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C. S. BALLANTINE

For each positive integer n, this paper gives necessary and
sufficient conditions (nasc) on a 2 x 2 real matrix S (of positive
determinant) that S be a product of n positive definite real
(symmetric 2 x 2 ) matrices. Also, when S is the product of
(real 2 x 2 ) positive definite matrices Pi, P2, •> P%> it is shown
that PlfP2," ,Pn, and S must satisfy a condition which
roughly speaking measures by how much (depending on S)
Pu Pz, - , Pn must collectively differ from scalar matrices.

For n = 1 or 2, the abovementioned nasc are known. For n = 3,

the nasc on

S-[e d
is (besides that ad — be > 0) that

(e — b)2 > A(ad — be) whenever a + d ^ 0 .

Thus S is here, in a sense, bounded away from the set of negative
definite matrices, but its characteristic values may be both negative,
since (α + d) and (ad — be) may be chosen arbitrarily (except of course
that ad — be must be positive) and independently. For n = 4, the
nasc on S is (besides that ad — be be positive) just that S not be a
negative scalar matrix. For n ^ 5, the nasc is just that ad — be be
positive.

These results are extensions of [1, Th. 1] and are obtained,
without much additional effort, from the mechanism used in [1,1. c],

2. Main results* We follow the notation of [1], Let

~a b~
( 1 ) Γ = J- ( 1 / 2 ) S = , ad — be — 1 ,

e d

where A = det S (note the slight change in notation from the pre-
vious section). We call T the unimodular part of S. Let

(2) p - [(a + df + (c - δ)2]1/2 = [(α - d)2 + (c + d)2 + 4]1'2 ,

( 3 ) ζ = i pβ*' = i [(α + d) + ί(c - 6)] (I /9 I ̂  π) ,

(4) 2 - [(α + d) + φ - δ)]-1 [(α - d) + i(c + b)] ,

( 5 ) ^ = 2 argtanh | s | = 2 argcosh ( —

427
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(since p = 2 (1 - | z |2)~(1/2)).
We shall mean by an "n-gonal arc" a polygonal curve which may

or may not be closed and which has at most n sides. For any kind
of arc we call the segment from its terminal point to its initial point
(so directed, if the arc is directed) the chord of the arc and its length
the chordlength of the arc. For a rectiίiable arc we define the area
of the arc to be the algebraic area of the closed curve consisting of
the arc plus its chord. We define functions Fn(A, p) and F(A, p)
geometrically in terms of plane hyperbolic geometry as follows:
Fn(A, p) is, for given A and p, the minimum arclength of w-gonal
arcs of area A and chordlength p; and F(A, p) is, for given A and
p, the minimum arclength of rectifiable arcs of area A and chordlength
p. It is known that, given A and p for which at least one w-gonal
arc has area A and chordlength p, there is, up to congruence, exactly
one w-gonal arc of area A, chordlength p, and arclength Fn(A, p),
namely, the simple regular w-gonal arc (if p = 0 this is just a closed
regular polygon of exactly n sides, and if p > 0 this is a simple poly-
gonal arc of exactly n sides which are all equal and which include
equal angles) of area A and chordlength p. Similarly, it is known
that, given p ^ 0 and A, there is, up to congruence, exactly one
rectifiable arc of area A, chordlength p, and arclength F(A, p), namely,
the simple circular arc of area A and chordlength p. Clearly

F%(A, P) > F(A, p)

for every n, and

Fn(A, P)— F(A, p ) a s ? ι - c .

Now, F(A, p) is defined for all p ^ 0 and all real A (and we have
F(— A, p) = F(A, p) and likewise for Fn), but the domain of Fn is
somewhat more restricted, as given by the following result from
hyperbolic geometry.

LEMMA 1. Let n be a positive integer, p be a nonnegative real
number, and A a real number. Then there exists an n-gonal arc of
area A and chordlength p (i. e., Fn(A, p) is defined) if and only if

A\<(n — 2)π + 2 arccos sech

ivhen n > 2, and when n — 2 and p > 0; and A — 0 otherwise (i.e.,
when n = 1, and when n — 2 and p = 0).

The proof of this lemma proceeds by standard arguments of
hyperbolic geometry, once we notice that the right side of the ine-
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quality (6) is, for n — 2, just the area of an infinite isosceles "triangle"
of base p (here "isosceles" means the base angles are equal).

The analytic formulas for Fn and F are rather complicated and
are not given in standard references. We give them for reference at
the end of this article.

We are now in position to state and prove our main result.

THEOREM 1. Let Ply P2, , Pn be real (symmetric) 2 x 2 positive

definite matrices and let

( 7 ) S = P I I . . . P 1 P 1 .

For each j , 1 ^ j ^ n, let X3 be the larger eigenvalue of Pj9 Let
Δ = det S. Then Fn(2β, p) is defined, and

(8 ) Πi=i λj ^ A e^(2'θ'p) > A e F ( 2 ^ ,

where Fn and F are defined above and β and p are defined by
(1), (2), (3), and (5). On the other hand, given S such that A > 0
and Fn(2β, p) is defined, there exist real positive definite matrices
Pu Pz, i Pn such that (7) holds and (8) holds with equality in the
first inequality.

REMARKS. Combining Lemma 1 with the last part of Theorem 1
and (2), (3), and (5), we get the nasc stated in the summary that the
factorization (7) be possible: if n = 1, then β = 0 so c = b and
a + d ^ 2, that is, T (and hence S) is positive definite (this case is
trivial, but we include it for the sake of completeness); if n — 2, then
β = 0 if p = 0 and if p > 0 then

I β I < arccos —
V p

that is, a + d = p cos β > 2 or else T = I, and these are just the
cases where T (and likewise S) is diagonable with positive character-
istic values; if n = 3, then

\β\<(E) + arccos fi-
2/ \,2/ \p>

which is equivalent to the condition (always p ^ 2)

I c — δ| = p sin | β | > 2 whenever α + d = p cos β ^ 0

if w = 4, then | /3 | < π + arccos (2/p), which precludes only the case
p = 2, I /3 I — π, that is, the case T = —I; if w ^ 5, then /3 and p
are unrestricted (aside from | β \ ̂  π, p ^ 2).

Theorem 1 is derived (i.e., proved) in the same way Theorem 2.4
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of [1] is derived, using the fact, shown in [1], that the factorization
(7) (which induces the factorization

T = Qn QA ,

where Qd is the unimodular part of P3 , j = 1, 2, , n) corresponds
under (4) to an w-gonal arc (in the Poincare hyperbolic metric) in the
unit disc of the z-plane. As shown in [1], the area of this arc is 2/3
and its chordlength is 2 argcosh (p/2), i.e., is the number p given by
(5). The unimodular case of (8) is thus derived as in the cited
theorem, and the general case follows trivially from the unimodular
case.

3* Geometric interpretation* In [1] it is mentioned that a + d
and c — b (hence ζ, given by (3)) form a complete system of rotation-
similarity invariants of T. We may thus expect to get a clearer
picture of the situation by considering in more detail the correspondence
between polygonal arcs in the £-plane and their images in the ζ-plane.
It is clear that these ζ-curves are excluded from the unit disc (| ζ | ^ 1
since p ^ 2) and all start at ζ = 1 (corresponding to T — /), so all
the 2-curves start at z = 0. One sees that positive definite T cor-
respond to those ζ which are real and ;> 1, negative definite T cor-
respond to ζ which are real and <£ — 1, T = — I corresponds to ζ =
— 1, the matrix T of a rotation by the angle β corresponds to ζ =
eiβ (and to 2 = 0, for all β), T has distinct positive characteristic
values if and only if Re ζ > 1, T has both characteristic values = 1
if and only if Re ζ = 1, both characteristic values are nonreal if and
only if | Re ζ | < 1, and both are negative if and only if Re ζ ^ — 1.

The ζ-arcs corresponding to polygonal 2-arcs are piecewise analytic
arcs. Each piece, when extended indefinitely in both directions, is an
analytic curve which is asymptotic to two rays from the origin making
an angle > 0 and < ττ/2 (one sees this by noting that β — arg ζ and
2/3 is the area of the corresponding geodesic in the 2-plane), except
for those which lie entirely on one ray through the origin (the ex-
tensions of radial pieces). These latter are analytic except where they
meet the unit circle; they come in from co y "bounce" off the unit
circle, and go back to oo along the same ray. One sees that, through
a given point in the ζ-plane exterior to the unit circle, and in a given
nonradial direction at that point, there is one and only one of these
analytic curves, and the nonradial pieces cut each ray from the origin
at most once. It is also clear that the nonradial pieces do not meet
the unit circle at all. (All this can be seen without any detailed
calculation. One might suspect from the above properties that each
analytic curve which extends a nonradial piece is a branch of a hyper-
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bola with center at ζ = 0. Calculation shows that this is indeed the
case and that further the semi-transverse axis a and the semi-con-
jugate axis b of each such hyperbola satisfy α2 — b2 = 1. Thus one
sees that also the extension of each radial piece is one branch of a
degenerate hyperbola with center at ζ = 0 and with a = 1 and δ = 0,
the limiting case of the nonradial hyperbolas.)

The mapping from the £-plane into the ζ-plane is a mapping of
arcs into arcs, and is not a single-valued mapping of points into points,
not even locally. But as one can see from the formulas in [1], the
mapping is locally conformal (when z Φ 0, i.e., when | ζ | > 1), in the
sense that the angle of a "corner" in a 2-arc is the same as the angle
of the corresponding corner in the image ζ-arc. One can further see
that radial pieces in the £-plane correspond to (and only to) radial
pieces in the ζ-plane.

Thus we see that a 1-gonal 2-arc (starting at z = 0 always) maps
onto a segment of the real ζ-axis, starting at ζ = 1 and going to the
right (i.e., outward). Thus the first piece of the image of a 2-gonal
2-arc is a segment lying radially outward from ζ = 1 and the terminal
point of the second piece may be any point to the right of the line
Re ζ = 1 (or may be the point ζ = 1), and only such a point. The
terminal point of the image of a 3-gonal 2-arc may be any point ζ
such that I ζ I ̂  1 and such that

I Im ζ I > 1 whenever Re ζ ^ 0 ,

and only such a point. Thus we see that the images of 3-gonal £~arcs
are bounded away from the negative real ζ-axis (hence the correspond-
ing Γ-arcs are bounded away from the set of negative definite sym-
metric matrices). The terminal point of the image of a 4-gonal £-arc
may be any ζ such that | ζ ( Ξ> 1 and ζ Φ — 1 (and only such ζ), and
the terminal point of the image of an ?ι-gonal arc with n Ξ> 5 may
be any ζ such that | ζ | >̂ 1.

4* Analytic formulas for Fn and F. Fn(A, p) is given implic-
itly by the system of equations

2na = Fn(A, p) ,

\A\ = n(π — 2a) — 2 arcsin cos a coth a tanh ( — ) ,

sίnh ( —) = (sinh a) Un.^ (sin a cosh a) ,

where (in order that the regular w-gonal arc be simple)

sin a cosh a ^ cos (—
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and where the principal branch (from — π/2 to π/2) of the arcsine
is taken, except when

sin a cosh a < cos — ,
2n

in which case the second branch (from π/2 to 3π/2) is taken. Un^
is the Chebyshev Polynomial of the Second Kind of degree n — 1.
(The geometric meaning of a is half the angle included between the
sides of the regular %-gonal arc.) Of course n, A, and p must satisfy
the condition given in Lemma 1. For some values of n, A, and p we
can give Fn(A, p) explicitly. For example, corresponding to a regular
closed polygon of n sides, n >̂ 3, we have, for \A\<(n — 2)π,

Fn{A, 0) = 2n argcosh [7cos — W * A l + ^ 1
LΛ nJ 2n J

(In [1] .FΛ(il, 0) was called Fn(A).) Corresponding to half of a regular
closed polygon of 2n sides (n Ξ> 2) we have in terms of A, for

- 2 ^ argcosh f f cos — ) sec | A | + π ) ,
\\ 2w/ 2w /

and in terms of p, for p ^ 0,

W - 7Γ + 2^ arctan (tan — cosh -£.V
V \ 2w 2/

= 2^argsinh (sin — sinh-@
V 2n 2

, |θ) is given implicitly by the system

s = F(A, p) ,

A — Λ:S — 2 arcsin ( Λ: t anh -^ )
V 2/

(10) v2 - Λ:2 - 1 ,

where A; is always real (v need not be real) and (so that the circular
arc be simple)

v2s2 ^ 4τr2 ,
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and where the principal branch of the arcsine is taken except when
vV > π2, in which case the second branch is taken. (The expression
on the right side of (9) is an even function of v, hence by (10) an
entire function of tc and s, and is real for real tc and s). The geo-
metric meaning of fc is the (constant) geodesic curvature of the cir-
cular arc. For some values of A and p we can give F(A, p) explicitly.
For example, corresponding to a full circle we have

F(A,0) = (A2 + 4τr |A |) 1 / 2 .

Corresponding to a semicircular arc we have in terms of A

, 4 a r g s i n h (lALJ1^ = (A2 + 2π\A | ) 1 / 2 ,

and in terms of p, for p ^ 0,

F(2π sinh2 Uλ, p) = π sinh (£λ .

REFERENCE

1. C. S. Ballantine, A semigroup generated by definite matrices, J. Analyse Math. 12
(1964), 257-275.

Received August 11, 1966.

OREGON STATE UNIVERSITY





PACIFIC JOURNAL OF MATHEMATICS

EDITORS
H. ROYDEN

Stanford University
Stanford, California

J. P. JANS

University of Washington
Seattle, Washington 98105

J. DUGUNDJI

Department of Mathematics
Rice University
Houston, Texas 77001

RICHARD ARENS

University of California
Los Angeles, California 90024

E. F. BECKENBACH

ASSOCIATE EDITORS
B. H. NEUMANN F. WOLF K. YOSIDA

SUPPORTING INSTITUTIONS
UNIVERSITY OF BRITISH COLUMBIA
CALIFORNIA INSTITUTE OF TECHNOLOGY
UNIVERSITY OF CALIFORNIA
MONTANA STATE UNIVERSITY
UNIVERSITY OF NEVADA
NEW MEXICO STATE UNIVERSITY
OREGON STATE UNIVERSITY
UNIVERSITY OF OREGON
OSAKA UNIVERSITY
UNIVERSITY OF SOUTHERN CALIFORNIA

STANFORD UNIVERSITY
UNIVERSITY OF TOKYO
UNIVERSITY OF UTAH
WASHINGTON STATE UNIVERSITY
UNIVERSITY OF WASHINGTON

* * *
AMERICAN MATHEMATICAL SOCIETY
CHEVRON RESEARCH CORPORATION
TRW SYSTEMS
NAVAL ORDNANCE TEST STATION

Mathematical papers intended for publication in the Pacific Journal of Mathematics should be
typewritten (double spaced). The first paragraph or two must be capable of being used separately
as a synopsis of the entire paper. It should not contain references to the bibliography. Manu-
scripts may be sent to any one of the four editors. All other communications to the editors should
be addressed to the managing editor, Richard Arens at the University of California, Los Angeles,
California 90024.

50 reprints per author of each article are furnished free of charge; additional copies may be
obtained at cost in multiples of 50.

The Pacific Journal of Mathematics is published monthly. Effective with Volume 16 the price
per volume (3 numbers) is $8.00; single issues, $3.00. Special price for current issues to individual
faculty members of supporting institutions and to individual members of the American Mathematical
Society: $4.00 per volume; single issues $1.50. Back numbers are available.

Subscriptions, orders for back numbers, and changes of address should be sent to Pacific Journal
of Mathematics, 103 Highland Boulevard, Berkeley 8, California.

Printed at Kokusai Bunken Insatsusha (International Academic Printing Co., Ltd.), 7-17, Fujimi
2-chome, Chiyoda-ku, Tokyo, Japan.

PUBLISHED BY PACIFIC JOURNAL OF MATHEMATICS, A NON-PROFIT CORPORATION
The Supporting Institutions listed above contribute to the cost of publication of this Journal,

but they are not owners or publishers and have no responsibility for its content or policies.



Pacific Journal of Mathematics
Vol. 23, No. 3 May, 1967

A. A. Aucoin, Diophantine systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 419
Charles Ballantine, Products of positive definite matrices. I . . . . . . . . . . . . . . . . . . . . . . 427
David Wilmot Barnette, A necessary condition for d-polyhedrality . . . . . . . . . . . . . . . 435
James Clark Beidleman and Tae Kun Seo, Generalized Frattini subgroups of finite

groups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 441
Carlos Jorge Do Rego Borges, A study of multivalued functions . . . . . . . . . . . . . . . . . . 451
William Edwin Clark, Algebras of global dimension one with a finite ideal

lattice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 463
Richard Brian Darst, On a theorem of Nikodym with applications to weak

convergence and von Neumann algebras . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 473
George Wesley Day, Superatomic Boolean algebras . . . . . . . . . . . . . . . . . . . . . . . . . . . . 479
Lawrence Fearnley, Characterization of the continuous images of all

pseudocircles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 491
Neil Robert Gray, Unstable points in the hyperspace of connected subsets . . . . . . . . . 515
Franklin Haimo, Polynomials in central endomorphisms . . . . . . . . . . . . . . . . . . . . . . . . . 521
John Sollion Hsia, Integral equivalence of vectors over local modular lattices . . . . . 527
Jim Humphreys, Existence of Levi factors in certain algebraic groups . . . . . . . . . . . . 543
E. Christopher Lance, Automorphisms of postliminal C∗-algebras . . . . . . . . . . . . . . . . 547
Sibe Mardesic, Images of ordered compacta are locally peripherally metric . . . . . . . 557
Albert W. Marshall, David William Walkup and Roger Jean-Baptiste Robert Wets,

Order-preserving functions: Applications to majorization and order
statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 569

Wellington Ham Ow, An extremal length criterion for the parabolicity of
Riemannian spaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 585

Wellington Ham Ow, Criteria for zero capacity of ideal boundary components of
Riemannian spaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 591

J. H. Reed, Inverse limits of indecomposable continua . . . . . . . . . . . . . . . . . . . . . . . . . . . 597
Joseph Gail Stampfli, Minimal range theorems for operators with thin spectra . . . . . 601
Roy Westwick, Transformations on tensor spaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 613
Howard Henry Wicke, The regular open continuous images of complete metric

spaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 621
Abraham Zaks, A note on semi-primary hereditary rings . . . . . . . . . . . . . . . . . . . . . . . . 627
Thomas William Hungerford, Correction to: “A description of Multi (A1, · · · , An)

by generators and relations” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 629
Uppuluri V. Ramamohana Rao, Correction to: “On a stronger version of Wallis’

formula” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 629
Takesi Isiwata, Correction: “Mappings and spaces” . . . . . . . . . . . . . . . . . . . . . . . . . . . . 630
Henry B. Mann, Josephine Mitchell and Lowell Schoenfeld, Correction to:

“Properties of differential forms in n real variables” . . . . . . . . . . . . . . . . . . . . . . . 631
James Calvert, Correction to: “An integral inequality with applications to the

Dirichlet problem” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 631
K. Srinivasacharyulu, Correction to: “Topology of some Kähler manifolds” . . . . . . . 632

Pacific
JournalofM

athem
atics

1967
Vol.23,N

o.3

http://dx.doi.org/10.2140/pjm.1967.23.419
http://dx.doi.org/10.2140/pjm.1967.23.435
http://dx.doi.org/10.2140/pjm.1967.23.441
http://dx.doi.org/10.2140/pjm.1967.23.441
http://dx.doi.org/10.2140/pjm.1967.23.451
http://dx.doi.org/10.2140/pjm.1967.23.463
http://dx.doi.org/10.2140/pjm.1967.23.463
http://dx.doi.org/10.2140/pjm.1967.23.473
http://dx.doi.org/10.2140/pjm.1967.23.473
http://dx.doi.org/10.2140/pjm.1967.23.479
http://dx.doi.org/10.2140/pjm.1967.23.491
http://dx.doi.org/10.2140/pjm.1967.23.491
http://dx.doi.org/10.2140/pjm.1967.23.515
http://dx.doi.org/10.2140/pjm.1967.23.521
http://dx.doi.org/10.2140/pjm.1967.23.527
http://dx.doi.org/10.2140/pjm.1967.23.543
http://dx.doi.org/10.2140/pjm.1967.23.547
http://dx.doi.org/10.2140/pjm.1967.23.557
http://dx.doi.org/10.2140/pjm.1967.23.569
http://dx.doi.org/10.2140/pjm.1967.23.569
http://dx.doi.org/10.2140/pjm.1967.23.585
http://dx.doi.org/10.2140/pjm.1967.23.585
http://dx.doi.org/10.2140/pjm.1967.23.591
http://dx.doi.org/10.2140/pjm.1967.23.591
http://dx.doi.org/10.2140/pjm.1967.23.597
http://dx.doi.org/10.2140/pjm.1967.23.601
http://dx.doi.org/10.2140/pjm.1967.23.613
http://dx.doi.org/10.2140/pjm.1967.23.621
http://dx.doi.org/10.2140/pjm.1967.23.621
http://dx.doi.org/10.2140/pjm.1967.23.627
http://dx.doi.org/10.2140/pjm.1967.23.629
http://dx.doi.org/10.2140/pjm.1967.23.629
http://dx.doi.org/10.2140/pjm.1967.23.629
http://dx.doi.org/10.2140/pjm.1967.23.629
http://dx.doi.org/10.2140/pjm.1967.23.630
http://dx.doi.org/10.2140/pjm.1967.23.631
http://dx.doi.org/10.2140/pjm.1967.23.631
http://dx.doi.org/10.2140/pjm.1967.23.631
http://dx.doi.org/10.2140/pjm.1967.23.631
http://dx.doi.org/10.2140/pjm.1967.23.632

	
	
	

