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The differentiability properties of the metric projection Pg
on a closed convex set C in Hilbert space are characterized
in terms of the smoothness type of the boundary of C. Our
approach is based on using variational type second derivatives
as a sufficiently flexible tool to describe the boundary struc-
ture of the set C with regard to the differentiability of Po. We
extend results by R.B. Holmes and S. Fitzpatrick and R.R.
Phelps.

1. Introduction.

Let H be a real Hilbert space, C a closed convex subset of H. Given an
element z of H, consider the problem of finding the best approximation of
z by elements of C. Let the unique best approximating element of C be
denoted by Pcz, or simply Pz, that is

(1.1) lz — Pzl|| = inf{|lz —y|| : y € C}.

The operator P so defined is called the nearest point mapping or the metric
projection onto C. One may ask how the solution Pz of (1.1) behaves under
slight perturbations of the data z.

Such sensitivity analysis of the best approximation problem is of course
closely tied to the differentiability properties of the metric projection, and
the latter therefore have been looked at by many authors. We mention
in particular the work of E.H. Zarantonello [29, 30], R.B. Holmes [17], S.
Fitzpatrick and R. Phelps [14]. For other references see F. Mignot [19], A.
Haraux [15], where applications to variational inequalities are considered, J.
Sokolowski [27, 28], K. Malanowski [18], or A. Shapiro [25, 26] for sensi-
tivity analysis, T. Abatzoglu [1] for relations to approximation theory, R.R.
Phelps [22] for an application in nonlinear optimization, and [7, 8], [21] for
further information.

It is well-known that, at least in a separable Hilbert space, the operator
P, being non-expansive, is Gateaux differentiable almost everywhere. See
N. Aronszajn [2], and also [15], [19], [11] for this extension of Rademacher’s

567



568 DOMINIKUS NOLL

Theorem to infinite dimensions. However, one could not hope to obtain a
more refined analysis of the differentiability properties of P by using these
techniques. In [16], therefore, J.B. Hiriart-Urruty posed the problem of
characterizing the differentiability points of P as well as providing techniques
which allow one to calculate the derivatives in a more or less explicit form.

It seems clear that the differentiability of P should be somehow tied to
the smoothness of the boundary of the set C. Highlighting this observation,
R.B. Holmes [17] has shown that if C' has boundary of class C¥(k > 2),
then P is of class C*~! in H\C, and S. Fitzpatrick and R. Phelps [14] have
shown that the converse is also true under an additional (in fact a necessary
and sufficient) qualification hypothesis (see Section 6 for this). The situation
becomes more complicated, however, when the smoothness type assumption
is not satisfied throughout the boundary of the set C. For instance, if Px
is a point of second order smoothness of C, (meaning that the gauge pc is
twice differentiable at Pxz), is it true that P is differentiable at z € H\C?
We shall present an answer to this and related problems concerning the first
order differentiability of P.

It turns out that the key to understanding the differentiability of the
metric projection is to consider variational type second order concepts such as
second order Mosco derivatives or second order Attouch-Wets derivatives. In
fact we will show here that P is Gateaux (Fréchet) differentiable at z € H\C
if and only if the boundary of C is second order Mosco (Attouch-Wets)
smooth at the point Pz.

This gives new insight even in finite dimensions, for in this case, second
order Mosco derivates coincide with second order epi derivates in the sense
of R.T. Rockafellar [23, 24].

2. Differentiability.

It was shown by E. Zarantonello [29] that the metric projection P onto a
closed convex set C' with nonempty interior has a directional derivative at
every boundary point z € dC in the sense that

(2.1) P(z +th) = z + t dy P(z)h + o(t),

h € H, t — 0*. Here the operator d, P(z) turns out to be the orthogonal
projection Pg(;) onto the support cone of C at z:

S(z) = U AC —z).
A>0

In particular, d; P(z) can only be linear in the rather special case where S(z)
is a linear subspace. This observation suggests that one should in general
consider directional type derivatives of the operator P.
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We will say that P is directionally Gateauz differentiable at x € H, if the
limit

22) i Ple+th) - P(a)

t—0t t

exists in norm for every h € H, or equivalently, if
(2.3) P(z +th) = P(z) +t d. P(z)h + o(t),

for h € H, t — 0%, where o(t)/t — 0 in norm as ¢ — 0*. Notice that our
approach is more general as for instance in [14], where the authors consider
Gateaux derivatives in the more restricted sense that the operator d, P(z)
has to be linear. We preserve their notation dP(z) for this particular case. If
the limit (2.2) is uniform over ||h|| < 1, then P is said to have a directional
Fréchet derivative at z, noted P} (z). Again we use the notation P'(z)
(consistent with [14]) to indicate when P; (z) is linear. Let us collect some
basic information about d,P. To start with, recall the fact that P is the
Fréchet derivative of the continuous convex function f on H defined by

1 1
(2.4) f(=) = 3llell® = 5lle — Paif%,

(see [14] or [29]). This gives rise to the following observation.

Proposition 2.1. Let z € H\C, and suppose d, P(z) ezists. Then f given
by (2.4) is twice differentiable at = in the sense that it has a second order
Taylor expansion at x of the form

(2.5) flz +th) = f(z) + t{Vf(x),h) + t3q(h) + o(t?),

h e H,t— 0", VEf(z) = Pz, for a positive and positively 2-homogeneous
continuous convez function q : H — R. Moreover, we have

(2.6) d,P(z)h = VFq(h), h € H.

Proof. As P = V f, the convergence of %(P(x + th) — Pz, h) implies the
existence of a second order Taylor expansion of ¢ — f(z + th) at ¢t = 0, that
is

flz +th) = f(z) + t{(Vf(z),h) + g(dJrP(x)h, h) + o(t?),

t — 0*. (See for instance {10, §2]). In other terms, (2.5) is satisfied with ¢
given by g(h) = 3(d,P(z)h,h), which is continuous, convex and positively
2-homogeneous. We have to show that d, P(z)h = VFq(h) for every h.
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Consider the second order difference quotient of f at z, that is
f(z +th) — f(z) — t{y, h)
t2
t#0, h€ H, (y=Vf(z) = Pz). Then (2.5) means Ay, ,: — ¢q pointwise

as t — 01. Now observe that, for £ > 0,
1
Z(P(x +th) — Pz) € 0 Ny (B),

so for any k € H, the subgradient inequality gives

(2.7) ANgpyilh) =

?

1
;(P(x +th) — Pz,k) < Dgpyi(h+ k) — Dyypyi(h).

Passing to the limit ¢ — 0%, we obtain

which shows d, P(z)h € dq(h). But d, P(z) is nonexpansive, hence contin-
uous, and so dq has a selection which is everywhere continuous. This means
that ¢ is everywhere Fréchet differentiable. O

The following result is essentially known, although the proofs in [14] and
[30] seem to rely on the linearity of the derivative. We therefore include a
proof of our own.

Proposition 2.2. Let z € H\C, and suppose d, P(z) (rsp. P, (x)) ezists.
Then dyP(y) (rsp. P, (y)) exists for every point y on the ray from Pz
through x, that is, for y of the form

y=Az+(1—-A)Pz, A>0.
Proof. Let h € H be fixed. Write v = Pz, v, = P(z + th). Let y =
Az + (1 — A)Pz. We choose k; such that

vy + Az + th — v;) = y + thky,
which means that P(y + tk;) = P(z + th) = v;. We find

Uy — 0

ke=(1-)\) +Ah = (1= AN)d P(z)h+ Ah = k.

Now
S(Ply +th) — Py) = Z(Ply+ k) — Py) + 7 (Ply + k) — Ply + tk,)

(P(z + th) — Py) + o(1) — d, P(z)h.

S N
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It remains to show that every k¥ € H may be written in the form k£ = (1 —
A)d; P(z)h+ Ah for some h € H, i.e., that the operator A = (1—-\)d, P(z)+
Aid has full range. Now observe that d,P(z), being a subdifferential by
Proposition 2.1, is maximally monotone. For 0 < A < 1, we may therefore

write
1= 1k
h= (zd + 3 d+P(w)) (X)

for the solution h of Ah = k. As for A > 1, notice that id — d, P(z) as well
is maximally monotone, being a subdifferential, too. So here we write

h = (id+ (A — 1)(id — d. P(z))) " (k)

for the solution h of Ah = k. This completes our argument. Notice that a
chain rule similar to the one obtained in [14] may readily be stated using
the (nonlinear) operator A. O

The relation addressed in Proposition 2.1 seems to hint that we should
even consider weak directional derivatives of the operator P, these being
equivalent to f (given by (2.4)) having a second order Taylor expansion
(2.5). However, this notion seems to have a drawback: It lacks the property
derived for d, P(z) in Proposition 2.2. Namely, we have the following

Proposition 2.3. Let £ € H\C. Suppose P is weakly directionally Gateaux
differentiable at every point y on the ray from Pz through z. That is, the
limit (2.2) exists in the weak topology for any such y. Then P is already
directionally Gateauz differentiable in norm, that is, d, P(y) ezists as a limit
in norm.

Remark. Suppose that for a point z € H\C, the limit (2.2) exists in the
weak sense, but d, P(z) fails to exist. Then we must be able to find a point
y (in fact there are many such points) on the ray from Pz through = where
(2.2) even fails to converge weakly. This is clearly hard to imagine, and in
fact, we do not have an explicit example of such behaviour, so it may very
well be true that weak convergence in (2.2) always implies norm convergence.

Proof. This is a special case of a result by H. Attouch [3, Théoréme 1.2,
stating that for a sequence f,,f of proper lower semi-continuous convex
functions satisfying 0 € 9f,(0), weak convergence (id + A0f,)™! — (id +
AOf)~! for every A > 0 entails norm convergence (id + A\3f,)™' — (id +
Adf)~1. Notice that the result applies with f, the second order difference
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quotient A, ; p, ¢, of the support function o¢ of C, and f the function ¢
from Proposition 2.1 satisfying d, P(z) = Vq. Here we have

_1PQAz+ (1 - NPz +t,.h)— Pz

(id+X0D0gc 5, para) ' (h) = 5 i

3. Variational Second Derivatives.

As we have seen in Section 2, second order differentiability of a convex func-
tion may be defined as pointwise convergence of the second order difference
quotient (2.7) to a fully defined continuous convex limit function ¢. Vari-
ational type second derivatives are now introduced in the same way by re-
placing pointwise convergence with any kind of variational type convergence,
such as epi, Mosco or Attouch-Wets convergence, and moreover, by allowing
for the corresponding limit function ¢ to take on the value +oo. To begin
with, let us consider Mosco convergence of sequences of convex functions.
A sequence (f,) of convex, proper lower semi-continuous functions is said
to Mosco converge to a limit function f, noted f, = f, if the following
conditions are satisfied:
(o) For any z € H there exist z,, = z (norm) such that f,(z,) = f(z);

(8) For any z € H, n; 1 oo and z;, — z (weakly), we have
limkinf Fo(z1) > f(2).

See Attouch [3, 4] for basic information on this notion of convergence. Def-
inition 3.1 A continuous convex function f on H is said to be second order
Mosco differentiable at = € H with respect to y € df(z) if the second order
difference quotient (2.7) Mosco converges to some limit function ¢, that is,
Aj.yi = gast — 0F. The function g is called the second order Mosco
derivative of f at x with respect to y € 9f(z).

Notice that dom(g) might be a proper subcone of H; even dom(q) = {0}
is admitted. Unless dom(q) is dense, we therefore may not infer from the
existence of a second Mosco derivative that the first derivative exists. That
explains why we have to specify the subgradient y € df(z) in Definition 3.1.

This notion seems quite queer at first sight, especially since we allow for
such limit functions as dom(q) = {0}. However, as we will see, one often gets
situations where this generalized second derivative is actually the classical
second derivative. This is made precise by the following result, proved in
[9, Prop. 6.1].
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Proposition 3.1. Let f be twice Mosco differentiable at z € H with respect
to y € 0f (z), with second Mosco derivative q. That is DNy, 5 q(t — 0F).
For q to be a second derivative in the usual sense (i.e., in the sense of formula
(2.5)), it is necessary and sufficient that f be Lipschitz smooth at x. In this
case, dom(q) = H, and y = V¥ f(z).

Recall here from Fabian [13] that f : H — R is Lipschitz smooth at z if
there exist C' > 0 and 0 > 0 such that

(3.1) flz+h) = f(z) = (V(z),h) < C|lA|l®

is satisfied for all ||h|| < 4. Notice that (3.1) may be expressed equivalently
by saying that A, ; is uniformly bounded on ||h|| < § for 0 < |¢| < 1, say,
(cf. [9, Section 2]).

It will be convenient to have a test for whether a function is second or-
der Mosco differentiable. This is not always easy to check, but we have a
reasonable method when the function f is of class C1:1.

Proposition 3.2. Let f be a convez C*! function on H. Then the following
are equivalent:
(1) f is second order Mosco differentiable at z;

(2) Vf is norm Gateaux differentiable at x.
Moreover, (2) implies (1) even without any assumptions on f.

Proof. First assume (1), that is, A, := Aj,,: — g for some limit function
g. Now by Attouch’s characterization of Mosco convergence, (cf. [3]), this
means that for any fixed sequence ¢, — 0%, h € H and v € 9q(h) there
exist h, — h (norm) and v, € 3 A, (h,) having v, — v (norm). The
latter means fn—(Vf(w + t,h,) — Vf(z)) = v, = v in norm. Using the local
Lipschitz assumption on V f, we find ;~(V f(z +t,h) — Vf(z)) — v in norm,
which is precisely the meaning of statement (2).

Conversely, assume (2) is satisfied. This implies A; — ¢ pointwise for
some limit function g (see [9, §2]). We have to show that convergence is as
well in the Mosco sense. Since condition (@) is clear, it remains to check
condition (8). Fix t, — 0% and h, — h (weakly). Then v, = *(Vf(z +
t,h)—V f(z)) is an element of 04\, (k). The subgradient inequality therefore
gives

(Uny b — B) < A, (hn) — D, (R).

Since by assumption v,, converges in norm, and h,, — h — 0 weakly, the left
hand side tends to O here. Since A;, — ¢, we find liminf A; (h,) > g(h) as
desired. This proves statement (1). a
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Remark. Notice that (1) no longer implies (2) if the local Lipschitz assump-
tion on V f is dropped, as shown by Example 7.3. Nevertheless, Proposition
3.2 provides a useful test for second order Mosco smoothness which in par-
ticular applies to the outer parallel sets of a convex set (see Section 4). As
shown by Example 7.4, a function f of class C''! may be second order dif-
ferentiable at some point z, without being second order Mosco differentiable
there. However, by the result of Aronszajn [2], in a separable space H, for
almost all points £ € H, second order differentiability of f at z already
implies second order Mosco differentiability.
With these preparations, we may now state our first main result.

Theorem 3.3. Let C be a closed convez set in H, Pc its metric projec-
tion, oc its support function, dc its distance function. Then the following
statements are equivalent:
(1) oc¢ is twice Mosco differentiable at x with respect to y € doc(x),
(y = Po(z +y));
(2) Pc is directionally Gaiteaux differentiable at z =z +y € H\C,
(y =Pz, ZZ—PC,Z'),'
(3) The distance function do is twice Mosco differentiable at z = z +y;
(4) The distance function dc is twice differentiable in the classical sense
at every point zy = Az + (1 —A)y=Az+ (1 — APz, A > 0.

Proof. The proof uses a general result by H. Attouch [3, Théoréme 1.2]. Let
us first show (1) < (4). Indeed, statement (1) is: A, 24 — g for some gq.
Now a general fact is that

(32) (Af,u,v,t)* = Af*,v,u,ta

with * denoting Young-Fenchel conjugation. As Mosco convergence is in-
variant under conjugation, (1) translates into the equivalent statement

(].I) Aic,'y,z,t 3 q* (t — 0+),

where ic = o is the indicator function of C. Next we use the quoted
result by Attouch saying that Mosco convergence is equivalent to pointwise
convergence of all the infimal convolutions with multiples of || - [|?, that is,
(1) is equivalent to

" 1 2 * 1 2
(1 ) Aic,y,av,t 0 2)\“ ” -+ q ] 2A“ ” )
pointwise (as t — 0%) for every fixed A > 0. Now recall another general fact

saying that

1
(3.3) AT ﬁ” AP = Drogiz vt -
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That means, we have the new equivalent statement

. 1
(") DipgiHpyrrze: = ¢ O 53l - P
2
pointwise (as ¢t — 0%) for every fixed A > 0. Now we remark that

1 1,

(3.4) ic O ﬂll-ll 7 4o

which shows that (1") is statement (4), since the differentiability properties
of do and d% are equally good on H \ C.

Let us next prove (4) < (2). Indeed, the Fréchet derivative of 1d is
id — Pg, hence statement (4) is equivalent to saying that P is weakly direc-
tionally Gateaux differentiable at every point y + Az, that is, every point 2
on the ray from y through z = z + y. By Proposition 2.3, this is equivalent
to the existence of d; P(z), as claimed in statement (2).

Finally, let us show (1) < (3). Indeed, we first observe that (1) is equiv-
alent to

(3) Aac,zyt+—|| l|21"+q+—|| I

for every A > 0. This may be checked either directly using conditions («) and
(8), or by using the family of pseudo metrics defining the Mosco topology on
the cone of proper convex and lower semi-continuous functions as presented
in Attouch [3, §2]. Using once again the invariance of Mosco convergence
under conjugation in tandem with formula (3.2), we see that (3') amounts

to the equivalent statement A, .. O 3| - [* — ¢* O 2| - |I>, pointwise,
which by formula (3.4) and Attouch’s Theorem is equivalent to statement
(3). ad

It turns out to be a more difficult problem to relate the differentiability
of P to the second order differentiability properties of the gauge functional
pc of C. The following result, which uses a technique from [14], gives an
answer in the case where the derivative dP(z) is linear.

Corollary 3.4. Let C be closed bounded convex with 0 in its interior. Let
xz € H\C. Then the following are equivalent:
(1) Pc is Giteauz differentiable at z, i.e., dPo(x) exists;

(2) pc is twice Mosco differentiable at Pcx with respect to
(z — Pox, Pox) ™' (z — Pox) € dpc(Pox),

its second Mosco derivative q being a generalized quadratic form.
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Proof. We know from Proposition 2.1 that, once P, is differentiable at z, it
is so at every point on the ray from Pz through z. We can find a point Z
on this ray which satisfies

(3.5) (z — Po, Pox) = 1.

Let us call Z the ideal point on this ray. Now Fitzpatrick and Phelps [14]
have shown that differentiability of Po at the ideal point Z is equivalent
to differentiability of Ppo at Z, where in both cases, dPo(Z) and dPgo(Z)
are supposed to be linear operators. Now we apply Theorem 3.3 to see
that the latter is equivalent to second order Mosco differentiability of oo
at T — PcoZ with respect to PooZ € 0oco(Z — PgoZ), the second derivative
being a generalized quadratic form. But recall that ogo = pc, so we are
almost done. Notice that the choice of the ideal point Z is such that

Pco(:i) = Q((I_}) =Z -ch =z —Pc.’L‘,

with @ as in [14], so uc is finally seen to be twice Mosco differentiable
at T — PcoZ = Pox with respect to Z — Pox € Ouc(Pcz). This proves
the result, for Z = Pex + (z — Pez, Poxz) ' (z — Poz), and so T — Pez =
(z — Pox, Pox) ™' (z — Pox). (]

As we will see later, this result may be exploited to obtain results in the
spirit of [17] or [14] by finding the right conditions on C at Pcz which force
the second Mosco derivative of uc at Pox above to be a classical second
derivative.

4. Epigraphical Analysis.

The task of this section is to prove that the differentiability of the metric
projection at a point x € H \ C is equivalent to the second order Mosco
smoothness of the boundary of C' at Pz. Equivalently, if 0C' is represented
as the graph of a convex function f around Pz, then f must be twice Mosco
differentiable at the corresponding point.

Theorem 4.1. Let f be a continuous convez function on H, and let (z,a) be
a point not contained in the epigraph epif of f. Let (y, f(y)) = Pepis(2, ).
Then the following are equivalent:

(1) P.,is is directionally Gateauz differentiable at (2, a);

(2) f is twice Mosco differentiable at y with respect to

(fly) — )" (z —y) € Of (y).



DIFFERENTIABILITY OF THE METRIC PROJECTION 577

The proof will be obtained by a series of auxiliary results. To begin with,
let us consider f : H — R continuous convex with f(0) = —1,0 € 9f(0), so
that P,,,;(0,1) = (0,—1) = (0, f(0)) for any u < —1. Now let C = {(z,a) €
H xR ; |lz]] £ 1,a < 1,a > f(z)}. Then C is a bounded closed convex
set having (0,0) in its interior. Moreover, P,,;; = Pc in a neighbourhood of
(0,-2). Under these conditions, we have the following:

Lemma 4.2. If Po is directionally Gateauz differentiable at z = (0,—2),
then so is Pco.

Proof. Notice that the result would follow directly from [FP, Proposition 4.1]
if we knew that d, Po(z) was linear. Indeed, as ((0,—-2) — (0, —1), (0,—1)) =
1, £ = (0,—-2) is just the ideal point on the ray from Pcz through z to
which the quoted reference applies. However, as d, P(z) need not be linear,
we have to check the proof given in [14] in detail.

Let T be the operator defined by

(4.1) Th =h—(h —d,P(z)h, Pz)z,

which in [14, Prop. 4.1] arises as the derivative dA(z) of Ay = (y—Py,y) "'y
at z. We do not claim here that T is invertible, as it is in [14]. However, it
suffices to know that T is surjective in order to carry out the second half of
the argument in [14] following formula (4) there. So the argument rests on
showing that T is surjective. While this is easy to see in the linear case, here
we only know that T is positively homogeneous, i.e., T'(Ah) = AXTh for A > 0.
We have to show that, setting ¢(h) = (h — d; P(z)h, Pz}, the equation

(4.2) h—¢(h)z =k

is solvable for any fixed k. Naturally, any solution must lie in the two
dimensional subspace L = lin{z,k}, and clearly T maps L into itself. So
the problem of solving (4.2) is reduced to the case of two dimensions.

Let 7 > 0 be arbitrary, and define ® : [0,1] x B,(0) — L by setting

1 t
d(t,h) =T —h) -T( - ——
(:4) (1+t ) T( 1+th)’
h€L,0<t<1. Then ®(0,") = T, while &(1,h) = T(Lh) — T(~1h) is odd,
that is, ®(1,—h) = —®(1,h). We claim that
0 ¢ ®(t,0B,(0))

for all 0 < ¢ < 1. Indeed, otherwise we would have T(;37h) = T(—h) for
some 0 < ¢ <1 and ||h|| = r. Or rather,

h= (760 - T9(-h))s.

1
2
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So h = px for some p # 0, with

P=117 ¢(pz )*1—H¢( pzT).
Now, if p > 0, we obtain
1 t
1= 1—+t¢($) + 1_+t(_¢(_ )
while p < 0 gives
1= ———— -
1+t¢( z) + 1+t¢( 2),

using the fact that ¢ is positively homogeneous. But

$(z) = (v —d,P(z)z,Ps) = (z,Pa),

#(~2) = (—z — d, P(z)(~z), Pz) = —(z, Px),

since dy P(z)z = dyP(z)(—z) = 0 is our special situation. Indeed, it is
always true that d, P(z)(A(z — Pz)) = 0, and here z = 2Pz. So we end
up with 1 = (z, Pz) = ((0,—2),(0,—1)) = 2, a contradiction, showing that
0 & ®(t,0B,(0)) for any ¢.

Let B,(0) be a ball such that

®(t,0B,(0)) N B,(0) =0

for all 0 <t < 1. For any y € B,(0), the homotopy invariance of the degree
function now shows

deg(T, B, (0),y) = deg(®(t,-), B-(0), (1 — t)y)

= deg(2(1,"), B,(0), 0)

The latter value, however, is odd by Borsuk’s Theorem, so B,(0) C
T'(B,(0)). This shows that T is open at 0, and positive homogeneity shows
T is surjective. For the arguments concerning the degree we refer the reader
to Deimling [12, p. 21 and p. 23]. a

Our next step is to use Theorem 3.3, which shows that, under the con-
ditions of Lemma 4.2, Pco is now directionally Gateaux differentiable at
(0, —2), hence oco = pc is twice Mosco differentiable at (0,-1). This leads
to the following

Lemma 4.3. Under the conditions of Lemma 4.2, suppose f is also Lipschitz
smooth at 0. If Pc is directionally Gateauz differentiable at (0,—2), then f
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is twice differentiable and twice Mosco differentiable at 0. Conversely, if f is
twice Mosco differentiable at 0 (and hence by Lipschitz smoothness also twice
differentiable), then Pc is directionally Gateauz differentiable at (0,—2).

Proof. a) First assume that Pc is directionally Gateaux differentiable at
(0,—2). It follows from Lemma 4.2 that pc is twice Mosco differentiable
at (0,—1) = (0, f(0)) with respect to (0,—1) € duc(0,—1). We are going
to argue that pc is also Lipschitz smooth at (0,-1). Suppose this has been
shown. Then, by Proposition 3.1, uc is twice differentiable at (0,-1) in the
sense of (2.5). Now observe that near (0,-1), dC coincides with the graph of
f. The fact that second order differentiability of uc at (0,—1) = (0, f(0))
implies second order differentiability of f at 0, and vice versa now follows
from the formula

(4.3) Dy 0,-1),00,-1) 0 (B 8) = Yn Dgoo, (v7'h),

where v, = pc(tph, =1 + t,s) = pc(0,—1) = 1. So it remains to show
that uc is Lipschitz smooth at (0,-1). To prove this, recall that in a Hilbert
space, Lipschitz smoothness of f at 0 is equivalent to the following geometric
condition: There exists a ball B touching the epigraph of f at (0, f(0))
which is entirely contained in epi f. Let us assume, then, that in the above
situation, B = {(z,0) : ||z|]* + (a« + 1 — €)®> < €?} is contained in epi f.
Recalling the definition of the set C, we may also assume that B C C. We
have to show that, for some § > 0, the ball

Bs ={(z,0,8) : ||zl + (e + 1= 8)* + (B — 1 +4)* < &°}

is contained in epi(uc). Assume the contrary and find (25, as,0;5) € Bs such
that 85 < pc(zs,as). But notice that 85 — 1,5 = —1,25 — 0asd — 07, so
(%ﬂ-, %f) is eventually contained in B, hence in C. This means “C(%i" %:-) <1,
and so (25, 5,3s) € epiuc, a contradiction which completes the first half of
the proof.

b) Let us now assume that f is twice Mosco differentiable at 0 with respect
to 0 € 9f(0), and with second Mosco derivative ¢, say. We have to show
that uc is twice Mosco differentiable at (0, —1) with respect to (0,—1) €
Opc(0,—1), and it will turn out that the second Mosco derivative is given
by Q(h, s) = q(h). Indeed, we have to check conditions («) and (8) of Mosco
convergence for the second difference quotient (4.3) of uc. Now observe that,
due to the Lipschitz smoothness of f at 0, the second Mosco derivative g is
also a second derivative in the usual sense, so As g0+, — ¢ pointwise for any
fixed ¢, — 0%, and hence the right hand side of (4.3) converges because of
¥» — 1. This proves condition (). As for (8), fix (h,,s,) = (h,s), then
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(4.3) gives liminf A, 0,-1),0,-1),tn (s Sn) > q(h) = Q(h,s), as required.
This proves the result. O

For a closed convex set C'in H, the outer parallel set Ci.j at distance ¢ > 0

is defined as
Cr ={z € H : dc(z) < €}

Suppose that locally, the boundary of C is represented as the graph of a
continuous convex function f. We ask for a function f. locally representing
the graph of Cj;. By the mere definition of Ci,, we find that the conjugates
of f and f. must be related by

* —_ * 2 £
(44) FG) =56+ e

Conjugation therefore gives us

(4.5) fe=10 =y =1

Notice that f. is a C*! function; in particular, it is everywhere Lipschitz
smooth. With these preparations we are now in the position to give the
Proof of Theorem 4.1. Involving an affine change of coordinates, we may
assume that f(0) = 0,0 € 9f(0). We have to show that P, ; is direction-
ally Gateaux differentiable at (0,a),a < 0, if and only if f is twice Mosco
differentiable at 0 with respect to 0 € 9f(0).

Let f. be the convex C*! function representing the outer parallel surface
of epi f in a neighbourhood of the point (0, —¢) = (0, f.(0)). As a first step
a), we will show that directional differentiability of P,y ; at z = (0, a), a < 0,
is equivalent to f. being twice differentiable at 0 for all € small enough.

For this, first observe that the projections P, ; and P.p; s, are related by

the formula
Pepif(h) —h

|| Pepi £ (h) = RI”

h € H\ epi f.. Let us now for simplicity fix € = 1, and suppose z = (0, —2).

This means that the situation of Lemmas 4.2, 4.3 is met with f; and
P, s, playing the roles of f and P, there. So the differentiability of
P.pi s, at (0,—2) implies second order differentiability of f, at 0, since f,
is Lipschitz smooth, whence we may infer that f;, and similarly every f.,
is twice differentiable at 0. The converse follows from the second part of
Lemma 4.3, i.e., if any one of the f. is twice Mosco differentiable at 0, then
P.pis., and hence P,y ¢, is directionally differentiable at z = (0, —2). This
completes the proof of a).

In a second step b), we now establish the following

Peyis.(h) = Peis(h) +¢
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Lemma 4.4. Under the above circumstances, the following statements are
equivalent:

(1) f is second order Mosco-differentiable at 0 with respect to 0 € df(0);
(2) For all € > 0 sufficiently small, f. is twice differentiable at 0;

(3) For all € > 0 sufficiently small, f. is twice Mosco differentiable at 0.

Proof. As the f. are Lipschitz smooth, statement (3) immediately implies
(2) by Proposition 3.1. So the implications (1) = (3) and (2) = (1) remain
to be checked.

We need to relate Asgo, and Ay, .. From (4.4) and (4.5) we infer that

(46) AfE ,0,0,t = Af,O,O,t O Ad)s ,0,0,t

where ¢.(h) = —+/€% — ||h||?>. Hence the second order difference quotient of
¢. at 0 with respect to 0 = V¢, (0) is

|IAlf?
A h) = .
se00a(h) = =7 — 2[h[]?
Now it is clear that (1) implies (3), for Asgo: — ¢ implies Afgo, O
Dg. 00t = O || - ||?, which implies statement (3) by formula (4.6). Fi-

nally, to see that (2) and (1) are in fact equivalent, we calculate the following
estimate

1
@) oI = Do oouh)| =

£2]|A|I*
(ve2 = 2]|h||? +€)(2e? + 2e/e® — t2||h|]?)

with O(#?) being uniform over all t?||h||> < e. From this we infer the estimate

= O()IAll",

1
I(Af,o,o,t(k) + §g||h - k||2> — (D0,0:(k) + Dy, 00:(h —k))
<Ok — K|,

which shows (A0 O o=|| - |12) (k) — (Ag00,: O Dy, o0, )(K) — 0t — 0F).
Hence statement (2) is equivalent to pointwise convergence of all the infimal
convolutions A0, 2|} - ||?, which by Attouch’s Theorem is equivalent to
Mosco convergence of Afg 0. This completes the proof. O

We conclude this section with the following Definition, which is justified
by Theorem 4.1.

Definition 4.1 Let C be a closed convex set with nonempty interior.
A point z € O0C is called a point of second order Mosco smoothness with
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respect to the outer normal vector v € Ng(z) if, in a neighbourhood of z,
the boundary of C may be represented as the graph of a continuous convex
function f : H[z] — R, where H[z] = {h € H : (v,h) = (v, z)}, such that f
is twice Mosco differentiable at z € H[z] with respect to 0 € 9f(z).

Remark. Combining Theorem 4.1 and Corollary 3.4 shows that in the
case where the corresponding second order Mosco derivative of f above is a
generalized quadratic form, we might have introduced second order Mosco
smoothness of C' at z € OC by saying that the gauge uc is twice Mosco
differentiable at = with respect to (v, z) 'v € duc(z). Notice, however, that
our method of proof does not show whether this equivalency also holds when
the derivative of the projection Py at the corresponding point z + v fails to
be linear.

5. Fréchet Derivatives.

In the previous sections we have been dealing with directional Géateaux
derivatives of the operator P. In this paragraph we give a more compact
account of the situation for directional Fréchet derivatives. This requires
another notion of variational convergence which is known as Attouch-Wets
convergence. Let us briefly recall the definition.

Let C, D be closed convex sets in H. The excess of C and D is defined
as ex(C, D) = sup{d(z,D) : z € C}. For p > 01let C, = CN B(0,p). The
bounded Hausdorff distance of C' and D is then defined as

haus,(C, D) = max{ex(C,, D), ex(D,,C)}.

Now the sequence (f,) of lower semi-continuous proper convex functions is
said to be Attouch-Wets convergent to the limit f, noted f, =3 f, if

haus,(epifn,epif) >0 (n — o0)

for all p sufficiently large. Notice that f, =3 f implies f, = f. We refer the
reader to [6] and [5] for more information on this type of convergence. The
following parallel of Theorem 3.3 was essentially proved in [20]. It shows
that Attouch-Wets convergence plays the same role for Fréchet differentia-
bility of the metric projection P as Mosco convergence does for Giteaux
differentiability.

Theorem 5.1. Let C be a closed convex set in H, Pg its metric projec-

tion, oc its support function, dc its distance function. Then the following

statements are equivalent:

(1) oc is second order Attouch-Wets differentiable at x with respect to
y € 0oc(z), y = Po(z +Yy). That is, D,g o ys — q for some g;
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(2) Pc is directionally Fréchet differentiable at z =z + vy, y = Poz, ¢ =
z — Pcz,'
(3) dc is second order Attouch-Wets differentiable at z = x + y;

(4) dc is strongly second order differentiable at z, that is Nyg zyy .zt CON-
verges uniformly on bounded sets (as t — 07).

With this result at hand, we may obtain an analogue of Theorem 4.1 using
essentially the same pattern of reasoning.

Theorem 5.2. Let f be a continuous convez function on H, and let (z,a)
be a point not contained in the epigraph of f. Let (y, f(y)) = Pepis(2, ).
Then the following are equivalent:

(1)  P.pis is directionally Fréchet differentiable at (z,c);

(2) f is second order Attouch- Wets differentiable at y with respect to (f(y)—

o)™z —y) € 0f(y);
(3) For € > 0 small enough, f. is strongly second order differentiable at

ye, where y =y +e(lz — yl? + (F@W) —a)?)  (z—1v).

Remark. Attouch Wets convergence is somehow related to uniform conver-
gence on bounded sets as Mosco convergence is related to pointwise con-
vergence. There is, however, one major difference. Namely, while uniform
convergence on bounded sets implies Attouch-Wets convergence, pointwise
convergence does not imply Mosco convergence. As shown in Example 7.4,
this is so even when convergence of second order difference quotients is con-
sidered.

6. Applications.

In this section we apply our result to relate the differentiability properties
of Py and the smoothness type of the boundary of C.

Theorem 6.1. Suppose P¢ is directionally Giteauz differentiable at x €
H\C. Then C is second order Giteauz smooth at Pox if and only if a ball
contained in C touches OC at Pcox.

Proof. By Theorem 4.1, any convex function f locally representing the
boundary of C in a neighbourhood of Pcz is twice Mosco differentiable
at the corresponding point in its domain. But a ball touching 0C at Pez
from within means that f is also Lipschitz smooth there, and hence f is
twice differentiable by Proposition 3.1. Almost needless to say, the second
derivative is a quadratic form iff d, P(z) is linear. Ol
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We may add here that for C' bounded and containing 0 in its interior, we
may recast second order smoothness of C' at Pcx by saying that the gauge
uc is twice differentiable and twice Mosco differentiable at Pox.

Theorem 6.2. Let z € H\C. The following are equivalent:
(1) Pc is directionally Gateauz differentiable at x;

(2) For alle > 0 small enough, the outer parallel sets C}.) are second order
smooth at Pg,, ().

Proof. (1) implies (2) by Theorem 5.1. The converse is implicit in the proof
of Theorem 4.1. O

For directional Fréchet derivatives we obtain the analogous results:

Theorem 6.3. Suppose Pc is directionally Fréchet differentiable at z €
H\ C. Then C is second order Fréchet smooth at Pcz if and only if a ball
contained in C touches 0C at Pox.

Clearly, the Fréchet analogue of Theorem 6.2 is also true, that is, di-
rectional Fréchet differentiability of Po at z corresponds to strong second
order smoothness of the outer parallel bodies at the points Po z. As a
consequence of this we obtain the following result, stated by Fitzpatrick and
Phelps [14] under the stronger assumption that the boundary of C be of
class C'. Notice that this is a localized version of the principal result of
Holmes [17].

Corollary 6.4. Let C be closed convex with 0 in its interior. Suppose the
boundary of C is second order Fréchet smooth at z, which means that uc is
strongly second order differentiable at z. Then Pc is Fréchet differentiable
at every T with z = Pcx.

Proof. Use Theorem 5.2 and the fact that uniform convergence on bounded
sets implies Attouch-Wets convergence. O

In view of this result, it is natural to ask whether, similarly, second order
Gateaux smoothness of C at z € C implies Gateaux differentiability of Pc
at z, Pcz = z. Surprisingly, the answer is in the negative, as shown by Ex-
ample 7.4. In fact, our theory says that second order Gateaux smoothness
alone is not sufficient, since second order Mosco smoothness of the boundary
at z is needed, and the latter does not follow from the first in general. This
does not seem to be true even when the boundary of C' is everywhere Lips-
chitz smooth, i.e., if at every boundary point, a ball touches dC from within.
What is surprising, in the somewhat pathological situation of Example 7.4,
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with z € H\ C, z = Poz, the set C will be second order Gateaux smooth at
z, but as a consequence of Lemma 4.4, at least one of the outer parallel sets
Clq will fail to be second order Gateaux smooth at the corresponding point
Ze = PCM.'L‘.

Let us now ask for conditions under which, dually to Theorems 6.1 and
6.3, the differentiability of P; at z € H \ C implies the second order differ-
entiability of the support function o¢ at £ — Poz. We have the following

Theorem 6.5. Let C be a bounded closed and convex set with nonempty
interior. Suppose Pc is directionally Gateauzr (Fréchet) differentiable at x €
H\ C. Then oc is second order differentiable (rsp. strongly second order
differentiable) at x — Pox if and only if a ball containing C touches OC at
Pch'.

Proof. By Theorem 3.3 rsp. Theorem 5.1, directional Gateaux (rsp. Fréchet)
differentiability of P. at z is equivalent to second order Mosco (rsp. Attouch-
Wets) differentiability of oc at £ — Poz. Now Proposition 3.1 tells that
the missing condition to ensure second order differentiability is Lipschitz
smoothness of o¢ at £ — Poxz. Notice that the same is true for Attouch-Wets
via strong second order differentiability (see [20]). Now we use a result
of Fabian [13, Prop. 2.2], which translates Lipschitz smoothness of o¢ at
T — Pox into a dual condition: C is Lipschitz exposed at Pgz by z — Pex.
But notice that in a Hilbert space, and for a bounded set C, Lipschitz
exposedness of C' at Pox by £ — Pcx and with constant ¢ > 0 is the same as
saying that the ball with radius § and centre on the ray Poz + A(FPez — z),
A > 0 lies locally between the boundary of C' and its tangent hyperplane at
Pcx. By increasing the radius of the ball, we obtain the statement of the
Theorem. O

Remark. Notice that in Hilbert space, the Lipschitz exposed points of a
bounded closed convex set are precisely the farthest points. Here z € C' is
called a farthest point if, for some vy, ||z — y|| = sup{||z — y|| : 2 € C}. This
coincidence is no longer true even in ¢, for p # 2.

We end this section with some analytic parallels to Theorems 6.1 and 6.5.

Theorem 6.6. Let C' be bounded closed and convezr with nonempty interior.
Suppose P is directionally Gateauz differentiable at x € H\ C. Then o¢ is
second order differentiable at x — Pz if and only if

|P(z + h) — Pzl

(6.1) Tl

<ec<l
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for some 0 < ¢ <1, § >0 and all ||h|| < 8. In particular, if dP(z) exzists,
then ||dP(z)|| < 1.

Proof. We have to show that condition (6.1) is equivalent to Lipschitz smooth-
ness of o¢c at £ — Pz. Now our analysis in [9, §7] shows that the latter is
equivalent to the following condition:

(6.2) (P(z + h) — Pz,h) < c||h|?

for some 0 < ¢ < 1, § > 0 and all ||A|| < 4. Now recall that the projection
operator is firmly non-expansive, that is, we have the estimates

(6.3)
|P(z + h) — Pz||> < (P(z + h) — Pz,h) < ||P(z + h) — Pz|||h],

(cf. for instance [17]). This shows (6.1) and (6.2) being equivalent. O

Corollary 6.7. Let C be bounded closed conver with nonempty interior.
Suppose P is Fréchet differentiable at z € H\ C. Then o¢ is strongly second
order differentiable at x — P, if and only if |P'(z)| < 1.

Theorem 6.8. Let C' be closed and convex with nonempty interior, and
suppose P is directionally Gaiteauz differentiable at x € H\ C. Then C is
second order Gateaux smooth at Px if and only if

|P(z + h) — Pz||

>c>0
lIAll

(6.4)

for some 0 < ¢ < 1,8 >0, and all |h|| < 8, h € H[z] = {k € H :
(k,z — Pz) = 0}.

Proof. We may assume that C C H x R and that the boundary of C is
locally represented as the graph of a convex function f : H — R, with say
Pz = (0, f(0)) = (0,1), z = (0,0). This means 0 € 9f(0). We have to show
that statement (6.4) is equivalent to f being Lipschitz smooth at 0. Notice
that in our local coordinates, the hyperplane H[z] consists of the vectors of
the form h = (v,0), v € H. Now let P(z + h) = (w, f(w)) for some w € H,
then we have the relation v = w+ f(w)df(w), where df(w) stands for some
subgradient of f at w. This gives

(6.5)

IP(z +h) — Pzl _ Jlw] 2 Ifw) - FO))
Rk - (Hw + f(w)é’f(w)ll> * (uw + f(w)af(wm) '




DIFFERENTIABILITY OF THE METRIC PROJECTION 587

Now suppose first that f is Lipschitz smooth at 0. By Proposition 2.1 in [13],
this means that the ratio ||@f(w)||/||w|| is bounded on ||w|| < §, say, and this
clearly means that the first term on the right hand side of (6.5) is uniformly
bounded away from 0 for all |jw|| < §. Now observe that ||v|| > ||w|| since P
is non-expansive, so statement (6.4) is verified.

Conversely, suppose (6.5) is uniformly bounded away from 0 on |[v|| <
d. Then all the ratios ||0f(w)]|/||w|| related to vectors v as above will be
bounded by some constant. Choosing ¢’ > 0 such that ||w| < ¢’ implies
lv|| < &, we see that this estimate will then hold for all |w|| < ¢', and hence
f is Lipschitz smooth at 0 by Fabian’s result. O

Corollary 6.9 (cf.[14],[17]). Let £ € H\ C. Then C is second order
Fréchet smooth at Px if and only if P is Fréchet differentiable at x and
P'(z) is invertible on H]z].

Proof. Indeed, for a Fréchet derivative, invertibility of P'(z) on H[z] is just
statement (6.4). Use Theorem 5.2 for the rest. O

7. Examples.

In this section we give some examples explaining our results. The first two
are elementary though instructive.

Ezample 1. Let f : R — R be a convex function satisfying f(0) = 1, f'(0) =
0. For simplicity we may assume that f is everywhere differentiable, but
this is not essential. Consider the differentiability of the metric projection
P onto the epigraph epif of f at the point z = (0,0). We fix the direction
h =(1,0). Let s € R, then P(z + t(s)h) = (s, f(s)) for t(s) = s+ f(s)f'(s)-
Now the difference quotient of P at (0,0) is

P(z + t(s)h) — Pz _ ( s f(s)— f(0) )
t(s) s+ f(8)f'(s)’ s+ f(s)f'(s)

which converges (for s — 0%) if and only if the ratio f'(s)/s has a limit
which may be either finite or co. This is precisely the same as saying that f
has a one-sided second order Mosco derivative g at 0. Notice that the cases
dom(q) = {0}, dom(q) = [0,0), dom(q) = (—00,0] and dom(q) = R are
all possible. Clearly f fails to have a second order Mosco derivative at 0 iff
£'(s)/s has different accumulation points. If we take f(s) = 1+|s|*”’*, we get
the standard example where P is differentiable at (0,0), but the boundary
is not second order smooth at (0,1). This also explains Theorem 6.1, since
no circle can touch the graph of f(s) = 1+ |s|”* at (0,1) from above. On
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the other hand, the circle B((0,2),1) touches the graph of f at (0,1) and
lies locally between the graph of f and its tangent y = 1, so epif is Lipschitz
exposed at (0,1) by (0,1), whence the support function is second order dif-
ferentiable at (0,1).

Ezample 2. Let us now consider f(z) = |z| on the real line at z = 0. Then
the projection P onto the epigraph C of f is differentiable at every point
in the interior of the normal cone N(0,0) of C at 0, that is, at points of
the form (z,y), |z| < y. So f must be second order Mosco differentiable
at 0 with respect to the corresponding subgradients v, |v] < 1. Since f is
not even differentiable at 0, we need to look at its conjugate in order to un-
derstand what this means. Now f* equals 0 on [—1, 1], and co outside this
interval. By duality, f is second order Mosco differentiable at 0 with respect
to v € 9f(0) iff f* is second order Mosco differentiable at v with respect to
0 € 8f*(v), and the latter statement clearly makes perfect sense for |v| < 1.
As for the boundary values |v| = 1 we have to consider directional second
order derivatives, then P is still directionally differentiable at points (z,z)
rsp. (z, —z).

Ezample 3. Define f : £, — R by

(7.1) flz) = sup(

Then f(0) =0, f > 0 and Vf(0) = 0. We show that f is second order
differentiable at 0, that is, %8 f(th) converges weakly, but fails to converge
in norm. Nevertheless, f is second order Mosco differentiable at 0, which
shows that Proposition 3.2, (1) = (2) is no longer true without the Lipschitz
assumption on Vf.

First observe that f is Lipschitz smooth at 0. Indeed, an elementary
calculation shows that f(z) < ||z||? for all ||z|]| < 1/2. Next we claim that
the second order difference quotient at 0 converges pointwise, i.e.,

1
Araaph) = T8 o T = g

*Z

as k — o0o. Due to the Lipschitz smoothness of f at 0, it suffices to check this
for the finite sequences h (see [9, §5] for this argument), and this is easily
done. Also, the sequence t; = % is representative here for all sequences
tr — 0%, (see [2] for this argument).

According to [9, §2], pointwise convergence of the second order difference
quotient is equivalent to 1(df(th) — Vf(0)) — ie! weakly for every fixed h.
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We show that this difference quotient fails to converge in norm here. Indeed,
take h = (1), then

of (3h)

1 2k—2
(e +e™77) e —
k

2k —2 ’
which converges weakly but not in norm to %el. This follows by checking
that for z = ¢h, the maximum in (7.1) is attained at n = 2k — 2.

Let us finally show that Ajgo 1 also converges to g in the Mosco sense.
Since condition () is already clear, we have to check condition (5). Let
h* — h. Fix g, = 0% such that etk — oco. Suppose ||h*|| < M < oo, and let
hy # 0 for simplicity. Now let §;, = % — 0. We define

I(k) = {neN: Bk < —§).

Then M? > ||h*|]* > 32, c 4y (B%)? > dcardI(k), so card I(k) < ’(‘s”—; = ek <

2¢ek. Therefore, as the interval J(k) = [2k/h¥ — ek, 2k /h¥ + k] has length
2ek, we may p1ck n(k) € J(k) \ I(k). But then

K2 (lhk) > hllc+hn(k) 1 > k2 hY — & _ 1
k kn(k) n(k)? = \k(Q2k/h* —eck)  (2k/RF + exk)?
_ hE — 6 1 (h1)? _
T 2/hE —e,  (2/hF +ex)? =y —alh),

which proves condition ().

Ezxample 4. Define f : ¢, — R by

(7.2)
,f—z($1+l-’”2+"'+%ﬁn)+_l‘($n+1+"'+$2n) 1
NS : 1)
neN n n
=: sup f,().
neN

As in Example 3, f(0) =0, f > 0, Vf(0) = 0. Again an elementary cal-
culation shows that f is Lipschitz smooth at 0. Therefore second order
differentiability of f at 0 follows since A 1(h) = k2 f (+h) converges for
every finite sequence h. We show that f is not second order Mosco differen-
tiable at 0. Fix h = (). Then Aq41(h) = ; = g(h). This may be seen
by checking that for z = }h, assymptotically the sup in (7.2) is attained for
n = 2k. Now let us define a sequence h* — h by

1 11 1
Rt = (1, ,—,...,—,—-—,...,——,0,0,...),
3 2k’ V& vk

DN =
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with ——= occurring 2k times. We prove that liminfk*f(3h*) < & <
which shows that condition (3) of Mosco convergence is violated.

First consider the terms k? fn(%h’“) with n < k. The maximum possible
contribution here comes from n = k, giving

1 6 7% 1 1 2k
% _k)<_— Dt L2 150
fk(kh “7r2(6 +k)+\/EIng+1 -0
Next consider k < n < 2k, that is, n = ak for 1 < a < 2, say. Then
1 1+0o(1) —a ?(2a -2) 1
2 Tpk) 22 _
e (g) =1 (o =)
. a—a?(2a—-2) -1

= ~ <0,

1
4

so these indices n do not contribute to the supremum (7.2).
Next consider n = ak, 2 < a < 4. Here we have

6 2k

1
K2f, (i—hk) — 2 (,,_221 =15~ ,rz Z]_.Zk vk E] =ak k\/“ 1 )

ak? T ak?

6 6 ak 4—a)k
<1+2kw2_n2\/ﬁlog'ﬁ_ kvo __1_<0,
«a a?

eventually, so these indices do not contribute either. Finally consider n = ak
with o > 4. Here we have

a a? a?

K

” (lhk) l1+o(l)—Jzlog2 1  a-1

and since a > 4, this has maximum value %, as claimed. This completes
our argument.

Letting C denote the epigraph of f, we see that C is second order Gateaux
smooth at (0,0), but P is not directionally differentiable at (0,—1), since
C fails to be second order Mosco smooth at (0,0). As a consequence of
Lemma 4.4, some of the outer parallel sets Cj.; therefore fails to be second
order Gateaux smooth at (0, —¢). This means that the Gateaux analogue of

Corollary 6.4 is false.
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