri1) <

% \/H] 1 ( ) - Do for all k > 0, then the sequence {&.} satisfies |{, — /2uc| < € when
k 2 Cro.Lpc log(l/e) where C.L.p,c IS a constant depending on k, L, 11, ¢

Remark To achieve full acceleration, we would require &, = /2uc for all k > 0. This theorem
states that while we might not be able to have & = \/2uc for all k& > 0, we can still get arbitrarily
close as the algorithm proceeds, and eventually achieve acceleration. We conjecture that this anal-
ysis will also extend to non-Hadamard manifolds under suitable assumptions ((A1), (A2), (A3)) as
discussed in [2, Section D].

4. Conclusion

In this work, we presented a general analysis of Riemannian optimisation methods using an energy-
based analysis framework that has gained popularity in the Euclidean setting and more recently in
the Riemannian setting. Such an analysis is also conducive to a study of accelerated first order
Riemannian descent methods. To this end, we showed that we can obtain a accelerated algorithms
for first order descent methods in a straightforward manner in the g-convex and strongly g-convex
setting, and present an analysis for the latter case which extends an existing analysis. Some open
questions remain: can we achieve (eventual) acceleration for a fully proximal point method, or other
higher order methods such as cubic-regularized Newton even on bounded domains?
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Appendix A. More definitions

Let A be a geodesically unique convex subset of the Riemannian manifold M. The zeroth order
definition of g-convexity states that a function f : A — R is g-convex if for any two points x, y in
A,

f(rzy(®) <tf(y) + (1 =) f(y)

forall ¢ € [0, 1] where ;4 : [0, 1] — A is the geodesic with end points given by x and y. When f
is differentiable, we obtain an equivalent definition of g-convex in terms of the gradient of f,
which is often used to prove the results in this paper; this result is formally stated in [6, Theorem
11.21]. When a differentiable function f is g-convex, then for all z, y in A

f(y) > f(z) + (grad f(z), Log,(y))a-

Analogously, a differentiable function f is p-strongly g-convex satisfies for all z,y in A

F(y) = f(@) + {grad (), Log, (y))s + 5 Loz, ()12

With the notion of curves and geodesics, one can transport vectors in a tangent space at one point
to the tangent space at another point. This is made possible via the concept of parallel transports.
The parallel transport between 7, M and 7, M for x,y € M along curve c is denoted by

L(c)¥ : TupM — TyM. When c is a geodesic between = and y we omit the ¢ in the notation and
use I'J to simplify the notation. A key property of parallel transports is that it is norm-preserving:
for any v € Tu M, ||v||z = ||[T%v||, where I'%v € T, M per the definition of I'%. We use the parallel
transport to hence define the property of L-Lipschitz gradients. A function f : A — R is said to
have L-Lipschitz gradients when it satisfies for all z,y € A,

lgradf(z) — Tygradf(y)|l. < L - d(z,y).
Such a function is also L-g-smooth i.e., for all z,y € A [6, Corollary 10.54]
L
f(y) < () + (grad f (x), Log, (y))= + 5 IILog, (v)I3-

A twice differentiable function f : M — R is said to have p-Lipschitz continuous Riemannian
Hessians, when for all x, s in the domain of the exponential map,

F(Exp, () — F(x) — {5, rad f () — 3 (s, Hessf(2)[s])a| < 2l
Equivalently from [6, Corollary 10.56],
] [PE2=V ™ arad (Bxp, (5)) — arad f(x) — Hessf()ls]| < 2sl

Appendix B. Rates for p-descent algorithms for non-convex functions and
gradient-dominated functions

Theorem 8 (Rate for p-descent over non-convex functions) Let f a non-convex function, and
let xg € M be the initialisation. Then, a p-descent algorithm (forward (Eq. 1a) or backward (Eq.
1b)) satisfies the following guarantee

flxo) — f(x*)><pl)/p

win erad )1, < (100

9
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Definition 9 ((7, p)-gradient dominated functions) A differentiable function f : M — R is said
to be (1, p)-gradient dominated if =* is the global minimizer of f and for all x

flx) = fa*) < llgradf ()],

Theorem 10 (Rate for p-descent algorithms over (7, p)-gradient dominated functions) Let f
be a (1, p)-gradient dominated function, and let xo € M be the initialisation. Then, a p-descent
algorithm satisfies the following guarantees

flxg) = f(a*) < (1 + E) - (f(xo) — f(z)), Vk>0 [p-forward descent]

T

fzy) = f(a*) < (1 — §>k (f(xo) — f(z)), Vk>0 [p-backward descent]

Appendix C. Proofs for the rate theorems in Section 2 and B

Proof [Proof of Theorem 2] We begin by noting that under the assumptions, the exponential map
and its inverse exists at every v € 7, M for every x € A. Consider an energy function

By = Ap(f(zy) — f(2%)).

Here, { Ay }1>1 is a sequence satisfying A1 = Ay + aj and 2* is the minimizer of f. The
difference between Ey 1 and Ej, is

Epi1 — By = (A + ag) (f(x11) — f(27) — Ap(f(zr) — f(27))
= Ar(f(zry1) — flar)) + ap(f(@rg1) — f(27)) (4a)
= (Ag +ar)(f(wrg1) — f(@7)) = (Ax + ap) (f(z) — f(27)) + ar(f(zr) — f(27))
= (A + ar)(f(zr+1) — f(2r)) + ap(f(zr) — f(27)). (4b)

Since f is g-convex,

f(xg) — f(z) < (gradf(zy), —Log,, (¥*))s,, and
f(@p41) — f(@") < (grad f(zp11), —Logg, ,, (7)) ayys -

If A is a p-forward-descent algorithm w.r.t. f, we can use Equation 1a and bound the difference in
energies

Brr1 — By < —cAglgrad f(zp1) 17770 + ar(grad f (w541), —Log,, , (2%)) ey,

cArp ag p —
= | <<gradf(xk+1),—CAk . Logxk+1($*)>

lgradf () 140"
P/(p—1)

Th+1

&)

10
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If A is a p-backward-descent algorithm w.r.t. f, we can use Equation 1b and bound the difference
in energies

Epp1 — By, < —c(Ag + ap)||grad f (zx) |27 + ay(grad f (zx), —Log,, (2*))a,
c(Ag + ax)p < ap, p-—1 . >
= rad f(xg), — Log, (z
b1 ( grad f(xy) Artan) 1 ey, (T7) .
_llgrad (@l ©
P/(p-1)

To bound the quantity inside the brackets in Equations 5 and 6, we use Lemma 11. Specifically, we
invoke the lemma with ¢ = »/p—1 and

e a= —C%k% for Equation 5,
ca= —m% for Equation 6
to get
cAgp ar \" (p—1\"
)= B~ B < - (S (0 Lo, (00l
,ay, .
= CpApfl "L0g$k+1 (f]f )Hmk+1 (7)
k
c(Ag + ag)p ag Prp—1\"P
(6) = Egy1 — By < -1 \Arta) U p |Log,, (=) 1%,
/ aﬁ *\ || P
= CPW”LOgm(‘T NE,- ®)

_ p—1
where ¢, = CITP (%) . By definition of the exponential map, d(z, z) = ||Exp, ' (2)||, for all

x,z € A. Also, by (Ag), 7* € A. Therefore, d(z,2*) = ||Exp; ' (z*)||. < diam(A) for any
z € A. This further bounds of the difference in energy as

p

(7) = Bypr — B < d, A‘;’j —diam(A)P 9)
k
p
(8) = Byt — By <5 _diam(A)? (10)
k+1 k > p(Ak; n ak;)pil

Choose Aj, = W. This gives ay = A1 — A = %. Furthermore,

ap _(k+1)...(ktp-1) -t _ p?eY

At kp1 (p—DP=p-1)! = (p—1)!
@ (kD). (ktp-)) - D)
(Ag +ag)P~? (k+p)p—t (p—1)Prtp-1)!~ (p—-1)!

11



SUFFICIENT CONDITIONS FOR RIEMANNIAN OPTIMISATION

We finally have

A

_ 1\ 1 201
b > P ' -diam(A)P

cl=p
(9) = Epp1 — Ep < < 5 e

!/
Cp twd

IN

1-p -1 p—1 -1
(10) = By — Ej, < & <pp > -(ppp_ oy iamn(A)”.

7
cp,bwd

Summing both sides from k =0to k =T — 1, we get

Er — Ey < ¢ yq - diam(A)P - T
= Er < ¢ pyq - diam(A) - T+ Ey = f(or) — f(2*) < gy - IZT - diam(A)P, and
Er —Ey < cz,bwd -diam(A)P - T
(A)

T
= ET < cz,bwd ~diam(A)? - T + EO = f(l'T) - f(.’lj*) < Cg,bwd . A7T . dlam(A)p

Since Ap > T%/p\, T/ Ay < p'/TP=1. Consequently,

1—p _1\? 1 201 !
p-fwd-descent = f(xr) — f(z*) < ¢ <p> . (1;_ i Tf—l - diam(A)P

ct=P . (p? — p)P~! . diam(A)P
= = ,

1- _ -1 -1
p-bwd-descent = f(xrp) — f(z*) < ¢’ (pl>p . (ppp_ i TIZ!—1 - diam(A)P

Proof [Proof of Theorem 8] If A is a p-forward descent algorithm w.r.t. f, we can use Equation la
to get

cllgrad f (zpr1) 27} < flaw) — fzre)
T—-1

> cllgrad f ()72 < flao) = flar)

k=0

< f(zo) — f(z¥)

f(zo) — f(x¥)
cT

f(wo) — f(x*)>(p1)/p
cT '

. P/p—1 ~
= min lgrad f (zx) [ <

. <
= ing%“l ngadf(ﬂTk)H:ck = <

12



SUFFICIENT CONDITIONS FOR RIEMANNIAN OPTIMISATION

If A is a p-backward descent algorithm w.r.t. f, we can use Equation 1b to get

cllgradf (z) |27~ < flak) — f(zx)
T-—1

> cligradf(ap) 727 < flao) = flar)

k=0

< f(zo) — f(2¥)

= min lgrad f () |77~ < f(x(])c_Tf(:E)

f (o) = f(ﬂ))“"”“j

= Eaglrﬁllgra f(@i) ||z < < T

Proof [Proof of Theorem 10] Consider the energy function
By = f(xg) — f(z%).

Then, we obtain
Epy1 — B = f(zp41) — flan).
If A is a p-forward descent algorithm w.r.t. f, then using Eq. 1a

Ep1—Ep = f(zpr1) — f(ar) < —Cngadf(kanLl)”Z/,fiIl) < —g(f(fﬂkﬂ)—f(x*)) = —EEHL

As aresult,

1 e\ =T
Ek:>ET§<1+*) Ey.

C
Ep1 < (1 + *)
T T

If A is a p-backward descent algorithm w.r.t. f, then using Eq. 1b
c
Epsr = By = f(ons1) — flw) < —cllgrad f )[40 < =S (f () - f(a) = =Sy,
As aresult,

c c\T
Ek+1§<1——>Ek:>ET§(1——) E.
T

C.1. Proofs for the examples of descent methods

Proof [Rate for Riemannian gradient descent] Using the assumptions, we have for £ > 0 that

f(@rr1) < flaw) + (grad f(zr), Logy, (Th41))a;, + gl!Logxk (@r41) 12,

’L
= fan) = nllgradf () |2, + L5 lgvadf () 2,

13



SUFFICIENT CONDITIONS FOR RIEMANNIAN OPTIMISATION

When ) = 1/, we get a simplified bound as

1
Fann) < flor) = 57 llerad f ()7,
Using Theorem 2 in the backward case with ¢ = 1/2L, p = 2, we directly obtain

o) — (o) < 2L tomAT,

Proof [Rate for Riemannian proximal descent] Using the assumptions, we have for k£ > 0 that
1
f(@ry1) + %HLO&E,CH(%)H%HI < f(xk)
1
= f(@rg1) < flaw) - %!!Logxm(:vk)llim-
The proximal update also satisfies Log,, ,  (z%) = ngradf(zy+1) leading to

Flere) < flan) = Jlleradf @) 2, -

Using Theorem 2 in the forward case with ¢ = 7, p = 2, we directly obtain

o _ 4n~!.diam(A)?
flap) = f(2") < - :

Proof [Rate for Cubic-regularized Newton] For convenience, we will denote FEXPI(S) by Ps when
operationalising the property of function with p-Lipschitz continuous Hessians when the choice of
x is obvious Under our assumptions, the domain of the exponential map when restricted to x € A
is the tangent space at every point. At iteration k, the update velocity satisfies

f(@r) + (sk, grad f(wx));, + %(81@7 Hessf (zy)[sk])), + %llSka}k < f(@g).

Using the fact that f has p-Lipschitz continuous Riemannian Hessians, we get

< slo - (5~ 8) Il

From Agarwal et al. [1, Theorem 3], the gradient of my, at s; can be computed as

Vmy(s) = grad f(xy) + Hessf(zk)[sk] + M| k|2, Sk
= Pszlgradf(xkﬂ) + grad f(zx) + Hessf(xg)[sk] — Pszlgradf(xkﬂ)
+ M||skl|z, sk

14



SUFFICIENT CONDITIONS FOR RIEMANNIAN OPTIMISATION

In the last step, we have added and subtracted Psfklgrad f(zk+1). This leads us to,

Vg (se)llz, = HPs_klgradf(mkH) + grad f(zx) + Hessf (k) [sk] — Ps_klgradf(xkﬂ)
+ M|k |z, Sk ||
> || Py, grad f(zx11) |1z,
— ||1P;, grad f (zy41) — grad f (wx) — Hess f (xx) k]2,
— M||sgl3,

P
> [lgrad f (@n)lla = Gllskllz, — Mllskllz,

P
= Ollselz, > lleradf (esn)lloes — 5llsel, — MllselZ,

In the penultimate step, we have used the alternative characterisation of p-Hessian Lipschitz
functions. Therefore,

ngadf(xk+1)ka+1 < (9 + g + M) Hsk|’33k

Combining this with the descent statement previously, we get

M p

~3/2 5/
Flann) < flan) = (5 = 8) (64 5 420) " haradf (oI,

When 6 = /2, M = p, we get a concise inequality

1 3
x < flxg) — ——=—||grad f(z /2
f(@ps1) < flag) 12\/5\/5!@ f@e)llZe
Using Theorem 2 in the forward case with ¢ = TIZ\/E ,p = 3, we directly obtain

< 10368p - diam(A)3

flw) - £) 5

Appendix D. Proof for results in Section 3

In the proof that follow, we denote ||Log,(w) — Log,(v)||+ by dx(w, v) for convenience. With this
notation, the Jy, is a valid distortion rate at iteration k& if

Ay (231, 2%)% < Opda, (21, 2%)%

15



SUFFICIENT CONDITIONS FOR RIEMANNIAN OPTIMISATION

D.1. Proof for convergence guarantees of Algorithm 2

Proof [Proof of Theorem 4] We analyse the difference in energy functions at iterations k and
k + 1. We assume that f is pu-strongly g-convex, and at the end make the substitution p = 0.

By — Ep = Agyr - (f(Yer1) — f(2) — Ag - (f(yr) — f(27))
AEF

+ Byt - day oy (2131, 2%)? = By - doy (21, 2%)?

D
AE!

We begin by simplifying AE,? . First, using the fact that dj; is a valid distortion rate, we get:

By,
AEI?SBk-l-ldekH (Zk+lv x*)Q - dmkﬂ (Zkv x*)Q
Ok+1
By, By,
= <Bk‘+1 - > dﬂﬁk+1 (Zk-‘rlv x*)Z + (dﬂ&k-H (zk+17 x*)2 - du’l?k-u (Zk7 x*)2)
Ok+1 Ok41

By

Next, since the tangent space 7., M is Euclidean for w € M, we have the canonical three-term
lemma, which states

d(a,b)? + dy (b, ¢)* = dy (¢, a)? = 2(Log,, (b) — Log,,(a), Log,,(b) — Log,,(¢))w-
Using this with w = z;41,a = 2*,b = 2341 and ¢ = 2z, we get the bound

By,

AEI? < Ekd$k+l (ZkJrla x*>2 - mdﬂ?lﬂ-l (zkv zk+1)2
2B, X
+ m <<Log1‘k+1 (Zk+1) - Logkarl (I’ )’ L0g$k+1 (Zk"i’l) - Logmk+1 (Zk)>xk+1)

Due to the update step 2c,

pr1 + Brtt .
THLngkH (2k41) = Lngk.H(Zk) - Brorr grad f(zp+1)
At 1
= Log$k+1(zk+1> - L0g$k+1 (Zk) - - k.tl Log$k+1 (Zk'+1) - ﬂk+1gradf(xk+1)

16



SUFFICIENT CONDITIONS FOR RIEMANNIAN OPTIMISATION

We use this to obtain the simplification

AEkD < Biday i, (2h11, z*)? - mdxk-o—l(zka Zh11)?
2B, L . . .
" m < OBz (2h41) = OBk 41 (%), —ak1 08211 (2k+1) — gra‘df(mk+1)>$k+l
n *\2 Bk‘ 2
- Bkdxk“(zk"‘l’ z")” — mdxk-&-l(zkv Zk+1)
2D L L * L L
+ m < Ogmk+1 (Zk-H) - OggckJrl ($ )7 — Q1 ngkﬂ (Zk+l) + Aft1 ngk+l ($k+1)>xk+1
- <L0g$k+1 (Zk‘+1) - Logmk+l (x*>, gradf($k+1)>x )
k+1
= Ekdxk+1 (Zk—l—l, .T*)Q
% Lo (;p*) —To (2k+1), Lo (2141) — Lo (z )
Srt1Brit &y 8apyq \B+1), LO8y, \ (Zkt1 Bapyr (Tht1 -
2B, . B, )
m <L0g$k+1 (x%) — LOgIkH (Zk41), gradf(xk+1)>xk+l — rk_ﬂ dggk,_H (zk, Zk+1)
Applying the three-term lemma again with w = x4 1,a = Tg11,b = 2k41 and ¢ = z*, we obtain
+ + +
AEL < Bidy,, (2141, 77)°
Bray,
+ W@;:_ll (da?k+1 (xk—i-l, I‘*)Q _ dxk+1 (Zk-l-l, $k+1)2 _ d:tk+1 (Zk-l—la :L,*)2)
2B, By )
+7<Lo z*) — Lo z ,gradf(x > - = d Zky 2
5k+lﬁk+1 gmk-‘rl( ) gl‘k+1< k+1) g f( k+1) _— (5k+1 zk_H( k k+1)
_ Broagi ) 9 Br [apyr ) )
= Bk‘_i d Zk; 17:15* - 7d Zk. 1’:[]]{: 1 +d Zk‘ I)Zk
< Ok+1Bk+1 o (2t ) Ok+1 \ Brr1 wi (2 +1) zii1 (2Rt 15 2k)
T
2Bs Bok41 5
_2k )L _grad > Drart1 -
" Ok+18k+1 < 084, (27) = Logy, ,, (zk+1), grad f(zp+1) _— + Sre1 B orpr (Tt 1, 27)
By(ags1 + Bry1) ( Qi1 ) Brii )
- Tl o d 2k 7'rk + 761 Zk? 2k
Ok118k11 ki1 + Brst l‘k+1( +15 Tht1) a1 + Brrt $k+1< +1)
2B B4 5
2Pk, L grad > Drak1 -
- 5P < 08y, ., (#7) — Log,, . (2k+1), grad f(zp41) s - B oy (Thy1, %)

Since the squared projected distance is effectively the squared norm of the distance between two
vectors in a Euclidean space, we can use the fact that

1—-A

1 A
iHa—Ab—(l—A)CH2 < §Ha—bHQ+ la —cl.

This is due to the convexity of the function f,(z) = 3|z — a||%. Using the inequality over T, , , M

with a = Log,, ., (2441),b = Log,, ,  (xr41),¢ = Log,, ., (2k), A = m and

17



SUFFICIENT CONDITIONS FOR RIEMANNIAN OPTIMISATION

W41 = Ab+ (1 — X)c for some wy 41 € Ty, M, We get

Bi(agt1 + Brt1)

BkOék;_;’_]_
AE}? <T) - 6k+16k+1 ”Logzk+1 (Zk-i-l) — W1 ||§kJrl + mdzk+l (xk‘-i-la 1‘*)2
2B, X
+ m <L0gxk+1(x ) — Log,, ., (Zk+1)s gradf(xk+1)>xk+l
Bi(agt1 + Bri1) ) Bjayein )
=Ty — L - diada b *
+ 5k+1ﬁk+1 <L0gajk+1 (Z‘*)a gradf(xk+1)>$k+1 - m<wk+17 gradf(xk.+1)>zk+1
2B;,
m<wk+l B LOgIk+1 (Zk+1)7 gradf($k+1)>xk+l
By (ogq1 + Bry1) 2 Brag41 2
< Tl — 5k+1ﬁk+1 HLOg;ck+1 (Zk+1) - wk+1”xk+1 + mdmk+l (warh T )
2By, . )
oo )~ fawet) =l dag, )
— ——(wga1, grad f (g + rad f(z
Ok+1Pk+1 (Wi, 8180 f (@hr1))os Ok4+1Bk+1 (k11 + Br+1) lerad/(@pss)l,,

The final inequality is due to the facts that

Br+1

Wpp1 =N+ (1 = ANe=————=1Lo z + —————pgradf(z
k+1 ( ) oms + B apr (Zh+1) ot 5k+1g f(wrg1)
and that f is u-strongly g-convex.
Next, note that the choice of a1 and Sy satisfies By, = fflo‘g;jl and hence T = 0.
By(ags1 + Bry1) k
AEP <T) - 5k:1ﬁk+1 2 | Log,, ., (k1) — wrat |2, B (k1 = )y (Thpr, 2¥)°
<0
+ ——(f(z™) — f(z + radf(x
(@) ~ flok) + 5 mad (o),
2B,
- m@)k-ﬂv gradf(xk+1)>xk+1
*\2 2By *
<7+ (g1 — ey (Thr1,27)° + ————(f(2") = f(@h11))
Ok+1Bk+1 Ok+1Bk+1
+ rad f(z — ————— (w1, grad f(x
Okt+1Be+1(s1 + Brs1) leradf (@i s)le,,. 5k+15k+1< b, 810 (@t 1))
By 2By,
= —— (apy1 — p)d Tig1, 2%)% + rad f(z 2
2By, 2By,
b (f(a) — Farn) — (i, rad (1)
k+18k+1 k41 8k+1
B, 2B,
= — (g1 — p)d Thp1, %)% + radf(x 2
5k+15kz+1( b1 = Wy (Tt ) Ok+18k+1(ht1 + Brt1) leradf(@ices)llz, .
2B, 2B,
——(f(x") — f(xp - Log 2, grad f (zy )
5k+15k+1( (@) = f@rs1)) k1 (g1 + 5k+1)< ks () (@et)ho

18



SUFFICIENT CONDITIONS FOR RIEMANNIAN OPTIMISATION

Due to the form of the update in Eq. 2a, L0g$k+1(yk) = %Logzkﬂ(%)-
By 2By
b 5k+15k+1( bt~ 1) (T, ) 5k+15k+1(%+1+5k+1)”g J@rn)l
2B * 2By, (1 — Th41)
55 )T + Lo ,grad f(z
Ok+1Bk41 (@) = F(@ri1)) 5k+1(04k+1+5k+1)7'k+1< Sarpn (U), 8TOAF (Th1 1) oy
By 2B,
5 g (k1 — p)d a1, 2%)? + radf(z 2
- 5k+15k+1( b1 = oy (s, ) 5k+15k+1(%+1+5k+1)”g F@re)lzy,
2B,
+ ———(f(2") — flzrt1))
Ok+1Bk+1

2B(1 — Tpy1)
Ok+1 (kg1 + Brt1)Th+1

(f(yk) - f(xk-i-l) _“/2 ’ d$k+1 (mk-ﬁ-la yk)zj)
<0

Finally, by definition of the constants, we have

__ —2
_ /B L, 2 —
ABP < A0 (5 = 1) dops (o, 2P 4 o grad o)y, + 2AF0) — flawn)

k k+1
2B1.(1 — 7 A

2B e ) Ak )
Ok+1Br41Tk+1

—2
_ 2A —
= (B — Appt)day,, (xps1, 2*)* + ﬁ”gradf(xkﬂ)\@kﬂ + 245 (f (") — f(2g41))
2Bk (1 — Tp11) Ak

+ Skt Brs1Tht (f(ye) — f(rs))-

Next, we look at AEY.

AE{ = A1 (F(yer) — flans)) + Ae(f (@) — F) + Ar(f(@rg1) — f(2¥)).

As a result of these computations:

B Ak(1 — Ti41)
Ok 1 Bry1 Tt

ABy < Apei(F(yens) — Flanar)) + (Akﬂ - ) (F (o) — Flu))

—2
2A _ _ .
+ ﬁ”gfadf@kﬂ)uikﬂ + (By — MAk)dmk+1($k+1a Zz )2-

The choice of 75,11 ensure that the coefficient of the f(xy4+1) — f(yx) term is 0. This leads to,
along with = 0,
24,
AEy, < A1 (f(Yps1) — fogs1)) + ﬁl!gradf(fﬂkﬂ)\@w + Biday,, (Trr1, 2)°.
When, G_ is a 2-backward descent method, f(yx+1) — f(zr41) < —cngadf(ka)HikH. This

gives
—2

2A _
By — By < — (CAk_H — 7Bk k1> ngadf(l’k+1)HikH + BkRQ.
+

19



SUFFICIENT CONDITIONS FOR RIEMANNIAN OPTIMISATION

Choose Bj1 = 2 and Ay = W Note that for this choice Ay = Apy1 — A = (k+1)

—2
and therefore, cAgy1 > CA%. Due to this,

4T

4 1 1
EkJrl —Ek < - (1 — 5) diam(A)2 :>ET—E() < — <1 —

5]’[1 ax

C

> diam(A)?.

This gives us a rate

Proof [Proof of Proposition 5] The proof of this proposition is directly given by Ahn and Sra [2,
Theorem 3.1] where we make the substitution A, — c. By definition 2uA = 2p - y(1 — Lv/2) is
strictly less than O under the preconditions of their theorem, whereas due to our generality, we will
have to enforce it as a property of G.. We also find that their theorem holds more generally when
Exp and Log is well-defined at every = € A, hence the additional assumptions (A1), (As) and
(A3). As noted earlier, when M is a Hadamard manifold, these assumptions hold. |

D.2. Proofs for the sufficient conditions

Proof [Proof of Lemma 6] We carefully follow the proof of Lemma 4.2 in Ahn and Sra [2]. By our

: : _ Br+1
assumption, &y < y/2puc and 2uc < 1. For convenience, we use Ag41 = Bratorn and

Mhtl = g—far
k+1 Br+1+ops1”

d(Tpy1, 2611) = ||L0gxk+1(2k+1)||:vk+1
= [[Ak+1Log,, ,, (2k) — Mer1grad f(zrs1) oy,

< At llLoge,  (26)llayyr + Me+1llgrad f (@r41) l|ap o

%) Met1d(Tk41, 21) + M1 Ld(Thp1, 27)

(% Akt1d(Tp15 21) + M1 LA(@k41, Yi) + N1 Ld (Y, 27)

w M1 (1 = g 1) d(ynes 21) + Mep1 LT 1d (g, 21) + Moy Ld(yr, )
= d(Yk, 26) (M1 (1 = Tot1) + M1 L741) + M1 Ld(yg, 7).

Step (4) holds since f has L-Lipschitz continuous gradients. Next, step (i7) holds due to the
triangle inequality over M. Finally, step (7i7) holds due to the fact that 2 lies between y; and
zx, through Eq. 2a.

20



SUFFICIENT CONDITIONS FOR RIEMANNIAN OPTIMISATION

To get a bound on d(zk1, 2k-+1), We need to have a bound on d(yg, z) and d(yx, 2*). We can use
the energy inequality from Prop. 5 with pu-strong g-convexity to get the following statements

i 2

I - sj)DO\/;, (an
j=1

b i

J11 = &) Doy /%. (12)

Jj=1

M\‘:

k
d(yg, H 1—&)Do & d(yy, z*) <

k
M C- d:l:k Rk, T H 1_§j DO <:>dxk(zk’7 )S
7j=1

With these we also have

Ao, (Yk, 21) < dg, (Yg, °) + dg, (25, ) *.» A\ inequality
< d(yg, %) + day, (21, ) " dq(b, ¢) < d(b, c) for Hadamard manifolds

k 2 1
[T -¢)Do <\/;+ , /MQC> - Egs. 11,12.
=1

However, this doesn’t quite help us yet, since dy, (Yx, 2x) < d(yx, 2k ), and we need the quantity on
the RHS for the upper bound on d(x1, zx+1). Following the proof of Ahn and Sra [2, Prop. C.7],
we will analyse the quantity dz, | (Yk41, 2r+1)-

IN

dl‘k+1 (yk‘+17 Zk+1) 2 _dl‘k+1 (3/k+17 xk+1) + d;rk_;,_l (f]fk+1, Zk+1)
$k+1 (ykJrlv $k+1) + HLngk_H (Zk‘Jrl) H1'k+1
= 1 Wkt 1) + | Aer1Logy, , (26) — merrgrad f (ze41) [y
( )

> —dey o (Ukt1, Thg1) + Mer1d(2n, Tig1) — Meta]lgradf (Tr1) |z,
> =d(Yrt1, Trr1) + Mer1 (1= g 1)d(Yis 21) — M1 llgrad f (2rs1) |

> —d(Yp+1, Tht1) + Me1 (1 — Top1)d(Yk, 25) — M1 Ld(Tpg1, 27)
(iid)
> —d(Ykt1, Tht1) + M1 (1 — Tog1)d(yk, 21)
— k1 Ld(2py1, Yr) — M1 Ld(yr, %)
& —d(Yrt1, Tht1) + M1 (1 — Thg1)d (Y, 21)
— i1 LTe1d (Y, 21) — Nep1 Ld(y, ).

Step () and (iv) use the fact that 21 lies between y, and z; by Eq. 2a. Step (i7) uses the fact
that f has L-Lipschitz continuous gradients. Step (ii7) applies the triangle inequality over M.
This gives us

Ay, 21) Mkg 1 (1 — Thg1) = Mrg 1 L7pg1) < dwk+1(yk+17 Zet1) + AWt 1, Trr1) + Mer1 Ld(y, )

1
1 —&5)Do ( +4/ M20> d(Yk+1, Tht1)

2
+ N1 L H 1-¢5) DO\/;

IN
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SUFFICIENT CONDITIONS FOR RIEMANNIAN OPTIMISATION

We make note of the fact that £, < 1 and use the bound from Eq. 11 and Eq. 12. The final piece
is to bound d(yg41, Tx+1) and to show that A1 (1 — Tx+1) — Mg+1L7k+1 can be bounded in terms
of a constant involving L, y, c alone. The first part is given by the statement of the lemma, which
states

k
d(Yrr1, Trr1) < CL e H(l —&j) - Do.
j=1

For the second part, we make use of global properties of the recurrence relation governing the
sequence {& }. From Ahn and Sra [2, Proposition C.9], we have that if £y < \/a, then & < /a for
all k¥ > 0, where

Set1(Spr1 —a) &

1= &pta 0

forany 0 > 1 and a € (0, 1). We use this statement with a = 2/c, and § being the valid distortion
rate at iteration k£ which is > 1. Therefore,

Mer1(1 = Tog1) = Mer1 L =

1-— 2,uc§k__&1
1—2uc

] (1 = &k+1—2Lc)

1—2puc

o -1
S [1 2MC§k+1](1_m_2LC)_

The quantity 1 — \/2uc — 2Le strictly positive when ¢ < 1/6L. Therefore, we have the bound on

d(yx, 21) as
1 -1
L—/2ucé 1 , ﬁ

1—2uc 1 —\2pc — 2Le Bre

d(y, z1) <

Using this to bound d(x+1, zx+1) We obtain

k
1 —2uc+ 2Lc LvV2
d(Thy1, 2k41) < ( a cy ) H 1
7j=1

1 — \/2uc — 2Lc¢ B#e + N

CLyu,c

Proof [Proof of Proposition 7] This proposition can be proven using the analysis of the recurrence
relation as presented in Ahn and Sra [2, Section C.7]. The key tool of the analysis is the distance
shrinking lemma, which we have proven for 2-backward descent methods in general when c is
sufficiently small. |
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Appendix E. Auxiliary lemmas

Lemma 11 (Conjugate lemma [11]) Let s, u be vectors in Euclidean space, and « be a scalar.
Then

1 -1
(5,0 ) = =[|s]17 < L=l ]2,

Proof Let s* be the maximizer of the LHS (taken with respect to s). By the first order optimality,
we have
a-u—||s*)T%s* =0

Consequently,
1 1 qg—1
(" a-u)— 5||8*||q = [Is"1* = =lls"1* = ——1Is™]I*
Also,
et [full = [[s*[|%7".
Hence,

1

1 1 _
(5,00 10) = ~[ls]17 < (%) — —[[s*]1¢ = T[] Fo uf o,
q
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