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The object of this note is to present some elementary theorems
concerning convex functions in n-dimensions and, more generally,
topological vector spaces. These theorems are all essentially generali-
zations of the theorem “the derivative of a convex function of one
real variable is monotonic non-decreasing’, and appear to have been
overlooked in the literature.

Let X be a topological vector space with real scalars, and Y the
conjugate-space (space of continuous linear functionals) of X. We shall
write y(x), for x€ X, y € Y, as {x, y> to facilitate applications to Hilbert
space. The convex (real-valued) function ¢ will always be presumed
to have convex domain DcC X, and satisfies the inequality

¢(8001 + tw) = 3¢(x1) + t¢(w2)

for all #,2%,in D, all s=0,{=0,s+¢t=1. The graph G of ¢ is a
subset of the topological vector space X 4+ R, and it is obvious that
the “set of points lying above the graph of ¢”: A={(x, r): ® € D, r=¢(x)}
is a convex set. (This condition is also sufficient for the convexity of ¢.)

DEFINITION 1. A set EC X X Y is called a monotonic set provided
that, for all (x, ¥) and (®,, ¥,) in E, {&, — 2, y, — ¥,y = 0.

DEFINITION 2. ([6]) For Dc X, a function F: D— Y is called
monotonic provided the graph of F'is a monotonic set. Now, it is
well known that the conjugate space of X 4 R is Y 4 R, and that a
closed hyperplane in X + R is of the form {(z, r): <z, ¥,y + r7r, = &}
for some y,eY,reR,acR. (See [2], p. 26, Théoréme 1.) This
representation is non-unique, but if 7, # 0, the equation {x, ¥,y + rr, =«
can be solved for », and the resulting equation is, in an obvious sense,
unique. These facts motivate the following definition:

DEFINITION 3. A gradient hyperplane H of ¢ is a closed hyperplane
of support to A, the set of points lying above the graph of ¢ in X 4+ R,
such that H can be written in the form {(z, r): r = ¢(x,) + {x — @, Yo)}.
(Note the analogy with the first two terms of a Taylor-series for ¢.)

REMARK 1. This definition might be considered inappropriate if ¢
is not everywhere-defined over X; this problem will not concern us here.
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DEFINITION 4. The generalized gradient of ¢ is the multiple-valued
function assigning to each x, € D, all ¥, € Y such that r»=¢(x,) +<{x—x,, Yoy
is the equation of a gradient hyperplane of ¢. If this function is
single-valued, it will be called simply the gradient of ¢.

REMARK 2, It is trivial to show that if X is a Banach-space, the
notion of “gradient” is equivalent with that of “Fréchet differential”,
provided the latter exists and D is an open set (so that the Fréchet
differential is unique). The advantage of the present treatment is that
X need not be a Banach space, and ¢ need not be Fréchet-differentiable,
in order that ¢ possess a gradient or generalized gradient. For example:

é(x) = ||z|| is a convex but not differentiable function in many of the
usual Banach spaces.

) THEOREM 1. The graph E of the generalized gradient of ¢ is a
monotonic set.

Proof. Let (z, y,) and (x, y,) be elements of E. Then, because
every point of the graph of G lies above both gradient hyperplanes,
we have

() = H(w,) + <{61 — &y, ?/o>
B(05) = ¢(2,) + <& — @, Y1) ©

Adding, cancelling, and rearranging, we obtain the desired relation.

COoROLLARY. If X is a Hilbert space, so that Y = X, and if ¢
18 everywhere-defined in X and has a continuous gradient, then the
graph of the gradient is a maximal monotonic set.

Proof. Theorem 4 of [3] asserts that a continuous monotonic
function from a Hilbert space to itself which has maximal, open domain
has a graph which is a maximal monotonic set.

Before pursuing the interesting consequences of this corollary, we
first generalize the corollary.

THEOREM 2. (Again X is a topological vector space.) If the convews
Sfunction ¢ is everywhere defined in X, and the set A of points above
the graph of ¢ has nonempty interior, then the graph of the generalized
gradient of ¢ is a maximal monotonic set.

Proof. Suppose we have (%, ¥,) such that r = ¢(x,)) + <& — @, ¥
is not the equation of a gradient hyperplane of ¢. Then there exists
a point x, € X such that ¢(x,) < ¢(®) + <%, — %, ¥,». Consider the
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following real-valued funetion of the real variable ¢:
S@) = (@, + t(w, — x)) — (x,) — t<w1 — &y, ?/o> .

Clearly f is convex, and also f(0) = 0, f(1) < 0. As is well known ([1],
p. 46) f has left- and right-hand derivatives for every ¢, and it is not
hard to show that f"(f) is a monotonic non-decreasing function and
t
ray=rwa.

Thus there exists ¢, with 0 < ¢, < 1, such that f7(¢,) < 0. From the
fact that A has nonempty interior, we see that A4 is a convex body,
and hence, ([2], p. 72, Prop. 3) there exists a hyperplane of support
to A at every boundary-point of A, and in particular at (x,, 4(x,)),
where x, = t, ;. It is easy to show that it is a gradient hyperplane
characterized by x, and a suitable y,, so that for any =,

(@) = (@) + <& — oy Y5 .
In particular, putting » = x, + t(%, — %,), we have
(2, + (1, — X)) = d(w,) + <&y + x, — %) — Xy Yo
(equality holds here if ¢t = t,) or, rearranging,

J(@) = <@ — @3y Y + £ {8y — T, Yo — Yo

for all ¢, with equality holding for ¢ = ¢,. Thus the right-hand side
is a linear function of ¢, and r = {w, — @, Yo + t <&, — o, Yo — Yo 18
the equation of a “supporting line” to the graph of f at ¢{,. Hence

%%‘ =<w1_‘x0,yz—yo> éfr(t1)<0

from which {t,(z, — x,), ¥, — ¥,» < 0. Dividing by ¢,, we see that (x,, ¥,
is not monotonically related to (x,, ¥,), which is an element of the graph
of the generalized gradient of ¢.

To make this theorem useful, we need a sufficient condition for A
to have nonempty interior. We state such a condition in the form of a
theorem:

THEOREM 3. For the everywhere-defined convex function ¢: X — Y
to hawve the property that the set A of points above the graph has nonempty
interior it is sufficient that

(i) ¢ 1s continuous, or

(i) ¢ is bounded in some (nomempty) open set in X

Proof. (i) is equivalent to (ii) by [2], p. 92, Prop. 2. Now, if ¢
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is bounded above by the real constant M over the nonempty open set
Bc X, then B x (M, «) is a nonempty open set in A.

REMARK 3. In applications of Theorems 2 and 3 to Banach spaces,
it is preferable to use the strong topology, since the hypotheses of
Theorem 3 are easier to satisfy than with the weak topology.

We now cite some interesting consequences of these theorems:

COROLLARY 1. If X is a Hilbert space, and ¢ is an everywhere-
defined, continuous convex function, then for any we X, there exists
a unique point of the graph of the gemeralized gradient such that
%y + Yo = u. In particular: if ¢ is in addition Fréchet differentiable,
then the equation x + ¢'(x) = u is always solvable for =, and the
solution depends continuously on u.

Proof. By Theorem 8 of [3], which asserts that the map (¢, y) —
& 4 y carries a maximal monotonic set onto the Hilbert-space, and is
a homeomorphism.

REMARK 4. The latter part of this theorem was known to E. Rothe,
and exists (in modified form) in his paper [5].

COROLLARY 2. If X is finite-dimensional, and ¢ is everywhere-
defined, convex, and continuous, then the range of the generalized
gradient of ¢ 1is anm almost-convex set (contains the interior of its
convex hull).

Proof. Follows from the theorem of [4].

Added in proof. Further recent information on monotonic func-
tions can be found in [7] and [8]. Also, J.-J. Moreau has pointed out
to the writer that the notion of ‘‘gradient’’ developed here is ex-
tremely closely related to the ‘‘application prox’’ whose theory has
been expounded by Prof. Moreau in a series of papers, e.q. [9].

REFERENCES

1. N. Bourbaki, Fonctions d’ume variable réelle (Théorie élémentaire). Paris: Hermann
et Cie, 1949.

2. , Espaces vectorielles topologiques, Chs. I-II. Paris: Hermann et Cie, 1953.

3. G. J. Minty, Monotone (nonlinear) operators in Hilbert space, Duke Math. J., 29
(1962), 341-346.

4. , On the maximal domain of a ‘monotone’ function, Mich. Math. J., 8 (1961),
135-137.




ON THE MONOTONICITY OF THE GRADIENT OF A CONVEX FUNCTION 247

5. E. H. Rothe, Gradient mappings and extrema in Banach spaces, Duke Math. J., 2
(1948), 421-431.

6. E. H. Zarantonello, Solving functional equations by contractive averaging, U. S. Army
Math. Res. Ctr. Rpt. No. 160, June 1960.

7. C. L. Dolph and G. J. Minty, On Nonlinear Integral Equations of the Hammerstein
Type, to appear in Proceedings of the Seminar on Nonlinear Integral Equations of the
U.S. Army Math. Res. Ctr.

8. G. J. Minty, On a ‘‘Monotonicity’”’ Method for the Solution of Nonlinear Equations
in Banach Spaces, to appear in Proc. Nat. Acad. Sci. U.S.A., December 1963.

9. J.-J. Moreau, Proprietes des Applications *Prox”, C. R, Acad. Sci., 256, (1963),
1069-1071.

UNIVERSITY OF MICHIGAN






PACIFIC JOURNAL OF MATHEMATICS

EDITORS
RoOBERT OSSERMAN J. Ducunpar
Stanford University University of Southern Californie
Stanford, California Los Angeles 7, California
M. G. ArsovE LoweLL J. PAIGE
University of Washington University of California
Seattle 5, Washington Los Angeles 24, California

ASSOCIATE EDITORS
E. F. BECKENBACH B. H. NEUMANN F. WoLF K. Yosipa

SUPPORTING INSTITUTIONS

UNIVERSITY OF BRITISH COLUMBIA STANFORD UNIVERSITY

CALIFORNIA INSTITUTE OF TECHNOLOGY UNIVERSITY OF TOKYO

UNIVERSITY OF CALIFORNIA UNIVERSITY OF UTAH

MONTANA STATE UNIVERSITY WASHINGTON STATE UNIVERSITY
UNIVERSITY OF NEVADA UNIVERSITY OF WASHINGTON

NEW MEXICO STATE UNIVERSITY * * *

OREGON STATE UNIVERSITY AMERICAN MATHEMATICAL SOCIETY
UNIVERSITY OF OREGON CALIFORNIA RESEARCH CORPORATION
OSAKA UNIVERSITY SPACE TECHNOLOGY LABORATORIES
UNIVERSITY OF SOUTHERN CALIFORNIA NAVAL ORDNANCE TEST STATION

Printed in Japan by International Academic Printing Co., Ltd., Tokyo, Japan



Pacific Journal of Mathematics

Vol. 14, No. 1 May, 1964

Richard Arens, Normal form for a Pfaffian ..................cccoiiiiiiieeeinn. 1
Charles Vernon Coffman, Non-linear differential equations on cones in Banach

SPACES e ettt e e et e e e e e e 9
Ralph DeMarr, Order convergence in linear topological spaces . ................ 17
Peter Larkin Duren, On the spectrum of a Toeplitz operator..................... 21
Robert E. Edwards, Endomorphisms of function-spaces which leave stable all

translation-invariant manifolds . .............. ... .. i, 31
Erik Maurice Ellentuck, Infinite products of isols .............................. 49
William James Firey, Some applications of means of convex bodies . ............. 53
Haim Gaifman, Concerning measures on Boolean algebras . .................... 61
Richard Carl Gilbert, Extremal spectral functions of a symmetric operator-. . ... ... 75
Ronald Lewis Graham, On finite sums of reciprocals of distinct nth powers. ... ... 85
Hwa Suk Hahn, On the relative growth of differences of partition functions . . . . ... 93
Isidore Isaac Hirschman, Jr., Extreme eigen values of Toeplitz forms associated

with Jacobi polynomials . ......... ... ... . . i 107
Chen-jung Hsu, Remarks on certain almost product spaces . .................... 163
George Seth Innis, Jr., Some reproducing kernels for the unit disk................ 177
Ronald Jacobowitz, Multiplicativity of the local Hilbert symbol. ................. 187
Paul Joseph Kelly, On some mappings related to graphs . ....................... 191

William A. Kirk, On curvature of a metric space at a point . . .
G. J. Kurowski, On the convergence of semi-discrete analytic
Richard George Laatsch, Extensions of subadditive functions . .
V. Mari¢, On some properties of solutions of Ay + A(r>)XV
William H. Mills, Polynomials with minimal value sets . . .. ...

George James Minty, Jr., On the monotonicity of the gradient
JURCHION . .. oo e

George James Minty, Jr., On the solvability of nonlinear functi

TONOIONIC  TYPO . e e
J. B. Muskat, On the solvability of x* =e (mod p) ...........
Zeev Nehari, On an inequality of P. R. Bessack ..............
Raymond Moos Redheffer and Ernst Gabor Straus, Degenerat

CQUATIONS . . . oo oot ettt e e e e e ettt
Abraham Robinson, On generalized limits and linear function

Bernard W. Roos, On a class of singular second order differen
non linear parameter ................cc.coeuiuiiiiin..

Toru Saitd, Ordered completely regular semigroups . . . .......
Edward Silverman, A problem of least area. .................
Robert C. Sine, Spectral decomposition of a class of operators
Jonathan Dean Swift, Chains and graphs of Ostrom planes . ..
John Griggs Thompson, 2-signalizers of finite groups ... .....
Harold Widom, On the spectrum of a Toeplitz operator . .. ....



	
	
	

