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A TAYLOR SERIES CONDITION FOR
HARMONIC EXTENSION

Abstract

For a harmonic function on an open subset of real n-space, we pro-
pose a condition on the Taylor expansion that implies harmonic exten-
sion to a larger set, by a result on the size of the domain of convergence
of its Taylor series. The result in the n = 2 case is due to M. Bocher
(1909), and the generalization to n > 2 is given a mostly elementary
proof, using basic facts about multivariable power series.

1 Introduction

In this article, we use elementary methods to prove the following Theorem.

Theorem 1.1. Suppose the function u(Z) is harmonic on some ball centered at
the origin of R™, with coordinates T = (2',x,). If the Taylor series of u(x’,0)
and ug, (2',0) centered at ' =0 converge for |2'| < r, then the Taylor series
of u(Z) converges for all ¥ = (2, x,) such that |2'| + |x,| < 7.

The above domain of convergence may be larger than the given ball, in
which case the sum of the Taylor series is a harmonic extension of u. The
next Section gives some examples showing why the hypotheses are necessary.
In Section 5 we state some easy generalizations to other second-order PDEs.

The topic of power series expansions for harmonic functions in R™ has
been approached using complex variable methods for a long time. The above
Theorem in the n = 2 case follows from an elementary argument of [B], and
our proof for the general case will use a similar line of reasoning, but with
additional estimates for some combinatorial coefficients that arise when n > 2.
The domain of convergence of the power series for a harmonic function has

Key Words: Harmonic function, Taylor expansion, domain of convergence
Mathematical Reviews subject classification: Primary 31B05; Secondary 26E05, 35C10
Received by the editors June 13, 2002

229



230 A. CorFrMAN, D. LEGG, AND Y. PAN

also been discussed by [Fugard], [Hayman]|, [Siciak], and [Ws3]. The authors’
investigation of this Theorem was motivated by the work of two of them in
approximation theory ([LP]).

We also remark that the result can be given a less elementary proof, using
the methods of complex analytic differential equations, which will be outlined
in Section 6. Our approach uses only basic facts about multi-indexed real-
variable series, with the exception of a Cauchy estimate for some derivatives
of complex analytic functions. In addition to being in the classical spirit of
Bocher’s approach, our proof shows how the set {|2'| + |z,| < r} naturally
occurs as a subset of the domain of convergence for the series, and we give
examples showing in which ways the general result is sharp.

2 Remarks on the Main Result

Since our topic is harmonic functions on domains in R™, we will fix some n > 2.
The following coordinate system for R™ will be convenient.

Notation 2.1. For a vector & = (z1,22,...,Tp_1,ZTn), let 2’ = (21,...,2p_1)
and denote T = (2, z,,).

Notation 2.2. The standard Euclidean norm of a vector (real or complex)
will be denoted

17 = (lz1* + o+ 22,
and the same symbol is used for lengths of vectors in the hyperplane z,, = 0,
'] = 1@, 0)] = (|21 + ... + @ [H) /2.
The real ball with center @ € R™ and radius r > 0 will be denoted
B(d,r)={ZeR": |¥—d| <r},
and the ball in the hyperplane is denoted with a prime:
B'(a',r) ={(«',0) : |2’ —d'| < r}.

With this notation, we can state a Corollary of Theorem 1.1. Since the set
{|2'| + |zn| < r} contains the ball with radius r/v/2, we have:

Corollary 2.3. Given € > 0, and a function u(Z) which is harmonic on
B(0,1), if the Taylor series of u(z',0) and u,, (z',0) centered at ' =0 con-
verge on B'(0/,\/2 + ¢€), then u(Z) extends harmonically to B(0,1 + ¢/\/2).
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Note that v can have complex or real values, and a real-valued function on
the ball will extend to another real-valued function on the larger ball. As r
(or €) is allowed to be arbitrarily large, there is another Corollary.

Corollary 2.4. Given p > 0, and a function u(Z) which is harmonic on
B(0, p), if the Taylor series of u(z',0) and ug, (z/,0) centered at ' = 0/
converge on the entire hyperplane {x,, = 0}, then u(¥) extends to a function
which is harmonic on R™.

Example 2.5. The hypothesis on the derivative in the normal direction can-
not just be dropped, as shown by this simple example in R? with coordinates
(z,y):

_ Y
U(l’,y) - (Z‘ _ 1)2 +y2

This w is harmonic on the unit ball, and the Taylor series (with center 0) of
u(x,0) has all zero coefficients, but the Taylor series (with center 0) of

1
(z —1)?

diverges at x = 1, and u does not harmonically extend to any larger ball.

uy(z,0) =

Example 2.6. It is well-known that if » is harmonic on a domain, then it is
real analytic on the same domain ([ABR], [J]), so if u(&) is harmonic on B(0, 1),
then the Taylor series of u(z’,0) and u,,, (¢, 0) converge in some neighborhood
of the origin. However, even if u(z’,0) and u,, (2/,0) are real analytic on a
large set, this is not enough to guarantee that the domain of convergence of
the Taylor series is large enough to satisfy the hypotheses of the Theorem, as
shown by this simple example in R?:
x

R

This « is harmonic on the unit ball, and u(z,0) = QLH and u,(z,0) =
x
2
ﬁ are real analytic on R!, but their Taylor series (with center 0) con-
x

verge only for —1 < z < 1, and u does not harmonically extend to any larger
ball.

For each of the functions from the above examples, Theorem 1.1 states that
the corresponding Taylor series converges for {(z,y) : |z| + |y| < 1}, and it is
shown by [B] and [Hayman] that the series does not converge on any larger
open set. So in this sense, the claim of Theorem 1.1 on the size of the domain
of convergence is sharp when n = 2.

The contrapositive formulation of Theorem 1.1 is also interesting.
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Corollary 2.7. Suppose the function u(Z) is harmonic on a ball centered at
the origin of R™, with coordinates & = («',x,). If the Taylor series of u(Z)
does not converge for all & = (x',x,) such that |x'|+ |x,| < 7, then the Taylor
series of u(x’,0) and uy, (z',0) centered at ' = 0" do not both converge for
all ' such that |'| <r.

Example 2.5 shows that one of the series may converge on a large set, while
the other one does not. As the following Example shows, even if u extends
continuously beyond B(0,1), Corollary 2.7 still gives an upper bound for the
radius of convergence of u(2’,0) and u,, (z’,0).

Example 2.8. Consider the continuous function f(z,y) = |z|, restricted from
R? to the unit circle {z? +y* = 1}. Using this as Dirichlet data, there exists a
function u(x,y) which is continuous on the closed ball {2?+y? < 1}, harmonic
on the open ball B (6, 1), and equal to f on the circle. Although the Taylor
expansion converges to v on some neighborhood of 0, its domain of convergence
cannot contain the points (0,1) or (0, —1), where w is not differentiable, and
so it does not contain any set of the form {|z|+ |y| < r}, for r > 1. We can
conclude that if Ry and Ry are the radii of convergence of u(z,0) and u,(z,0),
then min{ Ry, Ro} < 1. In fact, the Poisson formula gives

1 27 1 — 22 2(1+2z?) tan~1(z) .
u(z,0) = 7/ v | cos(6) |d6 = na ifz#0
21 Jo—o 1 — 2z cos(0) + z2 2/m ifz=0

a real analytic function on R whose Taylor series converges exactly on [—1,1].

3 Some Preliminary Estimates and Propositions

The approach to the proof of the main result will be to work with the mul-
tivariable power series expansion of a harmonic function, and to describe its
domain of convergence. Some references touching on the subject of elemen-
tary methods of multi-indexed series include [ABR), [D], [GF], [KP], [Range],
and they mention various equivalent notions of “convergence” of power series
in several variables, which could more specifically be described as “absolute
convergence.” In this Section, we briefly recall the results we will need. Our
only appeals to the more advanced calculus will be to use Stirling’s formula
to get an estimate for a combinatorial quantity, and then to recall Cauchy’s
estimates for the derivatives of complex analytic functions in several variables.

Following the “prime” convention for real coordinates (Notation 2.1), sim-
ilar notation will be used for the multi-indices that appear in power series
expressions.
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Notation 3.1. Let W ={0,1,2,3,...} be the set of whole numbers. Given a
multi-index a = (aq,...,a,) € W", let &’ = (aq,...,a,-1), and then denote
a= ().

We also recall some commonly used notation for multi-indices.

Notation 3.2. The degree of a multi-index is the sum || = a3 + ... + ay,
(not to be confused with Notation 2.2), and the factorial of a multi-index is a

product of factorials: a! = ay!- @yl ... ay,!. For vectors ¥ = (v, yn) € R,
the multi-indices can be used as exponents in a product: () = y{* ... -y,
and (y’)a, =y ... ..y."7'. Given a multi-index 3, if a; > §; fori =1,...,n,

denote this property of a by “a > 3.7

The following combinatorial enumeration is well-known and easy to estab-
lish ([KP] §1.5, [Stanley]).

Proposition 3.3. Given b € W, the number of multi-indices B € W™ such

. (b+n—1
that|,8|—bzs( "1 )

The next Lemma will be used in the Proof of Theorem 4.3. The exact
value of the upper bound will not be important, just the fact that it does not
depend on b.

Lemma 3.4. Givenn € N and B8 € W", let b = |3|. Then,

b (28)! -
s =V .

with equality if and only if n = 1.

PROOF. In the n =1 case, 8 = (1), so b = 1 and the LHS of (3.1) cancels
exactly to 1 = (v/2)°. The rest of the Proof will assume n > 1.

The following version of Stirling’s formula with estimates is proved by
[Robbins]. For k € N,

In(k!) :% In(2r) + (k + %) (k) — k + r(k),

1 1

i1 <)< o

Since the formula does not apply to & = 0, we will begin with the case where
all entries of the multi-index 8 = (81, ..., 8,) are positive. So, n > 1 implies
O<ﬂj <bforj=1,...,n.
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A straightforward application of the formula gives

b (28)!\  n—1 N s
n(ﬂ!ﬁﬁ(%)!)_ 5= @) +r(b) = r(26) = > (r(B) —r(25)))

j=1
n

n—1 1 1 1 1
m2) 4 — — ——— — ).
R G R T T Z<126j+1 24@»)

Jj=1

The following inequalities can be checked by elementary methods:

1 1 1 11 L,
128,41 243, “12b—1)+1 24(b—1) " 12b 24b+1 "~

In particular, each of the terms in the above 7 = 1...n sum is large enough
to more than cancel the ﬁ — ﬁ quantity, and exponentiation results in

bbb (20)!
B168°(20)!

The remaining case is that some of the 3; components are 0. If all n com-
ponents are 0, the claimed inequality (3.1) reduces to 1 < (v/2)"~!. If B has
exactly m non-zero components, 1 < m < n, and v € W™ has the same
positive components as 3, then |y| = b, and

<(vay

bl (28)! bl (29)! — —
B13°(20) 7!7"(;1?)! < (V"< (v

O

The proof of Theorem 4.3 will require some technical facts about multi-
indexed series. The next three Propositions are unsurprising versions of well-
known results, and we state them with just sketches of proofs. Notes giving
complete and elementary proofs are available electronically from one of the
authors, [C].

Proposition 3.5. Given a multi-indezed sequence ¢ : W* — C and @ €
R™, if Y cal@ — @)™ converges for all & in a real ball, B(d,r), then both
dea(Z—a)* and Y |cal(Z— @)™ converge on the complex ball with the same
n
radius, {Z € C" : |7 —d|* = Z zj — a;|* < r?}.
j=1
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SKETCH OF PROOF. Given the convergence of a power series at T, an element
of B(@,r) such that & — @ has all positive coefficients, the absolute convergence
of the series > ¢q(Z — @)™ on an open complex polydisc with center @ and
polyradius & — d is established by Abel’s lemma. The complex ball is a union
of such polydiscs. O

Proposition 3.6. Given cq, if Z ca(T)® converges on B(0,7), and @ €
acWn

B(0,7), then there is some multi-indexed sequence ¢, so that for all T €
B(a,r —|d|), > (& — @)™ is a convergent power series, with sum equal to
> cald)®.

SKETCH OF PROOF. The interesting part of the Proposition is the radius,
r — |@|, which gives the largest ball centered at @ contained in the ball centered
at 0. The n = 1 case, where the ball is an interval, is Proposition 1.2.2
of [KP]. For higher dimensions, a corresponding version of the statement for
“polycylinders” (real polydiscs) is Theorem 9.3.1 of [D]. The statement for the
ball follows; by some elementary geometry, for any element ¥ € B(d,r — |d),
there is a polycylinder Dy with center @ and a polycylinder Dy with center 0
such that & € Dy C B(@,r — |@|) and D; C Dy C B(0,7). The coefficients c/,
could be found, for example, by Taylor’s formula, and do not depend on D,
or Ds. O]

The following Proposition gives a criterion for the convergence of a multi-
indexed series in terms of summations over subsets of the index set.

Proposition 3.7. Given n > 2, a multi-indezed sequence ¢ : W" — C, a
sequence b: W — C, and y € C", if

Z ‘c(a’,an)(y/)al

a’eWn—1

(3.2)

forms a convergent multi-indexed series for each o, € W, and

{( Z ‘C(agan)(y/)a/ ) b, YO iy, € W}
a’cWn—1

is a bounded subset of C, then, for all T such that |x;| < |y;| fori=1,...,n,

Z ( Z c(a/’an)(sc’)o‘,> “bq,, - 2O and Z Ca  ba,, - (T)™

an €W \a/eWn—1 acWn

are both convergent, with the same sum.
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SKETCH OF PROOF. Again, the convergence of a power series at &, as a con-
sequence of the boundedness of terms involving ¥, is essentially Abel’s lemma.
The interesting part of this Proposition is the need for the absolute value on
the terms of (3.2). Although any convergent multi-indexed series can be re-
written as an iterated sum of convergent series ([D] Theorem 9.1.4, [Range]
§1.5), the converse is false in general. For example, it is easy to construct

o0 o0
a double sum Z (Z cl-j) such that both single-indexed summations are

j=1 \i=1
oo o0
absolutely convergent, but the re-arranged sum Z Z ¢ij | and the multi-
i=1 \j=1

indexed sum Z ¢;; both diverge. However, a converse does hold for series
(4,5)EW?

with all non-negative terms: if such an iterated series is convergent, then the

terms form a convergent multi-indexed series ([Range] §1.5). The conclusion

of the Proposition follows from comparison to the sum of the absolute val-

ues, and from the invariance of the sum under rearrangement of absolutely

convergent series. O

The last result stated in this Section is a version of the well-known Cauchy
estimates, for complex analytic functions on a ball in C".

Lemma 3.8. Given @ € C" and a ball D = {Z € C" : |7 —d| < r}, if
f: D — Cis a complex analytic function and 0 < R < r, then there exists a
number M so that for each B € W,

a\®? B2 M
‘ (%) <f<z>>] ’ <

where b = |3|.

PRrROOF. The Cauchy estimates are usually stated for functions on a polydisc
in C” ([Range] Theorem 1.6), but can be adapted to some domains with other
shapes ([Fuks] Theorem 3.8), including the ball D. The following argument is
a special case of the proof given by [Fuks].

Let M be the maximum value of |f(Z)| on the closed ball

Dr={zeC":|Z—d <R} CD;

so the estimate holds for b = 0. Given a vector with positive components,
7= (r1,...,m,) such that r¥+...+72 = R?, the polydisc {Z € C" : |z; —a,| <
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rj,j =1,...,n} is contained in Dp, and
BIM

d\?

— zZ < .
(&) ven| | <

To get the best estimate for each B, we need to maximize the quantity

(7)P = ... rBn subject to the constraint 72 + ... 412 = R2. For b > 0, the
usual Lagrange multiplier technique works here, to show that the quantity is
maximized when, for each j =1,...,n, r; = R-+/8;/b, and the claim of the
Lemma follows. O

Z=ad

4 The Proof of the Main Result

The following Theorem is an identity for power series in several variables.

Theorem 4.1. If Z ca(T)* converges for & in a neighborhood of 0, with

acWn
sum equal to a harmonic function u(Z), then the following sum also converges

to u in the same neighborhood:

_1\bp! / \ ,
a@ = Y SO~ (20 e | @)

n | 7
(oo NN G, B
(—1)°b! (' +28')! o 2b+1
PO amrn | 2 g e | @
(a’,b)GW" |,3/‘:b *

ProOF. For m € W, k = 1,...,n, denote my = (0,0,...,0,m,0,...,0) €
W7, with the m in the k*® place, and similarly, for k = 1,...,n — 1, denote
m}, = (0,0,...,0,m,0,...,0) € W*~1

u(Z) = Z Co(T)™.

acWn
Au(Z) :Z Z Catt(ag — 1)(Z)> 2
k=1oa:ap>2
n—1
= > <<Z Cla+2,an—2) (k + 2) (o + 1)> +eaonm(om — 1))(55)0‘_2"-
aan>2 \\k=1

From Au = 0, we get a recursive formula:

Ca=—"—"-) (ar+2)(ar +1)ca12),0,-2) (4.1)
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for o, > 2. A closed form expression for the coefficients holds for all a € W™,
as we will show by induction on b € W that

(=1)°! (o +28) .
a’l(2b)! g1 (4280 if i, = 2b
@) ) e (a2
“ —1)°b! o' +26")!
Cloy/ ’ if v, = 26+ 1.
2b+ 1)! g (a/+28',1) n
~ ( * ) |8'|=b B

The sums in these quantities are over all multi-indices 3’ € W"~! with degree
b1+ ...+ Bn—1 = b. We'll write out the proof only for the case where «, is
even, the other case being similar. To start the induction, the b = 0 case is
trivial.

1 (o’ +28)!
ol Z B! Cle+267,0) = C(a’,0)s
18'1=0 '

and the b = 1 case is a special case of Equation (4.1):

(—1)'1! (o +28')! 1 2 (o +2,)!
o'l 2! Z gl Cla'+28',0) =51 1 Ca/+2;,0)
ST =1 ’ k=1

1 n—1
k=1
:c(a’,2)-
The inductive step is to fix b, and assume that the formula (the even case,

with index 2b) holds for all multi-indices § = (&', 2b). We want to show that
for all multi-indices o = (&, 2(b + 1)).

(1) (b +1)! (o +283")!
Cla/,2042) = ~ 1707 T ovr E a0 C(a’+28',0)-
a'l(20 4 2)! P B
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The following steps begin with (4.1), and then use the inductive hypothesis.

Cla’,2b+2)
1 n—1
:m (O[k + 2)(ak + ].)C(a/+2;c72b)
k=1

n—1

(g +2)(ap + 1)(=1)%! (o + 25 +24)!
-2 (a/ +2},)!(2b)! > aff!

G’ +21+2v',0)
k=1 |/ |=b

(2b+2)(2b + 1)

n—1
_ 0 G G (o2l s 1)
a’l(2b+2)! ~'!

Cla’+2(v'+1},),0)
k=11]y"|=b

(—1)0+1p! 1
~ a2 1 2) > Yo o] @280z 0
) B = Voml 11! — (37 v
|B'|=b+1 \~'=y'+1,=P

For each @', the sum simplifies, using the common denominator

1 W+l =B b+l
Z n - Z ,8/! *;IB/! /6/! )

,Y/:,y/_;'_l;c:IB/ . ,Y/:,_Y/_;'_l;c:B/

which proves the claim.

By the elementary theory of multi-indexed series (as mentioned in the
sketch of Proposition 3.7), any convergent power series can be written as a
sum of two disjoint subseries, which must also be convergent,

Z ch(f)a = Z Cla’,20) (x/)a xib + Z C(a’,2b+1)(x/)a xib+1y

acWn (a!,b)eWn (a’,b)eWn

and the claim of the Theorem follows from the above formula for the coeffi-
cients. O

The following Corollary gives a series expression for «(Z) in terms of the
restriction of u and u,, to R"™! = {Z: x, = 0} and the Laplacian on that

hyperplane,
d\° d \?
A= (-— .
(dl‘1> + + <d$n1>
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Corollary 4.2. If u(Z) is harmonic in a neighborhood U of the origin, then
the following sum converges to u in some neighborhood of the origin, U’ C U.

e =3 (G (@ it 0n) )

b=0
5 (et o () o)) )

PROOF. It was already mentioned that u(Z) is real analytic; so it is equal to
the sum of its Taylor series, centered at 6, on some neighborhood, which we
may assume is of the form U’ = B(0,7) € U. The formal derivatives of the
Taylor series converge to the derivatives of u, on the same ball U’. The Taylor
series of u(2’, 0), in the variables 2’ with center 0/, converges for 2’ € U'NR"~ 1.
On the same set, the following series for u,,, and the derivatives of v and u,,,
with respect to x1,...,x,_1, are convergent.

_|_

u(x’,()): Z C(a/,o)(x/)a/7

a’eWn—1
a\* ol oo
(i) OG0 = ¥ o o g )
/>25/
(@ +28) , o
= > C(a/+23’,0)T(l‘/) (4.2)
a’eWn-1 ’
Uy, (2/,0) = Z c(a/71)(x’)a/,
a’cWn-1
d )2[3/ Cl/' o
— ] (ue,(a,0)) = Clar1 ()2
(dx' a;ﬁ, D @ —28)!
(@ +28)
= Z C(a/+23171)T(I,) . (4.3)
o/ eWn—1 '

The following formula for the multinomial coefficients is well-known (and can
be established by an inductive argument similar to the previous proof’s.)

= () e () ) = 2 A ()

|B’|=b
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Applying this operator to the above series gives

@)= 3 o Y ooy S e

|,8\b aeW“l

B +2ﬁ ! ,
= > Z g ez | ()%

" +20)! :
(A" (ug, (2,0)) Z 5' Z c(a’+23',1)%($’/)a

1B8'[=b o/ eWn—1

b! Ot, 2 ! ! ’
= Z ol Z (;,!B)C(a'mﬁ’,n ().
aewn-1 18'|=b
These convergent sums can be multiplied by (%)), 22% and (2b-{1-)1b)| 220+ respec-
tively, so that they look like the terms from the previous Theorem. It follows
from the previously mentioned elementary theory of multi-indexed series that
the power series appearing in Theorem 4.1 can be re-written as a convergent
iterated series, so for & € U’, the following sum converges to u(Z).

= bl (o +283")! o
Z > il X2 T Cerso | (@) Ty

b=0 o’ cWn—1 : 18" |=b
oo b! (a/ + 2[@/)' Nt 211
+ Z 2b+ 1 b ol > T Gl ()™ | @
b= a’eWn—1 ‘ﬁ/|:b

The claim of the Corollary follows from the above series expression for the
iterated Laplacian. O

Theorem 1.1 is a corollary of the following Main Theorem.

Theorem 4.3. If there is an open neighborhood of 0 on which the series

Z Ca(Z)* is convergent, with sum equal to a harmonic function, and for

acWn

some r > 0, both of the series Z Cla’0) ()™ and Z c(azyl)(ac')a/
a’/eWn—1 o/ eWn—1

are convergent for x' € B'(0/,r), then the series Z ca(Z)* is convergent

acWn
for all & = (', z,,) such that |2'| + |x,| < r.
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PROOF. Define v(z’) = >,/ cpyn-1 lcar.0l(2)®. By Proposition 3.5, the sum
converges to a real analytic function on the real ball B/(0’,r). The derivatives
are defined by convergent series on the same ball, with coefficients equal to
the absolute value of those from Equation (4.2):

d 28’ N |
<d$€') (v(@)) = Z |C(a'+2ﬁ/,0)\(aJor¢7'!ﬁ)(m’)a.

a’'ewn—1

Given a vector ¥’ = (y1,...,Yn—1) € B'(0',r) with all non-negative compo-
nents, v(z’) has a series expansion centered at y’, which by Proposition 3.6,
converges on the ball B'(y',r — |y’|). By Proposition 3.5, this extends to a
complex analytic function v(2’) on the ball {’ € C"™1: |2/ —¢/| <r — ||}
(this is where the convergent series hypothesis is used, and where “real ana-
lytic” would not be enough). Given R € (0,7 — |y'|), Lemma 3.8 applies, so
that there exists M > 0 (depending on v, y’,and R) such that for a multi-index
B e W1 with |8'] = b,

28’ b INT)
<d> W))] _ 2800 M (28 M

dz' =~ (28)FR®  (B)FR2

Z/:y/
It follows that the iterated Laplacian at 3’ is bounded by the sum

o bl d N ol b(28")" M
(&) (y)lﬁlzbﬂ/! (dz/> (v(y') <ﬁ2|:b5 (8P R

In terms of the series expansion at 0’ of the derivatives of v, an expression
resembling Equation (4.4) has the same bound.

b! o’ +28")! ,
) ol > (ch(a'+2ﬁ',o> (y')=

o/ eWn—1 " \IB=b

2 ot M
Z Y el L B0 e Z asz

1B'|= b a’eWwn-1
Given y,, > 0,

b! (o +283")! :
wl | 2 g e | O |
a’E Wt 18"|=b

1 DI2BNM | bl(26")10" Yn \ 2
(20)! l;bﬁ’( R | U g;b (20)!13'1(8)8 (R)

IA
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Each of the terms in the last finite sum is bounded above by (v/2)"~2, by
b+n—2
n—2
the following quantity is bounded (as a function of b).

M(x/i)’”( b:ﬁf ) (yﬁ")%, (4.5)

Lemma 3.4, and there are ) terms, by Proposition 3.3. If y, < R,

which could be shown by using the ratio test on the series formed by these
terms. By Proposition 3.7, this boundedness is enough to show that for all

(@', zy) t |z;| <wyj, j=1,...,n, the following series are convergent and equal.
(L b (o' +28) N o
Doamr | X il 2 g e | @) )
b=0 : o’ cWn—1 : |ﬁ/|:b .

(—1)bb! (a’—|—2/@’)! ,
= 2 ) T Cernpo | @) (4.6)
(o b)yewr "\ 1B =b :

An entirely analogous argument shows that

(—=1)°p! (o +208)! —
2): a'l(2b+1)! |Z g1 Clerrey | ()7 z (4
(a/,b)eWwn B'|=b

converges at the same points (z/, z,).

Since, for any (z’,x,) such that |z’| + |z, | < r, there exist (¢y',y,) and R
such that |z;| < y;, 7 =1,...,n,and 0 <y, < R < r — |¢|, both quantities
(4.6) and (4.7) converge for all (2/,z,,) in the claimed set, and, by Theorem
4.1, their sum is the same formal sum as Z Ca(T)*. O

acWn

The result on harmonic extension from a small ball to a larger one, Corol-
lary 2.3, follows from the Main Theorem.

Corollary 4.4. If u(Z) is harmonic in a connected open set U such that 0e
U C B((_)'7 1), and its series expansion satisfies the hypotheses of the previous
Theorem with r = \/2+¢, € > 0, then there is a harmonic function on B((_f, 1+
€/\/2), which agrees with u(Z) on the set U.

Proor. By the previous Theorem, the series Z car™ converges for all

acWn
& = (2, x,,) such that |z'| + |z, | < 7, defining a real analytic function @ such
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that @ = w on a neighborhood U’ C U (from the Proof of Corollary 4.2), and
therefore on all of U. The real analytic function A4 vanishes on the set U,
and therefore for all Z such that |2/| + |z,| < 7.

To prove the claim about the ball, note that B(0,r/v/2) is contained in
the domain of convergence, by the following elementary inequality.

o'+ |2n| < V2 /]2']? + 3. H

5 Generalizations

The Main Theorem generalizes, from harmonic functions in R™, to real analytic
solutions of other partial differential equations.

Corollary 5.1. Suppose u(Z) is a solution, on a ball B(ﬁ, p), of the Poisson
equation Au = Q(Z), where Q(Z) is a polynomial. If the Taylor series of
u(z’',0) and ug, (2',0) centered at ' = 0 converge for |z'| < r, then the
Taylor series of u(&) converges for all ¥ = (z',xy,) such that |x'| + |z,] < 7.

PROOF. As shown by [Y], such a solution v must be the sum of a polynomial
and a harmonic function, to which Theorem 1.1 applies. O

Another generalization is to modify the Laplacian operator:

Proposition 5.2. Suppose u(Z) is a smooth solution, on a ball B(ﬁ, p), of the
equation (c2A’ + (%)Q)u = 0, where ¢ > 0. If the Taylor series of u(z’,0)
and ug, (z',0) centered at ' =0’ converge for |z'| < r, then the Taylor series
of w(&) converges for all ¥ = (z',xy,) such that |z'| + clx,| < 7.

SKETCH OF PROOF. The arguments of the previous Section require only straight-
forward modifications, introducing the constant ¢ and the + or — sign to get a
new recurrence relation in the Proof of Theorem 4.1. By the end of the Proof
of Theorem 4.3, it would be enough to notice that the new version of quantity

(4.5),
o (b+n—2\ c yn\?
n—2
mevay (M) ()
is bounded for ¢ - y,, < R. O
Taylor series expansions of solutions of the n = 2 wave equation, (02(#;1)2—

(%2)2)u = 0, were considered by [B] when ¢ = 1, and more generally by [W1],
[W2]. A formula resembling Corollary 4.2 is stated by [Chen] for series solu-
tions of the n > 2 wave equation, without comment on the size of the domain

of convergence. For n > 2, the shape of the domain from Proposition 5.2,
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{Z || + c|lzn| < 7}, is similar (literally) to the “domain of determinacy” of
the wave equation ([Rauch] §1.8). In fact, the following Example shows that
the claim of Proposition 5.2 for the n = 2, ¢ = 1 wave equation is sharp, in the
sense that not only does the series for the given solution of the wave equation
converge on {Z : |z'| + ¢|x,| < 7}, but that the function does not even extend
continuously to any larger connected open set.

Example 5.3. The following function is a solution of the equation ., —uy =
0.

(2,1) 1— a2 —#t2

u(x,t) = .

’ (1 — 22 —12)2 — 4222

Note that u(z,0) = ﬁ has a convergent Taylor series for —1 < x < 1, and

ug(z,0) = 0, so Proposition 5.2 says that the two-variable Taylor series of u
converges on the open square {|x| + |[t| < 1}. The denominator of u is zero
on the union of the four lines z +t = £1, x — ¢t = +1, which contains the
boundary of the square.

This behavior is unlike the harmonic functions from Section 2, where the
domain of the harmonic functions extended beyond the domain of convergence
of the Taylor series.

6 A Less Elementary Approach

For purposes of comparison, we very briefly sketch an approach to the Main
Theorem that uses methods of partial differential equations, which apply in
far greater generality than is required for our problem.

The Main Theorem claims that the power series for a certain function u
converges on a set of the form {|z'| + c|x,| < r} C R™. If there were some
extension of u to a complex analytic function on the domain {|2'| + ¢|z,| <
r} C C", the convergence of the series would follow from Theorem 3.4 of [GF]
§1.3.

In fact, since u(z’,0) and u,, (z',0) are given by convergent series on the
real ball B/(0,7), they extend as complex analytic functions on the complex
ball S = {(2/,0) : |2| < r} € C", by Proposition 3.5. By the Cauchy-
Kovalevsky Theorem ([Hormander],[Rauch]), there exists a unique complex
analytic solution of the Laplace equation (or any of the generalizations from
the previous Section) on a neighborhood of S in C™, which agrees with u« and
its first derivatives on S. The extension of w, from this neighborhood (or
possibly an even smaller one with a suitable boundary) to the desired set in
C™, is then a matter of analytic continuation, using a continuity method as
presented by [Hérmander| §9.4.
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