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ON OPERATORS WHOSE SPECTRUM LIES
ON A CIRCLE OR A LINE

HERBERT KAMOWITZ

The purpose of this note is to prove the following theorem,

TaeoreM., Let N be a bounded linear operator on Hilbert
space H satisfying

(1) INT—TN|| = |IN*T— TN*||

for all bounded linear operators 7. Then N is (obviously)
normal and the spectrum of N lies on a circle or straight
line,

Here N* denotes the adjoint of the operator N.

It is clear that if S is a unitary or self-adjoint operator
and « and $ are complex numbers, then N = af -+ S satisfies
(1). The theorem asserts that the converse is also true.

After noting that in dimensions two and three the theorem is
trivially true, we proceed to the first of two parts of the proof.

I. Dimension four. Let H be four dimensional Euclidean space.
Since a normal operator N is unitarily equivalent to a diagonal matrix
it is no restriction to assume that N has the form

0 011
7 0 0 1 ¢ .
00 0 0
0 00O
Then
0 0 (Mv—n) (v — )
NT N[0 0 =) i =)
0 0 0 0
00 0 0

and || NT — TN |} is the largest eigenvalue of the matrix
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(>"1 - k'3)(7\‘2 - 7\3)

M= NP I — A, ) R
M= N = — (v — M) — )

(7\'1 - 7\,3)(K2 - 7\'3>

- Ne — AP =M 0 0

A +i(>‘11 - 7\14)(7% - 7\'4) l ’ 3I i l ) I
0 0 0 0
0 0 0 0

On the other hand, || N*T — TN*|* is the largest eigenvalue of a
matrix B which has the same form as A but with \; replaced by X;,
1=1,2 3,4,

Let P(X) and P*(X) be the characteristic polynomials of 4 and
B, respectively. Then from the form of the matrices A and B one
sees that the polynomials P(X) and P*(X) differ only in the coefficient
of X* Therefore ||NT — TN =||N*T — TN*|| if, and only if,
P(X) and P*(X) are equal and a routine computation shows that
this holds if, and only if,

[()\"1 - )\‘3)0\42 - )V3) + /I:()\’l - >‘44)(>V2 - X;)]
X [()\,1 - K3)0‘*2 - >\'3) - /Z:(Xl - A44)0\42 - k/;)]
- [O‘q — N)(Ngy — Ng) + (N — M)O\J‘z - >“4)]
XOw = X0 — X)) — 20y — M) — M)

which reduces to the condition that (v; — M) — A — MMy — N,)
be real. The latter holds if, and only if, A\, A\, A4, A, lie on a line or
circle, which proves the theorem in dimension four,

Let (ay, a,, a;, @) be a vector in four dimensional H. Since

(NT — TN)(CL]y Ay, g, O,)
= (M = Na)s + (0 — My, (v — ) + 1\ — May, 0, 0)
we remark that we have just shown that

(2)  sup [[(u = M)t + O = AJa [+ [ — M) + 100 — Na, 7]

Zla;zl2=1

is the largest root of P(X) = 0, and also that

(3) sup H O\Jl - Xs)as + (7\41 - )\u)a:& IZ —+ { ()\,2 - kfs)as -+ i(xz - 7“4)“4 12]

Zla;12=1

is the largest root of P*(X) = 0.

II. Higher dimensions. Now let H be a finite or infinite
dimensional Hilbert space of dimension > 4. Let N be a normal
operator satisfying ||NT — TN||=||N*T — TN*|| for all T. Sup-

pose N has spectrum S and spectral representation N = g ANE,. Let
S
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Ny Ag, Ag, Ny be distinet points of S. (If S has no more than three
points then the theorem is trivially true.) Choose an ¢ > 0 but

smaller than the minimum of the distances |\; — \;|, 7 # J; let S, =
Sn{y|Iv—nl<e,k=1,23,4, Let E, = S dFE, and choose ye H
S

with || Eyy |l = 1 for k = 1,2,3,4 and let x, = Eyy. Then (v;, ;) = 0
if 7 = 7 and each =z, is an approximate eigenvector in the sense that

INa, = | = || B — | dBa,
Sk Sk

Smax |y — | <&,
AES

We can therefore write Nz, = \,%, + cu, where ||u,]| = 1. Similarly
N*w, = oy, + eul, [Jur ]l = 1
Define an operator 7 on H by

Tm - [(ng, xS) + (E-ixy x4)]xl + [(E?»xy 5[73) + /I:(Eéxy xé)]xz .
Now for ze¢ H,
NTx = [(Ew, z,) + (Ee, v,
+ (B, z;) + 1(Ex, ), + 0(x) ,
where ||d(2) || = 4e ||z |]. Also
T'(Nz) = [(E,Nw, ©;) + (E.Nz, ©.)]o,
+ [(EyNw, ;) + «(E.Nx, )], .
Since NE, = E,N,k =1, 2,3, 4, it follows that
TNz = [(Eyx, Ns) + (B, )]s,
+ (B, Xsxs) 4 (B, Ma,)] + 0x(w) ,

where [[0,(%) ]| = 4e |||
Thus
[(NT — TN)w||
= [[[Ov — ) (B, 22) + O\ — N)(Ex, ) ]e,
+ [0 — N)(Ew, m5) + 10n — M) Ew, 2)]w, + v(2) ],
where [|%(2)]| = 8| z]|.
Similarly
W(N*T — TN*)z||
= || [(X'l - Ng)(ng, 033) + (>"1 - 7\14)(E433y 364)]001
[ — N)(E, @) + (N — N)(Ew, w)]o, + %) ],

where || %(2) || = 8| x|
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Since x, and x, are orthogonal,

| NT — TN

- I!Sx]{.llgl O — M) (B, ) + v — N (B, @) |

+ [ (e — Na)(Esw, @) + 1N — NN B, ) [F] 4 0
and

IN*T — IN* |

= sup [ v = M) (B, ) + v — M) (E, @)

10w = M) (B, @) + 10k — M) Ew, ) ]+ 87,

where §, 0" = 8,

Thus if ||NT — TN = ||N*T — TN*||, we obtain by (2) and
(3) that the largest zeros of P(X) and P*(X) differ by at most 16e,
Therefore all the coefficients of P(X) and P*(X) are close to each
other and in particular the imaginary part of

(M - )";)(ks - 7\'s/)(M - N,)(Xe - M)

is bounded by a function of ¢ which goes to zero with . Letting
e—0 we again find that (A, — M)W — X)) — )Ny — \,) must be
real and so A\, \,, \; and ), lie on a line or a circle. Since the );’s
were arbitrary, the proof is concluded.
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