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A pair of linear functional inequalities
and a characterization of LP-norm

by DOROTA KRASSOWSKA and JANUSZ MATKOWSKI (Zielona Géra)

Abstract. It is shown that, under some general algebraic conditions on fixed real
numbers a, b, a, 3, every solution f : R — R of the system of functional inequalities
flz+a) < f(z)+a, f(x+b) < f(z)+ 3 that is continuous at some point must be a linear
function (up to an additive constant). Analogous results for three other similar simulta-
neous systems are presented. An application to a characterization of LP-norm is given.

1. Introduction. Every subadditive function f : R — R, that is, such
that

flea+y) < fl@)+fy), xzyeR,
where R stands for the set of reals, satisfies the simultaneous system of
functional inequalities of additive type:
flat+z)<a+ f(z), flb+z)<p+ f(x), z €R,

where a,b € R are arbitrarily fixed and oo = f(a), 5 = f(b). In Section 2 we
present some algebraic conditions on a, b, o, 8 under which the only function
satisfying this pair of functional inequalities and continuous at some point
is f(x) = 2o+ f(0).

In Sections 3, 4 and 5, respectively, we also present analogous conditions
for pairs of functional inequalities

flat+z) <af(z), [flo+x)<Bf(x);
flax) <a+ f(z),  [flbx) < B+ f(x);
flax) <af(z),  f(bz) < Bf(2).

The theorems of Sections 2-5 generalize the results of [4], where the
corresponding pairs of functional equations were considered (Remark 1).
They allow us, in particular, to derive some classical theorems on the Cauchy
type functional equation (cf. J. Aczél [1] and M. Kuczma [3]).
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2 D. Krassowska and J. Matkowski

For a measure space ({2, X, 1) denote by S = S(£2, ¥, 1) the linear space
of all u-integrable simple functions x : 2 — R. Let ¢ : (0,00) — (0,00) be
an arbitrary bijection. As an application, in Section 6, we give a new char-
acterization of the LP-norm with the aid of a rather weak subhomogeneity
condition on the LP-norm-like functional pg,

! © d 2 )
o 1 ((§Z¢ 2l dp), p(62) >0 oo

0, H(Qx) =0,
where 2, := {w € 2 : z(w) # 0}. Let us mention that in A. C. Zaanen
[8], W. Wnuk [7], and J. Matkowski [5], the functional py is assumed to be
positively homogeneous.
By N, Z, and Q we denote, respectively, the sets of natural, integer, and
rational numbers.

2. Inequalities of additive type

THEOREM 1. Let a,b,a, 8 € R be fired numbers. Suppose that

b a_ [
b — - >
a<0<b, a%@, e
and a function f: R — R is continuous at least at one point.
If f satisfies the pair of functional inequalities
(1) flat+z)<a+f(z), [flb+z)<B+f(z), zek,
then

f@)=Zc+f0), zek
Proof. From (1), by induction, we obtain
f(ma+2z) <ma+ f(z), fnb+z)<nB+ f(z), mneN, zeR.
Replacing x by nb + x in the first of these inequalities we hence get
(2) fma+nb+2x) <ma+nB+ f(x), mmneN, xeR.

Since b/a ¢ Q, and ab < 0, the Kronecker theorem (cf. [6]) implies that the
set

A={ma+nb:m,n e N}
is dense in R. Thus there exist two sequences (my), (nx) of positive integers
such that

lim (mga + ngb) = 0.
k—o0

Note that

(3) lim my = lim ny = 0o
k—o0 k—oo
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(otherwise b/a would be rational). Obviously,
. mga+ngb
lim ———— =

k—o0 mp

0,
and, consequently,
(4) lim — = —
Let 29 € R be a point of continuity of f. From (2) we get
f(mga +ngb + x0) < mpa +nif + f(zo), k€N,

or, equivalently,
(o)

b
f(mka+nk +x0)§a+&ﬁ+ ’ /-CGN.
mg my my

Letting & — oo, and making use of (3), (4), and the continuity of f at xo,
we hence get 0 < o — $3, i.e.

Sl

>

SHs)

As, by the assumption, the reverse inequality holds true, we have shown
that

SHe;
|

Now, setting
_a_”p
P= 70

)

we can write inequality (2) in the form
(5) ft+x) <pt+ f(z), teA zeR.

Take an arbitrary 2 € R. By the density of A there is a sequence (t,,) such
that
t, € A (neN), lim ¢, = xg — x.

n—oo

From (5) we have
ftn +2) <pt, + f(z), neN
Letting n — oo, and making use of the continuity of f at zg, we obtain
f(zo) <plxg—z)+ f(z), =R
To prove the opposite inequality note that replacing x by = —t in (5) we get
fle)<pt+ f(x—t), teA zeR.
Taking an = € R, and, by the density of A, a sequence (¢,) such that
th, € A (neN), lim ¢, =  — o,
n—o0
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we hence get
f(z) <pt,+ f(x —t,), mneN.

Letting n — o0, and again making use of the continuity of f at x(, we obtain

f(x) <plz—x0) + f(zg), x€R.
Thus
f(x) = pr+ (f(z0) — pzo), z€ER,
which was to be shown.
REMARK 1. Let a,b,, 8 € R, ab # 0, be such that 5/b = «/a.

If b/a ¢ Q and a function f : R — R is continuous at least at one point
and satisfies the simultaneous system of functional equations

fla+z)=a+ f(x), fb+x)=p+f(x), =z€R,

then f(x) = px + ¢ for some p,q € R, x € R (cf. [4]).
If b/a € Q then this system of functional equations reduces to the single
functional equation

f(d+m):%+f(m), z € R,

where d := min{ma + nb > 0: m,n € N}.

Since the continuous and monotonic solution of this equation depends
on an arbitrary function (cf. M. Kuczma [2]), the assumption that b/a ¢ Q
in Theorem 1 is essential.

REMARK 2. The assumption a/a > (3/b is essential for the uniqueness
of the solution of system (1) in Theorem 1. Indeed, if a/a < (3/b the set
of solutions of (1) is large; for instance the function f := sin satisfies (1)
for all a,b € R and «a, 3 > 2. Moreover every affine function of the form
f(z) = Az + B where B € R is arbitrary and a/a < A < 3/b is a solution

of (1).
3. Inequalities of additive-multiplicative type
LEMMA 1. Let a,b, o, 3 be fized real numbers such that
b
a<0<b, Eeﬁ@, a, 3> 0.

Suppose that f : R — R is continuous at least at one point and satisfies the
system of functional inequalities

(6) fla+z) <af(x), flo+z)<pf(r), zeR,
(7) flatz)>af(x), flb+a)>pFf(x), wzeR

Then f is either positive in R, negative in R, or identically zero.
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Proof. Assume that f : R — R satisfies (6), z¢ is a point of continuity
of f and f(zp) > 0. From (6), by induction, we get

(8) flma+nb+2x) <a™p"f(x), m,neN, zeR.

Take an arbitrary = € R. By the density of the set A = {ma+nb:m,n € N}
in R there exists a sequence (mga + ngb : k, mg, ny € N) such that

kli_)xgo(mka +ngb) =xzo — .
From (8) we have
flmga +ngb+x) < ™ B f(x), mg,np €N, z€R.
For k large enough, by the continuity of f at xg, the left-hand side of this

inequality is positive. It follows that f is positive.
Suppose now that f(zg) < 0. Replacing x by x — (ma +nb) in (8) we get

9) flz) <a™b"f(x — (ma+nb)), m,neN, zekR

Now, similarly to the previous case, fix z € R and take a sequence (mya +
ngb : k,my, ny € N) such that

lim (mga + ngb) =z — xg.
k—o0

Again by the continuity of f at xzg, for k large enough, the right-hand side
of inequality (9) is negative and hence so is f(z).

If f(x0) = 0 an argument analogous to the first step shows that f(z) >0
for all z € R, and a slight modification of the argument of the second step
gives the inequality f(z) <0 for all z € R, and, consequently, f =0 in R.

To complete the proof it is enough to repeat the same reasoning for
system (7).

THEOREM 2. Let a,b € R and o, 8 > 0 be fized numbers such that
log v S log 8

a — b
Suppose that a function f : R — R is continuous at least at one point and
such that f(R) € (—o00,0). If f satisfies the pair of functional inequali-
ties (6), i.e.

b
a<0<b, E¢Q’

flatz)<af(z), [flo+z)<pf(x), zeR,
then either f is identically zero in R, or

f(z) = f0)e 5%, zeR
Proof. Assume that f satisfies (6). By the assumptions and Lemma 1
the function f is either identically zero in R or positive in R. In the first case
there is nothing to prove. In the second case f is positive and the function
g := logof satisfies the inequalities
gla+z) <loga+log f(z), gb+zx)<logp+logf(zr), =z=€R,
and our theorem results from Theorem 1.
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Obviously, for inequalities (7) an analogous result holds true.

REMARK 3. The assumption f(R) € (—o0,0) in Theorem 2 is essential.
To see this, take arbitrary a,b € R such that a < 0 < b, b/a ¢ Q, o, €
(0,1/2), and an arbitrary function f : R — [-2, —1]. Then for all z € R,

1 1
flata)<-1=5-(=2) <5 f(2) <aflz)

and similarly, for all x € R,
fb+z) < Bf(2),
which proves that f satisfies (6). Since log v < 0 and log 5 < 0 and a < 0 < b,
we have
log 3

b
Thus all assumptions of Theorem 2 except the condition f(R) ¢ (—o0,0)
are satisfied.

1
B o<

4. Inequalities of multiplicative-additive type. As an easy conse-
quence of Theorem 1 we have

THEOREM 3. Let a,b, o, 8 be fixed real numbers such that
logb « J6]
2 ¢, >

Suppose that a function f : I — R is continuous at least at one point and
satisfies the pair of functional inequalities

(10) flaz) <a+ f(z),  flox) <P+ flz), xel,
where either I = (0,00) or I = (—00,0).
(i) If I = (0,00), then

O<a<l<b,

loga loga ~— logb’

f(z) = loza logz + f(1), x> 0.
(ii) If I = (—00,0), then
ﬂ@:ngabgﬂ@+fkn, z <0,

COROLLARY 1. Let a,b, «a, 8 satisfy the assumptions of Theorem 3. If a
function f : (—00,0) U (0,00) — R satisfies the pair of inequalities (10), and
in each of the intervals (—o0,0) and (0,00) there is at least one point of
continuity of f, then

!

Toga logz + f(1) for z € (0,00),

fz) =

Toga log(—z) + f(—1) for x € (—00,0).
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REMARK 4. Suppose that a,b,a, are fixed real numbers such that
0 <a<1l<band a/loga = 3/logb. Note that if 0 € I then there is no
function satisfying (10). Indeed, putting z = 0 into (10) we get 0 < o, 0 < 3,
which contradicts the assumptions.

5. Inequalities of multiplicative type. The following counterpart of
Lemma 1 is easy to verify.

LEMMA 2. Let a,b,a, 3 be fized positive real numbers such that
logb

Tosa ¢ Q,

and I = (0,00) or I = (—00,0). Suppose that f : I — R is continuous at
least at one point and satisfies the system of functional inequalities

a<1<b,

(11) flax) < af(x),  flox) < Bf(x), wzel,
(12) flax) = af (x),  flbx) = Bf(x), =xel

Then f is either positive in I, negative in I, or identically zero.
Applying Lemma 2 and Theorem 1 we obtain

THEOREM 4. Let a,b, a, 3 be fized positive real numbers such that

logb ¢ log S log 6
loga " loga ~ loghb’

a<1<b,

and I = (0,00) or I = (—00,0). Suppose that f : I — R is continuous at
least at one point, satisfies the pair of functional inequalities

(13) flax) < af(x),  flox) < pBf(x), wzel,
and f(I) € (—o00,0). Then either f is identically zero in I or
(i) in the case I = (0,00),

log o
flz) = f()zies, x>0,
(ii) in the case I = (—00,0),

fz) = f(~1)(—a)bes, <0,

We omit the formulation of the corresponding result for inequalities (12).

REMARK 5. Suppose that a, b, a, § are fixed positive real numbers such
that a < 1 <bandf}% = %.NotethatifI:RorI: [0,00) or
I = (—00,0] and f : I — R satisfies (13), then f(0) = 0. Indeed, by
assumptions either « < 1 < for # < 1 < « and, moreover, f(0)(1 —a) <0
and f(0)(1 — B) <0. Thus f(0) = 0.
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Hence we get

REMARK 6. (i) Suppose that f : [0,00) — R satisfies (13). If f|( o) and
a, b, a, (8 satisfy the assumptions of Theorem 4, then

loga
J) = {f(l)arloga for & € (0,00),
0 for x = 0.
(ii) Suppose that f : (—oc0,0] — R satisfies (13). If f|_o,0) and a, b, , 3
satisfy the assumptions of Theorem 4, then

log
Fa) = {f(—l)(—x) B for v € (—00,0),
0 for x = 0.
Finally, let us record the following

REMARK 7. For obvious reasons the counterparts of Theorems 1-4 for
the reverse inequalities remain true.

6. A characterization of LP-norm. Recall that A. C. Zaanen [8],
for the counting measure space, W. Wnuk [7], assuming the continuity of
the function ¢, and J. Matkowski [5], assuming much weaker regularity
conditions, characterized the LP-norm with the aid of the homogeneity of
the functional pyg (cf. the definition in the Introduction).

As an application of Theorem 4 we present a far-reaching generalization
of these results. It turns out that the homogeneity condition can be replaced
by an inequality assumed to be satisfied only for two characteristic functions
XA, xXB of suitably chosen measurable sets A and B.

THEOREM 5. Let (£2, X, 1) be a measure space with two sets A,B € ¥
such that

0<p(l) <1< u(B) <o,

Suppose that ¢ : (0,00) — (0,00) is a bijection such that ¢~ is continuous
at least at one point and

” log 6 (u(A)5(1)) _ log 6 (u(B)(1)
log u(A) - logu(B)

If pg satisfies the condition

(15) Py(tz) <tpy(z), >0, =€ {xa,xB}

then

o(t) = o(L)t?, >0,

o oz u(A)6(1)
log p(A)
Moreover, if p > 1 then py coincides with the LP-norm.

where
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Proof. Let a = u(A) and b = pu(B). From (15) we obtain

¢~ Hag(t)) <t Hap(1),  ¢7H(be(1)) < tTH(be(1)), >0,
which with o := ¢~ 1(a¢(1)) and B := ¢~ 1(bg(1)) reduces to the pair of
functional inequalities

¢~ ap(t)) < at,  ¢H(b(1) < Bt,  t>0.
From the bijectivity of ¢, replacing here ¢ by ¢~1(¢), we get the equivalent
system of inequalities

¢~ (at) Sag”'(t), ¢T'(0t) < BT,  t>0,
which, with f := ¢~ and I = (0, 00), takes the form (13). Now our result
follows from Theorem 4.

REMARK 8. Note that (15) is a very weak substitute of the homogeneity
of the functional py.

logb

Discussing the assumptions in Theorem 5, note that the condition: oga

¢ Q or % ¢ Q is not too demanding.

To show that the assumption of the existence of sets A and B with
0 < pu(A) <1< pu(B) < oo is essential, we indicate some wide classes of
non-power functions ¢ for which the functional py satisfies the condition

(15), in each of the cases
w(A) <lor u(A) =00 for every A € X,
uw(A) >1or u(A) =0 for every A € X.

ExXAMPLE 1. Let (£2,X, 1) be a measure space such that p(2) < 1.
Put 6 := inf{u(A) : A € ¥ AN p(A) > 0}. Let ¢ : (0,00) — (0,00)
be an increasing bijection such that the function (0,00) > t — ¢(t)/t is
non-increasing and ¢(0) = 0, ¢(1) = 1. Then ¢(t) = ¢ for all ¢ € [J, 1], the
function (0,00) > t — ¢~ 1(t)/t is non-decreasing and, therefore, for each
A € ¥ with a := pu(A) > 0, we have

~1(g
palt) = (a(t) = T as
SO
< Waﬁb(t) =ta=t¢ (ap(1))

=tpg(xa), ©>0.
Thus p, satisfies (15) and ¢ is not a power function.
ExXAMPLE 2. Let (£2,X,u) be a measure space for which u(A) > 1
for every set A € X such that u(A) > 0, and there exists B € X such

that 1 < p(B) < oo. Then § := inf{u(A4) : A € X Apu(A) > 0} > 1. Let
¢ : (0,00) — (0,00) be a bijection such that the function (0, 00) > t — ¢(t)/t
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is non-decreasing and ¢(1) = 1, ¢(0) = d. Then ¢ is strictly increasing,
¢(t) = t for all t € [1,4], the function (0,00) > t — ¢~ 1(t)/t is non-
increasing, and therefore, in the same way as in the previous example, for
all B € X such that 0 < p(B) < oo, we have

ps(txs) <tps(xm), t>0.

We end our discussion with an example showing that the assumption
(14) is indispensable.

ExXAMPLE 3. Let (£2, X, ) be an arbitrary measure space, and f : R — R
a bijection such that f(0) = 0 and f~! is subadditive (for instance, for f one
can take the inverse function to x — x + [sinz|). Define ¢ : (0, 00) — (0, c0)
by ¢(t) = ef(1°88) Then, making use of the definition of P4, the subadditivity
of f~1, and the monotonicity of the exponential function, for all A € X with
a:= u(A) > 0, we have

Po(txa) = ¢~ Had(t)) = ef " logatsllogt))
< ¢f Hloga) o f 1 (f(log 1))

=t¢"'(a) = tpy(xa), t>0.

Thus py satisfies the subhomogeneity condition (15) for all functions x4
(here p1(A) can be smaller or greater than 1). This shows that in Theorem 5
condition (14) cannot be omitted.
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