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LOCAL S1 ACTIONS ON 3-MANIFOLDS

RONALD FINTUSHEL

A classification is given for 5 1 bundles with structure group
O(2) and base space a 2-manifold with nonempty
boundary. This result is used to obtain equivariant and to-
pological classification theorems for closed 3-manifolds which
admit a local S 1 action; i.e., a decomposition into circles and
points such that each decomposition element has an invariant
neighborhood admitting an effective circle action with the ele-
ments of the decomposition as orbits. This extends certain
results of Orlik and Raymond and corrects a theorem of Orlik,
Vogt, and Zieschang.

A local S1 action on a topological space X is a decomposition of X
into disjoint points and simple closed curves such that each decomposi-
tion element has an invariant neighborhood admitting an effective circle
action with the elements of the decomposition as orbits. A 3-manifold
with local S1 action can be described in terms of an S1 bundle over a
2-manifold with boundary and various building blocks which are attached
to this bundle. These building blocks are solid tori, solid Klein bottles,
or Mόbius band bundles over the circle.

In [4] Orlik and Raymond defined a class of 3-manifolds which
included the 3-manifolds admitting an S1 action ([3], [6]) and the Seifert
manifolds ([2], [5], [7]). The manifolds described in [4] are those 3-
manifolds with local S1 action which arise from S1 bundles having no
Klein bottle boundary component, and a complete equivariant and
topological classification is given in [4] for these manifolds. We extend
these theorems to the complete class of 3-manifolds with local Sι

action. As a result of the added generality we obtain in Theorem 4 a
new class of K{ττ, 1) 3-manifolds which admit unique local S1

actions. The referee has pointed out that these manifolds are actually
special cases of 3-dimensional "Seifert Fiberings", studied by Conner and
Raymond [1], where the properly discontinuous group of transformations
of the plane, N, contains reflections.

In order to extend the results of [4] it is necessary to classify up to
weak bundle equivalence S1 bundles with structure group O(2) and base
space a compact 2-manifold with boundary. This is done in §1. In view
of the results of this section, the fiber-preserving homeomorphism
classification of Seifert manifolds given by Orlik, Vogt, and Zieschang [5]
must be corrected when considering Seifert manifolds with Klein bottle
boundary components (/^0 in [5]).

in
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We have retained most of the notation of [4], and we refer the reader
to that paper for explanation of the terminology and notation not
explicitly defined here.

1. Circle bundles over compact 2-manifolds with
b o u n d a r y . Let B be a compact connected 2-manifold with nonempty
boundary. The usual equivalence classes of Sι bundles over B with
structure group O(2) are in 1 — 1 correspondence with Hom(ττi(B), C 2),
C2 being the multiplicative group of order 2. If p: E-+B is an S1

bundle, the corresponding homomorphism ω sends an element of τrx(B)
to + 1 or - 1 according as the orientation on a fiber is preserved or
reversed when a representative loop in B is traversed.

We wish to classify S 1 bundles over B up to weak bundle equival-
ence, meaning that the equivalence is allowed to induce a nontrivial
homeomorphism of B. An automorphism of TT\{B) is called geometric if
it is induced by a homeomorphism of B. The following lemma is easily
verified.

L E M M A 1. The S1 bundles pλ: Ex-+B and p2: E2-^B are weakly
equivalent if and only if there is a geometric automorphism a of πx{B) such
that ω / α = ωp i, where ωPt is the homomorphism τri(£)—> C2 correspond-
ing to pt: Et—>B.

Thus it suffices to classify homomorphisms πx{B)-*C2 up to the
equivalence given by ωγ ~ ω2 if there is a geometric automorphism a of
ΊΓX(B) such that ω2°a - ωλ. If B has genus g and m boundary
components πλ(B) = (ah bn st | sx -sm[au bx] *[αg, bg]) if B is orient-
able, and TΓ^B) = (vh st\sι — -sm v\ -v]) if B is nonorientable. Seifert's
classification [7] for the case m = 1 is as follows where the ot correspond
to orientable B and the nx correspond to nonorientable B:

o2

nλ

n2

n3

n4

represented by ω{a})= ω{bj)= + 1 for all /

represented by ω(α y ) = ω{b}) = - 1 for all / (g ̂  1)

represented by ω(vj)= + 1 for all /

represented by ω(v})= - 1 for all /

represented by ω{vλ) = + 1 , ω(v}) = - 1 for / > 1 (g = 2)

represented by ω(vλ) = ω(v2) = + 1 , ω(υ ; ) = - 1 for / > 2 (g g 3).

The classification is carried out for the general case by Orlik, Vogt,
and Zieschang in [5] where it is claimed that Seifert's classification holds
for m > 1. The argument given in [5] shows this to be true if ω(s t ) = -f 1
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for all i. However, in case some ω(st)= — 1, we show that oλ and o2

collapse to a single class 0, and nu n2, n3, n4 collapse to a single class n.

THEOREM 1. Let B be a compact connected 2-manifold with
nonempty boundary. The weak equivalence classes of S1 bundles over B
with structure group O(2) are in 1 — 1 correspondence with the pairs (β, k)
where the even integer k is the number of st with ω(s,)= - 1, and if B is
orientable e = o1 or o2 if k = 0 and e = o if k^O; if B is nonorientable
e = nu n2, n3, or n4 if k = 0 and e = n if k ^ 0.

We need the following result of Zieschang [8] to verify that the
automorphisms which we define are geometric:

An automorphism a of πλ(B) is geometric if and only if
a(st)= /,5'ί/Γ1, i = l, ,m, with (ί —>rf) a permutation
and ζ(lι)eι = e = ± 1 , ( G ττλ{B). [The expression £(/,) is
+ 1 or - 1 according as the number of u,'s occurring in an
expression for /, is even or odd.]

Proof of Theorem 1. Consider ω E Hom(ττι(B), C2) with ω(sd) =
- 1 for some d. Composing ω with the following geometric automor-
phism φ of πλ(B) shows that we may assume ω(sm)= - 1 .

ψ(Si) = sn i = 1, , d - l

φ(st) = sdsts^\ i = d + 1, , m - 1

Φ(sm)= sd

φ(a})=ap φ(bJ)=bJy ψ(v})= vn j = l, ,g.

If β is orientable and ω{aλ) = - 1 then [2; Theorem 5.2] exhibits a
geometric automorphism γ of ττi(J3) such that ω ° y(a}) = ω ° y(bj) = - 1
for all /. Suppose ω(ar) = + 1 and define a geometric automorphism a
of TΓ^B) by

a{a])=an yV 1

a(bj)= bn for all y.

Then α>oα(α1)= - 1 . After applying γ if necessary, we may suppose
that ω(α ;) = ω(fey) = - 1 for all y.
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If B is nonorientable, the arguments of [5] place ω in one of the
classes nu n2, n3, n4. Define the geometric automorphisms βr and δ of

as follows.

βr(Si)= sh i = l, ,m

βr(Vr)= VrV^V;1

βr(Vr + l)= VrV
2

r+1

δ(s,) = sn

P. Orlik [2; Theorem 5.2] has defined geometric automorphisms
which reduce by two the number of υ; such that ω(υ7 ) = + 1 . By
applying these together with δ and the βr we may reduce each of the
classes nu n3, n4 to n2.

Finally, note that if k is the number of 5, such that ω(s, ) = - 1, then
k is invariant under geometric automorphism. This follows immed-
iately from the theorem of Zieschang stated above. Since ω(sl'-
sm[au bλ] - - -[αg, bg])= + 1 (respectively, ω(sλ - -smv] ι?2

g)= +1), k is
even.

2. Equivariant classification. Let M be a closed con-
nected 3-manifold with local S1 action and let p:M-*M* be the
decomposition map. The decomposition elements (fibers) are circles
and points. A point fiber has a neighborhood in M which is fiber
homeomorphic to the 3-disk with orthogonal S1 action. A circle fiber
has an invariant tubular neighborhood in M fiber homeomorphic to one
of the following: (i) D 2 x S1 with S1 action by translation in the second
factor, (ii) D2xzβ

ι with S1 action where Za acts on D2 by
rotations. The fiber {0}xZα5

! is called an E-fiber and is assigned Seifert
invariants (α, β) as in [4]. (iii) D2xZ2S

ι with S1 action where Z2 acts on
D2 by reflection. If / is the axis of reflection in D2 then the fibers of
IXz2S

ι in D2xZ2S
ι are called SE-fibers. Circle fibers which are not E or

5J5-fibers are called regular fibers. Restricted to the union of the
regular fibers of M, p is the projection map of an 51 bundle with structure
group O(2).

It is now seen that M* is a 2-manifold whose boundary components
are the images of components of SE -fibers or point fibers. The compo-
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nents of point fibers in M are circles which we call F-components. An
F-component has an invariant 2-disk bundle neighborhood V, whose
boundary, dV> is a subbundle of the bundle of regular fibers. If d V is an
orientable S1 bundle then V is a solid torus which is one of the building
blocks described in [4]. If d V is fibered as the nonorientable S1 bundle
over S1 then the building block V is a solid Klein bottle fiber
homeomorphic to the space obtained by taking d V x [0,1] and collapsing
the fibers of dVx{0} to points. Any cross section of dV extends to a
cross section of V. We shall distinguish between the above two cases by
calling the F-component orientation-preserving in the first case and
orientation-reversing in the second case.

A component C of SE-fibers has an invariant tubular neighborhood
U which is a Mόbius band bundle over the boundary circle p(C) of
M*. The restriction of this bundle to dU is a subbundle of the S1

bundle of regular fibers. If dU is an orientable S1 bundle over Sι then
U is homeomorphic to the product of the Mόbius band with the circle,
and C is a torus. This neighborhood U is one of the building blocks of
[4]. If d U is a nonorientable Sι bundle over S1 then U is the nontrivial
Mόbius band bundle over p(C), and C is a Klein bottle. This building
block U is fiber homeomorphic to the space obtained by taking dU x
[0,1] and collapsing the fibers of dU x {0} by the antipodal map. Any
cross section of dU thus extends to a cross section of U.

Let 6 take on the values o, ou o2, n, nu n2, n3, or n4. Let g, ft, ku t, k2

be nonnegative integers such that k = kx + k2 is even, &! ̂ = ft, fc2 ̂  /, g = 1
for 6 = 02, nu n2, n g ^ 2 for e = n3, g ^ 3 for e = n4, and e = o or n if
and only if k^ 0. Let (αy, β}) for / = 1, , r be pairs of relatively prime
integers such that 0 < β} < α7 if e = oλ or n2 and 0 < β} ^ α,/2
otherwise. Let 6 = 0 if ft + ί > 0 or if e = o2, Hi, n3, or n4 and for some /,
α; = 2. Let 6 = 0 or 1 if ft + ί = 0 and e = o2, nu n3, or nA and no
αy = 2. Let fe be an arbitrary integer if h + t = 0 and e = oλ or n2.

By the 3-manifold M = {b; (β, g, (ft, fcO, (*, k2))\ (au ft), , (αr, β,)}
we mean the closed connected 3-manifold constructed as follows. If
ft + ί > 0 let M% be a 2-manifold of genus g with ίϊ + t + r boundary
components and which is orientable if e = o or o, and nonorientable if
e = /t or n,. Let Mo be an S1 bundle over M% determined by
(e, k). Standard obstruction theory shows that this bundle admits a
cross section. On each of the h + t + r — k torus boundary components
of Mo the structure group of the bundle reduces to SO(2) and we have an
S1 action. For each / = 1, , r equivariantly sew a solid torus D2xZaS

λ

of type (α; , β,) to a torus boundary component of Mo Now equivalently
sew h - kλ building block neighborhoods of orientation-preserving F-
components and t - k2 building block neighborhoods of torus SE-
components to the remaining torus boundary components of Mo These
sewings are described in [4]. Sew kλ building block neighborhoods of
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orientation-reversing F-components and k2 building block neighbor-
hoods of Klein bottle SE-components to the Klein bottle boundary
components of Mo using O(2) bundle homeomorphisms for the
attachings. The resulting manifold is M If h + t = 0 let M be the
Seifert manifold {b (e, g, 0,0); (au βι), , (an βr)} of [4].

In any case if k = 0 the manifold {b; (e, gχ(Λ,0), (ί,0));
(au j3i), , (αΓ, βr)} is just the manifold {b, (e, g, h, ί); (au βx\ , (απ βr)}
of [4]. Since Orlik and Raymond have given equivariant and topologi-
cal classification of these, we shall deal with the case k ̂  0.

If M and M' are 3-manifolds with local S1 actions they are defined to
be equivariantly equivalent if there is a fiber-preserving homeomorphism
from M to M' which is orientation-preserving on M - SE, if M - SE is
oriented. When fc^O equivariant equivalence reduces to fiber-
preserving homeomorphism.

THEOREM 2. If M is a closed connected 3-manifold with local S1

action, it isdetermined up to equivariant equivalence by the orbit invariants
{b; (e, g, (h, kλ), (t, fc2)); (α1? βλ), , (an βr)}.

Proof. Given M l9 the invariants are assigned in the obvious
fashion. When e / θ i θ r n 2 the Seifert invariants {ah β}) must be reduced
to 0 < βj ^ a, 12 since M - SE is nonorientable. (See, for example, [7; p.
189].) If k = kx + k2 = 0 the result is Theorem 0 of [4]. The general
case is an easy extension using the fact that cross sections on the
boundary of building block neighborhoods of F or SE-components
extend to cross sections of the whole neighborhood.

3. Topological classification. Again we discuss only the
case k/0. See [4] Theorems 1, 2, and 3 where the case k = 0 is
completed. We first deal with F^ 0 .

THEOREM 3._ Let M = {0; (β, g, (h, k{), (t, fc2)); (al9 ft), * , («π βr)}
with k/0 and h^O. Then M is homeomorphic to N Φ (S2x Sιf #
(P2xSιγ Φ L(aι,βι)# •••# L(anβr) where g =2g + h -2 if e = o
and g = g + h - 2 if e = n, where N is replaced by S2x S1 if t > 0.

Proof The proof is the same as that given in [3], [4], and [6] once it
is noted that {0; (o, 0, (2,2), (0,0))} = N and {0;(o, 0,(1,1), (1,1))} =
P 2 x S \

LEMMA 2. Let M = {0; (e, g, (0,0), (ί, k)); (au βλ), , (an βr)} with
kjέO. The orientable double cover of M is
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M = {-r;(n 2 ,g,(0,0),(0,0));(α 1 , i8 1 ),(α 1 ,α 1 -β 1 ), ,(απi8Γ),

(anar-βr)}

where g = 4g + 2t -2 if e = o and g =2g +2t -2 if e = n.

Proof A building block neighborhood of a Klein bottle SE-
component has orientable double cover an annulus bundle over S1 with
boundary a torus. It is a Seifert manifold whose decomposition space is
the Mόbius band. It follows that M is a Seifert manifold. The
computation of M may now be carried out in the spirit of [7; §9].

THEOREM 4. Suppose M = {0; (β, g, (0,0), (ί, k)); (al9 ft), ,
(anβr)} with fc^O. Then

(1) {0;(o,0,(0,0),(2,2))}=S*ί: (see [4])
(2) All other manifolds admit only the local Sι action given. They

are K(π, l)'s and do not fiber over S\

Proof The only manifold of this class whose orientable double
cover is not a large Seifert manifold (see [2]) is (1). That (1) is S*K is
seen geometrically. Consider an M not (1). If e = o

ττλ{M) = (an bh qp ft, rh h h s p , h ' p \ π * r x - -rt-ksx s

where / = l, , g ; ; = l, , r ; p = l, ,fc; / = 1, , ί - fe, and
^ * = <7i * * ?r[α l 5 6J -[αg, 6 g ] . If e = n,

= (υn qn ft, r,, hhsp,h'p\

where π * = <jfi qfrϋ? u g .
The subgroup (ft) is infinite and is the unique maximal cyclic normal

subgroup of

7Γi(M)/(ft) = (ά,, ζ , <?„ Γ/, ft/, Sp, Λp I 7Γ * Π Γ r - ^ 5k, ŷ%

or

(ϋw 4, F/, ft), 5P, ft; I if *?! -rt-kSi - - sk, <j;
α', [rz, ft/], [sp, ft;], ft?, ft;2).

By [8; Theorem IV. 11] ττi(M)/(ft) is a planar discontinuous group. Thus
by [8; Theorem IV.9] e, g, and ί are determined by πλ{M)l{h). The
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number of conjugacy classes of elements of finite order in πλ(M)/(h)
which have noncyclic centralizer is t.

Let [x] denote the conjugacy class of x E πλ(M)l(h). The integer k
is the number of conjugacy classes [JC] of elements of finite order in
ττι(M)/(h) such that there is a z E πλ{M) which is not in the centralizer of
h such that z is in the centralizer of y for some y E [JC]. Thus k is
determined by ττi(M). The orientable double cover M is the large
Seifert manifold given by Lemma 3. Thus au ,α r are determined,
and βu , βr are determined by the normalization 0 < βy ^ α;/2.

If M admits a different local S1 action, say

then h' = 0, for otherwise ττi(M) is cyclic or a nontrivial free
product. But ττi(M) is not cyclic, and πx{M) is not a nontrivial free
product since it contains a nontrivial cyclic normal subgroup. If b' ^ 0
then each element of πλ{M)l{h) has cyclic centralizer (see [4]), so
br = 0. Now the above arguments show that the rest of the invariants
must agree with the original ones. So M admits a unique local S1

action.
The manifold M is a K(π, 1) because it is covered by the

K(π, 1), M Because 2h = 0 in Hλ{M), it follows from arguments similar
to those of [5, §5] that M does not fiber over S\

REFERENCES

1. P. E. Conner and F. Raymond, Holomorphic Seifert fiberings, Proceedings of the Second

Conference on Compact Transformation Groups, Springer Verlag, Lecture Notes No. 299, 1972,

124-204.

2. P. Orlik, Seifert Manifolds, Springer Verlag, Lecture Notes no. 291, 1972.

3. P. Orlik and F. Raymond, Actions of SO(2) on 3-manifolds, Proceedings of the Conference on

Transformation Groups, Springer Verlag, 1968, 297-318.

4. , On 3-manifolds with local SO(2) action, Quart. J. Math. Oxford, 20 (1969), 143-160.

5. P. Orlik, E. Vogt, and H. Zieschang, Zur Topologie gefaserter dreidimensionaler Mannigfaltig-

keiten, Topology, 6 (1967), 49-64.

6. F. Raymond, Classification of actions of the circle on 3-manifolds, Trans. Amer. Math. Soc, 131

(1968), 51-78.

7. H. Seifert, Topologie dreidimensionaler gefaserter Rάume, Acta Math., 60 (1933), 147-238.

8. H. Zieschang, E. Vogt, and H.-D. Coldewey, Flachen und Ebene Diskontinuierliche Gruppen,

Springer Verlag, Lecture Notes no. 122, 1970.

Received July 11, 1975.

TULANE UNIVERSITY





Pacific Journal of Mathematics
Vol. 66, No. 1 November, 1976

Helen Elizabeth. Adams, Factorization-prime ideals in integral domains . . . . . . . . . . . . . 1
Patrick Robert Ahern and Robert Bruce Schneider, The boundary behavior of Henkin’s

kernel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Daniel D. Anderson, Jacob R. Matijevic and Warren Douglas Nichols, The Krull

intersection theorem. II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
Efraim Pacillas Armendariz, On semiprime P.I.-algebras over commutative regular

rings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
Robert H. Bird and Charles John Parry, Integral bases for bicyclic biquadratic fields

over quadratic subfields . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
Tae Ho Choe and Young Hee Hong, Extensions of completely regular ordered

spaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
John Dauns, Generalized monoform and quasi injective modules . . . . . . . . . . . . . . . . . . . . 49
F. S. De Blasi, On the differentiability of multifunctions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
Paul M. Eakin, Jr. and Avinash Madhav Sathaye, R-endomorphisms of R[[X ]] are

essentially continuous . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
Larry Quin Eifler, Open mapping theorems for probability measures on metric

spaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
Garret J. Etgen and James Pawlowski, Oscillation criteria for second order self adjoint

differential systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
Ronald Fintushel, Local S1 actions on 3-manifolds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
Kenneth R. Goodearl, Choquet simplexes and σ -convex faces . . . . . . . . . . . . . . . . . . . . . . . 119
John R. Graef, Some nonoscillation criteria for higher order nonlinear differential

equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
Charles Henry Heiberg, Norms of powers of absolutely convergent Fourier series: an

example . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
Les Andrew Karlovitz, Existence of fixed points of nonexpansive mappings in a space

without normal structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
Gangaram S. Ladde, Systems of functional differential inequalities and functional

differential systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
Joseph Michael Lambert, Conditions for simultaneous approximation and interpolation

with norm preservation in C[a, b] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
Ernest Paul Lane, Insertion of a continuous function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
Robert F. Lax, Weierstrass points of products of Riemann surfaces . . . . . . . . . . . . . . . . . . . 191
Dan McCord, An estimate of the Nielsen number and an example concerning the

Lefschetz fixed point theorem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
Paul Milnes and John Sydney Pym, Counterexample in the theory of continuous

functions on topological groups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
Peter Johanna I. M. De Paepe, Homomorphism spaces of algebras of holomorphic

functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
Judith Ann Palagallo, A representation of additive functionals on L p-spaces,

0< p < 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221
S. M. Patel, On generalized numerical ranges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235
Thomas Thornton Read, A limit-point criterion for expressions with oscillatory

coefficients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243
Elemer E. Rosinger, Division of distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257
Peter S. Shoenfeld, Highly proximal and generalized almost finite extensions of

minimal sets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 265
R. Sirois-Dumais and Stephen Willard, Quotient-universal sequential spaces . . . . . . . . . 281
Robert Charles Thompson, Convex and concave functions of singular values of matrix

sums . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285
Edward D. Tymchatyn, Some n-arc theorems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291
Jang-Mei Gloria Wu, Variation of Green’s potential . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295

Pacific
JournalofM

athem
atics

1976
Vol.66,N

o.1


	
	
	

