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0. Introduction and notation. This paper is in two loosely related
parts: the first part gives conditions for a nonnegative continuous function
or its logarithm to be subharmonic, and the second includes a Fejér-Riesz
type theorem for subharmonic functions.

The open ball, the closed ball, and the sphere of centre x and radius
r in R* (n = 2) are denoted by B(x, r), B(x, r) and S(x, ). We denote
n-dimensional Lebesgue measure by ® and (n — 1)-dimensional surface
area measure on S(x, r) by o, and we write 2(r) for the volume of
Bz, ) and 3(r) for the surface-area of S(x, ). If a function f, defined
at least on B(x, r), is w-integrable on B(x, r) and o-integrable on S(z, r),
we define means as follows:

At = @) fdw
(®,7]
and
Mf, a1 = G| fdo .
Throughout the paper G will be a nonempty open subset of R". Recall
that a function is hypoharmonic in G if and only if in each connected
component of G it is either subharmonic or identically —o. We shall
say that a function is PL if its logarithm is hypoharmonic in G.
1. Mean value conditions for subharmonicity.
1.1. The following results are well-known.

THEOREM A. Let u: G — R be continuous in G. Then u s subhar-
monic 1n G if and only if

Au, x, r) = M(u, x, r)
whenever B(x, r)CG.

THEOREM B. Let u: G — [0, «) be continuous in GCR*. Then wu 1is
PL if and only if
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AW, x, r) = (M(u, 2, 7))
whenever B(x, r)CG.

See, for example, Radb [6, §8.25] for a proof of Theorem A in the
case n = 2 and [6, §3.26] for a proof of Theorem B.

Mochizuki [56] proved that the “if” part of Theorem B continues to
hold when GCR" for n = 3. By refining Mochizuki’s method of proof,
we give the following improvement of his result. We refer to [5] for
references to the related literature.

THEOREM 1. Let u: G — [0, ) be continuous in G. If
(1) A(u(n+2)/n, x, ’I') § (M(u, x, ,r))(n+2)/n

whenever B(x, r)CG, then w is PL.
The converse is true in the case n = 2 and false in the case m = 3.

We note that

(i) In the case n = 2 Theorem 1 is Theorem B.

(ii) The continuity hypothesis cannot be replaced by upper semi-
continuity. (Consider, for example, the characteristic function of a one-

point set.)
(ili) In the case » = 3 the hypothesis (1) is weaker than Mochizuki’s

hypothesis in which (n + 2)/n is replaced by 2; this follows from Holder’s
inequality.

The method used to prove Theorem 1 is also used to prove sufficiency
in the following criterion for the subharmonicity of a nonnegative con-
tinuous function.

THEOREM 2. Let u: G — [0, «) be continuous in G. Then u is sub-
harmonic in G if and only if
(2) n + 2)AWS, x, r) < nMW?, x, r) + 2(M(u, x, 7))*
whenever B(x, r)CG. Indeed, for (2) to hold, it suffices that w is non-
negative and subharmonic (but not necessarily continuous) in G.

The sufficiency part of Theorem 2 has the following analogue for the
case where u is required to be PL.

THEOREM 3. Let u: G — [0, =) be continuous in G. If
(3) (n + 2) AW, x, r) = (n — 2) MW, x, r) + 4(M(u, x, 1))*
whenever B(x, r)CG, then u is PL.

We note that
(i) In the case n = 2 Theorem 3 is simply the sufficiency part of
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Theorem B, and in this case, by Theorem B, the converse of Theorem 3
is true. Whether the converse remains true when » =8 is an open
question.

(ii) Again, the continuity hypothesis cannot be replaced by upper
semi-continuity.

(iii) Hypothesis (3) is again weaker than the corresponding hypothe-
sis in [6] when # = 3, since the Cauchy-Schwarz inequality implies that
M(u, z, )" = MW, z, 7).

The proofs of the following theorems are very similar to the proofs
of Theorem 1,2 and 8 and are therefore omitted.

THEOREM 4. Let u: G—[0, ) be continuous in G. If0<p =<1 and
A(u(n+2—2p)/n’ x, ,r) é (M(’M,, X, ,r))('n+2—2p)/n

whenever B(x, r)CG, then u® is subharmonic in G.

THEOREM 5. Let u: G— [0, ) be continuous in G. If0<p=<1and
m 4+ 2) AW, 2, r) = (n + 2p — 2)M(W, 2, r) + 4 — 2p)(M(u, z, r))*,

then u® is subharmonic in G.

Recall that if # is PL, then «* is subharmonic in G for each positive
p and that if u? is subharmonic in G for some p € (0, 1), then u is sub-
harmonic in G. Thus Theorem 4 bridges the gap between Theorem A
and Theorem 1; similarly, Theorem 5 links Theorems 2 and 3.

1.2. We prove here Theorems 1, 2 (sufficiency part) and 8 in the
special case where v € #*G) and 4 >0 in G.

The proofs depend upon Pizzetti’s formula, a general form of which
is as follows: if fe &*(G), where k is a positive integer and if z €@,
then, as »r — 0+,

(4) Mf,z,7) = g {2751m(n + 2) - -+ (n + 25 — 2} AIf@)r™ + o(r™) ,

where A’ is the j™ iterated n-dimensional Laplace operator (A° is the
identity operator, and A7 = AA! for j=1,2, ..., where A is the ordi-
nary n-dimensional Laplacian). This formula is given, with a smaller
error term, for the case where fe & =(G) in [2, page 30]. The proof in
[2] is readily adapted to give (4) when fe &*(G). Since

A(f,z,r) = nr‘"Sr " M(f, x, t)dt ,
we deduce from (4) that
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(5) Alf,a,n) = ]Z:},{Wj I+ 2)(n + 4) -+ (n + 27} AISf@)r* + o(r™) .

In the case k£ = 1, which is all we need in this subsection

(6) M(f, @, r) = flx) + 2n)"'Af@)r* + o(r’)
and
(7) A(f, 2, r) = fx) + @n + H)Afl@)r* + o(r?) .
Now suppose that u € 2*G) and 4 >0 in G. If ¢ > 0, then
(8) Au? = qu*'Au + q(g — Du? | Vu
and
(9) A(logu) = w™Au — u%|Vul*,

where |Vu|? is the sum of the squares of the first partial derivatives of
U.

To prove Theorem 1 for such a function #, we have by (6), (7), (8)
and (9),

(M(u, w’ ,r))(n+2)/n — A(u(n+2)/n, x’ 1.)
= {u(x) + 2n) "Aulx)r® + o(r?)}n+2/m
— {(u(x))(n+2)/n + (2% + 4)‘1Au‘"+2’/"(x)'r2 _|_ 0(1'2)}

= @)™ + = (0 + D @) Au(@)r’

— {(u(x))‘"”” "4+ -%— n - (w (@) " Au(x)r: + n " (ule)) @/ ”qu(m)lz'rz} +o(r?)

= 0" (u(@)) " {(w(x) " Aul@) — (u(@)~*| Vul@) [ + o(1)}r?
= n Y (u(x))"*/{A log u(x) + o(L)}r*,
so that

10) Alog u(x) = n*(u(x))= 2 lin}r r{(M(u, x, )2 — A(u"" 2, )} .
r—0

Hence w is PL if and only if the limit on the right-hand side of (10) is
nonnegative for each x€G.
To prove the sufficiency of (2) in Theorem 2, we have by (6), (7) and

®),
M x, r) + 2(Mw, xz, 7))* — (n + 2)AW, x, r)
= n{(u®))* + @Cn)'Au*(x)r* + o(r’)} + 2{u(x) + Cn)*Au(x)r® + o(r*}?
— (n + 2){(ux))? + 2n + 4~ Au(x)r* + o(r?)}
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= n{(u®))* + n 'u(@)Aulx)r: + n~* | Vu(x) r1} + 2{(u(x))* + nulr)Aux)r?}
— (n + D{u@)? + (n + 2)ul@)Au@)r® + (n + 2)7| Vulx) ["r*} + o(r?)
= 2n " 'u(x)Au(x)r* + o(r?) ,
so that

11) Au(x) = —;-'n(u(ac))‘1 lgﬁ r*nM, x, r)

+ 2(M(u, x, r))* — (0 + 2)A(W, 2, r)} .

Hence # is subharmonic in G if and only if the limit on the right-hand
side of (11) is nonnegative for each x € G.
To prove Theorem 3, we have, by a calculation similar to the above,

12)  Alogu() = _;_n(u(x))-z lim ~*{(n — )M, @, 7)

+ 4(M(u, z, r))* — (n + 2)AW, x, 7)},

so that » is PL if and only if the limit on the right-hand side of (12)
is nonnegative for each z€G.

1.3. Here we complete the proofs of Theorems 1, 2 (sufficiency) and
3.

Recall that v: G — [— o0, =) is hypoharmonic in G if and only if v is
upper semi-continuous in G and for each xeG there exists 7, > 0 such
that v(x) < M(v, ¢, r) whenever 0 < r» < 7,. Hence, to prove Theorems 1
and 3, it suffices to show that % is PL in the open set G* = {x € G: u(x) > 0},
for log« is continuous in G and trivially satisfies the mean-value inequality
on spheres contained in G and centred in G\G*. Similarly, to prove
sufficiency in Theorem 2, it is enough to prove that w is subharmonic in
G*. Hence, for the remainder of this subsection, we need consider only
the case where u > 0 in G.

We deal first with Theorem 1. For each p > 0 let

G, = {x € G: dist(x, 0G) > p} .
If G, is nonempty, define %, in G, by
(13) up(2) = (A(u', x, 0))"*,

where ¢ = (n + 2)/n. Suppose, for the moment, that u e &(G). Then,
as is well-known, u, € €*G) and %, — % uniformly on compact subsets of
G as p— 0+, and hence logwu, — log % uniformly on such sets. Since
subharmonicity is preserved by uniform limits and is, as was indicated
above, a local property, it suffices to prove that log u, is subharmonic in
G,. If we show that
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(14) A(ug, x, 1) = (M(up, x, 7))°

whenever B(x, r)CG,, then since u, € #%G,) and u, >0 in G,, the sub-
harmonicity of logu, in G, will follow from the case considered in §1.2,
and the theorem will be established in the case where u € £2%G). A re-
petition of this argument will then give the theorem in its generality,
for if u is continuous in G, we have u, € € (G,). Hence the theorem will
be proved, provided we can show that (1) implies (14).

Suppose that B(x, r)CG,, and let O be the origin of R*. Then

A, 5, m) = @) @) @+ pydoEdow)

= @™, @en,  w + 2)dewdo) ,

the change of order of integration being justified, since # >0 in G.
Hence, by (1) and the integral form of Minkowski’s inequality,

A o,m) = @] @) uw + 2dow) do)

<{ee, {@e|  ww+ardee) W}

(z,7)
= {@e|  wwisw)'
S(z,r)
= (M(u,, @, 7))*,
and the proof is complete.

Next consider the sufficiency part of Theorem 2. Arguing as in the
case of Theorem 1, we see that it suffices to show that the function u,,
defined in G, by (13) with the power q replaced by 2, satisfies

(’n + 2)A(’M?,, X, 7’) = ’nM(u?n X, ’r) + Z(M(up’ x, ,,,))2

whenever B(x, r)CG,, provided that u satisfies (2). Using changes of
order of integration, hypoth_esis (2) and the integral form of Minkowski’s
inequality, we find that if B(x, r)CG,, then

(n+ DA, 7, 1) = 0+ D@ @) (@l + AYde@dew)
= o+ 2@ @] @+ 2rdewdoe
= @, {nEe) | + 2rdew)

+ 2((2(7))—1&(%”1»@ + z)da(y))z} do(z)
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=n@e)| @] @ + 2y deEdow)

+ 20| (@

(0,0) (z,

uy + 2do)) da()
= nGEe)|  @w)dow)

+2{een|,  (@or|,  we+ardee) dow)
= nMw}, x, r) + 2M(u,, x, 7))° .
The proof of Theorem 3 is similar.

1.4. In proving the necessity of condition (2) in Theorem 2, we
suppose without loss of generality that x = O. Let u: G — [0, ) be sub-
harmonic (but not necessarily continuous) in G. Suppose that B(O, )G,
and let I denote the Poisson integral in B(O, r) of the restriction of
to S(O, r). Then Iis a harmonic majorant of % in B(O, r) and the function
w*, equal to I in B(O, ) and equal to % in G\ B(O, r) is subharmonic in
G (4, p. 69]). As is well known, we can write I = >%,a;H; in B(O, r),
where H; is a homogeneous harmonic polynomial of degree j in R™ such
that for each p >0

% (G=k)

and the series is locally uniformly convergent in B(O, r). Hence, if
0< p<r, then

A", 0, 0) = no~|| =M™, 0, tydt = np™ 3 a3 t-dt
0 =0 0
=n @ + n)ako% .
j=0
Hence, since M(u*, O, p) = u*(0) = a,, we have
(15) nM@*, 0, p) + 2(M*, O, p)) — (n + 2)AW*, 0, o)
=n i 1= (n + 2)(n + 25)aze = 0.

Since u* and #* are subharmonic in G, the means on the left-hand side
of (15) are continuous functions of p on (0, ]. Hence the expression on
the left-hand side of (15) remains nonnegative when p = ». Using this
result and the fact that v < u* in B(O, r) with equality on S(O, r), we
have
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(n + 2)AW, O, r) = (n + 2)A(W™, O, r) = nMw*, O, r) + 2(M(u*, O, r))?
= nM@?, O, r) + 2(M(u, O, r))*.

1.5, In the case n =2 the converse of Theorem 1 follows from
Theorem B. We give here an example to show that the converse is false
in the case » = 3. The Euclidean norm of x € R" is denoted by | z||.

ExAMPLE. If u is defined in R*\\ {0}, where n = 3, by
u(x) = exp(n||z|*™),
then w 18 PL 2n R"\ {0}, but there exist points y of R"\{O} such that
A(u(n+2)/n’ y’ ,’.) > (M(u’ y’ T))(n+2)/n
for all suffictently small r.
It is well-known that log # is harmonic in R"\ {0}, so w is PL there.
To estimate the means in this example, we use the case k = 2 of (4)
and (5):
16)  M(f, x, r) = flx) + Cn)'Af(@)r* + {8n(n + 2)} A (x)r* + o(r)
and
amn A(f, x, r) = flz) + @n + 4 Af(x)r?
+ {8(n + 2)(n + H}A (x)r* + o(r?) .
For each a > 0, define v, in R*\ {0} by
v,(%) = exp(alz|*™") .
Straightforward calculations give
(18) Av,(x) = a’(n — 2)* ||z |[*7*"v,(x)
and
(19)  A'w,(x) = a*(n — 2)*||z|**{a’(n — 2)*
+ da(n — 1)(n — 2)||z||"™* + 2n(n — D[z [ *}v.(x) .
Now let ¥ be a point of R" such that
lyll = {@n — 4/n}/" =x, say.
Since u = v,, we can use (16), (18) and (19) to obtain after some simpli-
fication

(M(u, y, 7)™** = exp(n(n + 2)\*7") {1 + %n(n + 2)(n — 2\
+ -Elg—n(n — 22\ [n¥(n — 2)* + dn(n — 1)(n — 2\

+ 2n(n — DA + n(n + 1)(n + 2)(n — 2)%r* + 0(1'4)} .
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Similarly, since u"*?/* = y,,,, we obtain from (17), (18) and (19) that

(A" y, r))" = exp(n(n + 2)A*™) {1 + —%n(n + 2)(n — 2)2\F
+ %n(n + 2)(n — 2)%(n+4)" N [(n*—4)+4(n+2)(n—1)(n—2)\"

+ 20 — DN+ (1 + 2)(n — 1)(n — 2P + D + o(w)} .
Subtracting and simplifying, we find that

20)  (Mu, y, )" — (A", y, r)"

= % exp(n(n + 2)A™"n(n — 2)*(n + 4)"N*"Kr* + o(r*) ,

where
K=2n—2—4n —1)n — 2\ 4+ nn — DA * =22 —n)’n"* < 0.

Hence for all sufficiently small » the left-hand side of (20) is negative,
and the required conclusion follows.

2. Fejér-Riesz type inequalities.

2.1. In view of Theorem A, it is natural to ask whether, for any
nonnegative subharmonie function in G, we have, for p > 0,

(21) Aw?, z, r) = C(n, p)(M(u, z, r))”
whenever B(x, r)CG. Here and in the sequel we use C(a, b, ---) to denote
a positive constant, depending only on a, b, ---, not necessarily the same

on any two occurrences. We infer from Theorem 4 that if »p > 1, the
inequality (21) fails in general with C(n, p) = 1. There is no loss of
generality in supposing that B(O, 1)CG and considering (21) only in the
case where x = 0 and »r =1. A more general problem is then to find
conditions on a measure g on B(O, 1) which are sufficient to ensure that

L(O Y wrdp < C(n, p, tt)(M(u, O, 1))*

for any nonnegative subharmonic function % in G.

For the remainder of this section we simplify the notation by writing
B = B(0, 1) and S = S(0, 1). Let K denote the Poisson kernel of B; then
K is defined on BxS by

K@, y) = GW)7A — [lz)lle — vl .

We write u € &# if u is nonnegative and subharmonic in a domain con-
taining B, and we put M(u) = M(u, O, 1).
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THEOREM 6. Suppose that p =1 and that ¢ is a measure on B such
that

sup | (K@, w)rdun) = 1< ..
If we & then
SBu"d,u < IE)M@w))” .

The result fails if 0 < p < 1.

COROLLARY. Suppose that p =1 and that p is a measure on B such
that

sup | |2 — ¢ "edp(e) = T < oo .
yesS JB
If we S then

S wdp < JeM@W) .

B
By taking g to be m-dimensional Lebesgue measure, we obtain from the
Corollary the following result in the case where 1 < p < n/(n — 1).

THEOREM 7. If 0 < p < m/(n — 1) and u €. then
A(u?, 0, 1) = C(n, p)(M(w))? .

The result fails if p = n/(n — 1).

By modifying the proof of Theorem 6, we shall also prove the fol-
lowing theorem, which is analogous to the Fejér-Riesz theorem (see, e.g.,
[3, p. 46]); the analogy is most apparent when the measure g is concen-
trated on B intersected with a proper subspace of R".

THEOREM 8. Suppose that p > 0 and that ¢ is a measure on B such
that

[,a=tehrdue) = L < o= .
If we S then
S wdp < LEM@W) .
B

2.2. Our proof of Theorem 6 is a generalization of the proof of [1,

Theorem 2].
Let % be the Poisson integral in B of u restricted to S. Then

Wa) = | K@, vu@doy)  @eB)
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and & is a harmonic majorant of # in B (in fact, the least such majorant).
Hence, if p =1,

[, wie=| wau=1{ (| K@ vuwiow) due
= GoM@y| | Ke v)yruwdow)dpe)
= coMwy| | Ke, vyruwdpwdow)
< COMWY| wdsw) = LEOMwW)” .

The second of the above inequalities follows from Holder’s inequality.
The change of order of integration is justified, since the integrand is
nonnegative.

2.3. We now suppose that 0 < p < 1 and show that the result fails.
Lety, =(@1,0, --+,0) and let w = K(-, y,). Then it is easy to see that
w? is a potential in B and hence that M(w? O,r)—0 as r—1—.
For each positive integer m, let p, be the measure supported by
S(O, m/(m + 1)) which is proportional to surface-area measure and is
such that g, (B)M(w?, O, m/(m + 1)) = 1. Then, by the symmetry of g,

sup | (K@, v)rdpra@) = | wrdp, =1.
Hence, if the theorem held with 0 < p < 1, then, taking » = 1, we would
have p,(B) = (2(1))? for all m, contradicting the fact that g, (B) — .
2.4. The Corollary follows from the inequality
K, y) < @2/ZQ)|le —y['™" (veB,yes).
2.5. To prove Theorem 7 when 1< p < n/(n — 1), note that for each
yes,
[z —ylerae = { o= yltrde = o sre s = o, ),
B B(¥,2) 0

so that the required result follows if we take g to be Lebesgue volume
measure in the Corollary to Theorem 6.

If 0<p<1, then, by Holder’s inequality and the result already
established for » =1,

A(w?, 0,1) = (A(w, 0, 1))* = (C(m, 1))*(M(w))” .

2.6. Now suppose that p = n/(n — 1). Let y, = (0,0, +--, 0), where
0=1, and let
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K,(x) = (0" — |lz|)lle — yu ™ (e B, p)) -

Then K, is positive and harmonic in B(O, p) (since it is a positive multiple
of the Poisson kernel of B(O, p) with pole ¥,). Hence if o > 1, then
K,e & and

(22) M(K,) = K,(0) = o™ .
Further, by considering a contraction mapping on R", we find that
(23) A(KZ, 0,1) = p**™A(K?, O, p™) .
Let A denote the Stolz cone
{geB:llx —y,ll <1, @+ ---+aa=1—ax)}.

Then it is easy to see that

1—[2lf =202 = Dllz -yl (@ea),
so that

K@z0'2 =Dle—yul™ (@ed.

Let 4, = {wed: ||l& — yy |l > @V 2 +2)1 —p™)}, where 1<p< (22 +2)
X (22 4+ 1)7'. Then, since 4,c4N B0, p™*), we have

A(K?, O, p'l) > (,Q(p—l))—l(l/_z___l)ps |z — Yo ”(l—n)pdx

ANB(0,p71)

2 Cn, 9| 12 =y I1"do

0
1

= C(In, p)p"S t(n—l)(l—-p)dt —> o0 as p — l+ .

@V2+2) 1—p7)

It now follows from (22) and (23) that the theorem fails if » = n/(n — 1).
2.7. To prove Theorem 8, note first that, as in §2.2,

| wde = | (| K@ vuwiow) dp) .
B B S
Now for each xe€ B and each yeS,

2 SWK@, 1) < o~y S A - [l
Hence

| wdn = @E| @ — o) SOMW)ydut) = LeMw) .
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