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CRITERIA OF UNITARY EQUIVALENCE OF HERMITIAN
OPERATORS WITH A DEGENERATE SPECTRUM

I. LOMIDZE

ABSTRACT. Nonimprovable, in general, estimates of the number of
necessary and sufficient conditions for two Hermitian operators to
be unitarily equaivalent in a unitary space are obtained when the
multiplicities of eigenvalues of operators can be more than 1. The
explicit form of these conditions is given. In the Appendix the concept
of conditionally functionally independent functions is given and the
corresponding necessary and sufficient conditions are presented.

Let P, Q be the operators from a unitary n-dimensional space U™ in U"”,
and P, @ be the matrices of these operators in some orthonormal basis.
Description of a system of invariants of these matrices which enables one to
find out whether the given operators are unitarily equivalent is the classical
problem of the theory of invariants (see, e.g., [1, §2.2], [2] and the references
cited therein). In the author’s paper [3] it is shown that two matricess P, Q €
M,,(C) are unitarily equivalent iff the following conditions are fulfilled:

tr {PLP_P"P?} =tr {Q . Q_QTQ%}, 0<I<m<n-1,
tr{Pi} =tr {QZ_‘_}, 1<i<n,

where A, (A_) denotes the Hermitian (skew-Hermitian) part of the matrix
A e M,(C):

(1)

Ay = (A£ A%)/2.

Formulas (1) contain n(n + 3)/2 of complex (but only n? + 1 of real)
conditions, and all these conditions are independent if no additional restric-
tions are imposed on the entries of the matrices Py, Q+. However, if such
restrictions are imposed, in particular, if some eigenvalues of the operator
P have multiplicity > 2, then not all of conditions (1) are independent [3].
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There arises a problem of finding a minimal number of necessary and suffi-
cient conditions of type (1) for the matrices P,Q € M, (C) to be unitarily

equivalent.

Let the operators P, Q : U" — U"™ be Hermitian and have eigenvalues
whose multiplicities can be more than 1. In this paper we derive an estimate
(not improvable in the general case) of the number of necessary and sufficient
conditions for unitary equivalence of the Hermitian matrices P, Q € M,,(C)
corresponding to these operators and state these conditions in explicit form.
It is shown that the number of independent conditions n < n and all cases
are found when the equality n = n is fulfilled.

Let n eigenvalues of the Hermitian operator P : U" — U™ form the
multiset [4, §3.4]

,P:{p;”h:lam}v Zri:na pl#p] for 7’7&]7 TiEN-
=1

Let us denote

m

te(P)=trP* =) rpf, k=0,1,2,..., (2)

and let
Ty (P) = [Tij(P))i<ij<k = [ti+j—2(P)] € Mp(R),

Dy (P) = det Tx(P), k€N, (3)

stand for Hankel matrices and their determinants. It is obvious that D;(P) =
to(P) =n.

Since all eigenvalues of the operator P : U" — U™ are real, the rank of
matrix Ty (P) for sufficiently large k is equal to the signature of this matrix
and to the number m of various eigenvalues [5, Ch. 16, §9]:

rank T (P) =m, k>m. (4)

Lemma. The following formulas hold for the determinants (3):

Dy(P) =
1<y < <ig<m 1<<I<k
Proof. By (2) we have
Dyu(P) = det AB = det [Z ai;(P)b; (P)], (6)

j=1



UNITARY EQUIVALENCE OF HERMITIAN OPERATORS 143

where A € My, ,, B € M,, j, stand for
A=laij(P)] = [rpi Y], B=[bu(P)]=[pj], 1<j<m, 1<i1<k

(As usual, My ; = My (R) denotes the set of real matrices of dimension
kxl, kleN, and My = My 1)
Applying the Cauchy—Binet formula to (6), we obtain (5). O

Corollary. The power series (Newtonian sums) tx(P) for k > 2m are

rational sums of the variables to(P),. .., tom—1(P).

Proof. Tt follows from (4) that

1, -, m, m+1\
D(l7 S LM, m+k>07 kGN,

for all minors surrounding the minor D,,,(P) > 0, which implies
tomik—1(P)Dp(P) =

= Z tmt ki1 (P)tmsi—1(P)Am (Z)(P)7 k€N, (7)
ij=1
where A, (?)(P) is the algebraic complement of the element ¢;;_»(P) in
D,,,(P) depending evidently only on ¢ (P), k = 0,2m — 2. By the induction
with respect to k we obtain the desired result from (8). O

Theorem 1. The mapping

{tx(P)|k =0,2m — 1} > {p

i=1,m} (8)
is bijective.

Proof. The injectivity of mapping (8) follows from (2). Let us prove the
surjectivity. It is obvious that the Hermitian operator P : U" — U™ having

m < n various eigenvalues p1,...,p, satisfies the operator identity
m
P" -3 P =0 (9)
k=1

with ¢ = (_1)k Zl§i1<~--<ik§m PiyPiy * " " Piy» k=1,m.
By multiplying (9) by P, ..., P™~! and calculating traces we obtain the
following system of equations for coefficients c:

> ertmokyi(P) =tmyi(P), i=0,m—1, (10)
k=1
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whose determinant is (—1)™("™~1/2D, (P) # 0. After calculating the un-
knowns ¢y, k = 1,m, from (10) we find p1,p2,...,pm (p; # p; for i # j) as
roots of the polynomial 2™ — > | cz™F =0.

By substituting the found values of p; in the first m equations of sys-
tem (2) and recalling that the determinant of this system (with respect to
unknowns r;) is

det [pi " =TI (s —m0) #0,
1<k<j<m

we obtain r1,7r2,...,7m. O

Note that to calculate the Jacobian of mapping (8) it is sufficient to know
the determinant of the Vandermonde 2-multiple matrix [6]

Otostis- s tam—1) i
J = e :( r-)detp,...,p ;2) =
8(p17r13"'7PM7Tm) 11;[1 ! ( ! " )
ks 2
:m!(Hri) H (p; —pr)* #0.
i=1  1<k<j<m
Since all r; > 1, we can define the diagonal matrix R = diag{rfl, I s

Following (2) and (3), we use the notation
te(R) =tr R*, Dy(R) = detTi(R), k€N (to(R)=m).  (11)
Theorem 2. The mapping
{tr P*|k =0,2m — 1} — {tr R*|k € N}
is injective and all tr R*, k € N, are the rational functions of the arguments
to(P), ..., tam—1(P).
Proof. For the sake of brevity we denote t,, = tr P, T}, = Ty (P), tr = tr R¥.
From the first m equations of (2) we find
_det R®
detlp; 7"

i=1,m, (12)

i

where R() = [R,(;l)] € M,, is the matrix whose kth row has the form

k—1 k—1 k—1 h—
[pl 7"'api717tk—17pi+17"'apm 1]7 k:17m

Due to (12) we obtain

o _ detlri R det(RYY)]
det [rjpffl] det [pffl]

, t=1m.
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If we cancel r; in both sides and multiply the determinants in the right-hand
side according to the “row by row” rule, we obtain

_ debftpyj o +te1tj 1 — ripy
dettpr;—2]"

T; , i=1,m. (13)

To simplify (13) let us introduce one-column matrices 0 = [0] € My, 1,
t=[tk—1] € M1, pi € [pffl] € My,1 (i =1,m). Use the following matrix
identity for (m + 2) x (m + 2) block-matrices (i = 1,m):

Ty t —mpi| |[Em 0 O T +tt' —ripip; ¢ —Tips
-t +1 0 t +1 0| = 0’ +1 0
—p, 0 +1||p, 0 +1 0’ 0 +1

(here E,, € M, is the identity matrix and ' denotes transposition), which
implies

det [T5, + tt' — rip;p;| =

Tm t —TriPiq Tm 0 —TiPi
=det | -t +1 0 =det | O 14+t —T;
—p, 0  +1 -p, +1 41

The latter matrix is obtained from the previous one by adding the first and
the (m + 1)th rows and then subtracting the first colum from the (m+ 1)th
one. Expanding the result with respect to the elements of the (m + 1)th
row we get for each i = 1, m that
’ ’ T —TiPi
det [Tm +tt' — ripipi} =(14to+7r)Dm~+ (14 tg)det [p’- 0 } .

K2

Substitution into (13) and simplification give

r; det [_p,i 0} =Dy, 1=1m.

Hence we obtain

2m—2

rit = Z pgcj, (14)
3=0

where the coefficients c;, 7 = 0,2m — 2, are expressed rationally through
to,...,tam_1 as follows:

. _p—1 . J-i+1 i —0.9m —9
¢ =D' Y Ay (P), j=0,2m—2. (15)
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By virtue of (2), (7), (11), and (15) we find from (14) that

m 2k(m—1)
tk—1 :Zri_k""l = Z tj Z Cjy * " Cjy, :fk(to,...,tgm_l),
i=1 N
where fi(to,...,tam—1) is a rational function of its arguments, k € N. O

Let the primary specification (see [7]) of multiset P be also the multiset

{TZ|Z:137m}:{q18l|Z:m}a (h#(b for 27&]7 qi75i€Na (16)

where

! l
Z%Sz‘ =n, Z 8; = m. (17)
i=1 i=1

Denote by p;;, j = 1,s;, the eigenvalues of operator P : U" — U" each
having the multiplicity equal to ¢;, ¢ = 1,I. Without loss of generality,
multiset P will be assumed to be ordered so that

Dij < Pij+1, .] = 175i7 q; < qi+1, T = lal -1 (18)

In these notation we have

Si l
WP =3 (63 op5). B =D st k=012
Jj=1 i=1

!
i=1
Following the lemma, the determinants in (11) satisfy the conditions Dy (R) >
0 for k <land Dg(R) =0 for k > [+ 1. Hence on account of Theorem 2 we
obtain m — [ conditions satisfied by values to(P),...,tom—1(P). Thus the
set {tx(P)|k = 0,2m — 1} contains at most m +{ — 1 = n(P) independent
elements.

Remark. In terms of the partition theory formulas (17) imply that mul-
tiset (16) is the partitioning of the number n, which is a dimension of the
space U”, and the rank of this partitioning is m. By the notation of [4] we
have

(q‘fl,...,qlsl) Fn, (s1,...,8)Fm.

Following the Ramsay theorem (see [7]), n(P) is the greatest number each
of whose partitioning into ! parts

(1., m) - u(P)
contains at least one part having the property

ni§5i7 1§Z§l
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Proposition. For n(P) we have the estimate

l
P):l+25171§n,
i=1

the equality being fulfilled if either all eigenvalues of the operator P : U™ —
U™ are simple:

=5 q=1, si=n; (1")Fn,
or if one eigenvalue has multiplicity 2 while the rest of the eigenvalues are
simple:

1=2 q1=1, s1=n—2; =2, so=1; (1" 22)Fn

Proof. Formulas (17) imply

i=1 =1 =1
! I I
= Z(Qi —D(si— 1)+ Zsi + Z(Qi —i)+I(l-1)/2.
i—1 i=1 i=1

Hence on account of the inequalities s; > 1, ¢; > i we have the estimate

1
Z I(1—1)/

in which the equality holds if ¢; =i, i = 1,], and s = --- = 5; = 1. Note
that [(I —1)/2 > 1 — 1 with equality for [ =1,2. O

Example. Let the multiset of eigenvalues of the operator P have the
form:

(a) {p1j,p¥|j =1,s1,i=2,1}, i.e., the operator P has s; simple eigen-
values; then (17) implies [(I4+1)/2 <n—s;+1 and

n(P)=s1+20—-2, s1<n(P)<+/9+8(n—s1)+s1—3;

(b) {p1.py '}ithenl=2;q1 =1, 51 =1, g =n—1,s =1;n(P) =3;
(c) {p?};theni=1;s1=1,¢ =n,n(P) =1

Let us construct an ordered set of invariants of an operator P (of a matrix
P) of the form

l
1(P) = {ts(P)| k= T,u(P), n(P) =1+ s —1}. (19)
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Theorem 3. For the Hermitian operator P : U™ — U™ the set of invari-

ants (19) is complete and all elements of this set are functionally indepen-
dent as functions of the independent variables (18).

Proof. We introduce the notation

Gij =Tige1—Ti, J=1l,si—1, i=1,1,

where r;; is the multiplicity of the eigenvalues p;;, j = 1,s;, i = 1,1. By
virtue of the theorem on conditional functional independence (see the Ap-
pendix) it is sufficient to show that the functions {t;(P)|k = 1,n(P)} are
conditionally functionally independent in the presence of constraints

l
¢ =0, j=Ts—1, i=11 t(P)= asi=n.
i=1

Calculate the Jacobian

j’_ a(thtlu s 7tn(P)7¢11 .. ~7¢lsz)
a(pll,’f’ll s 7plsly7'lsl) ’

Taking (3) into account and performing some simple calculations, we find

J= (ﬁqfi>det [ ], (20)

where

(i)]

ﬂi: [ukj izl,l.

Si
— kR (kY
0<k<n(P) {;p”, wi)s - (pis,) ]ogkgn(P)’

1<j<si

Here (pf,) = kpf; ' = (0/0pi;)pk;.-

Applying induction with respect to [, let us show that the determinant
in the right-hand side of (20) is not identically zero. Indeed, for I = 1 we
have

det[ﬂﬂ :det [Zplfja(pllcl)/?"'7(p,f51)/:| ) =

j=1

=si1(s1)! [] (p1j—pu) #0.

1<i<j<s1
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Assume that | > 2 and det[uy]|---|u—1] # 0. After expanding det[t;|
-+ |;] with respect to the last s; + 1 rows we obtain

det [@] -+ @] = det [@]- - [fi—1] x

xdet[ k-l ’H’} EE 21
Zp e i, ) n(P)—s;<k<n(P) 2D
where the points denote the terms of lower powers with respect to the vari-

ables {p;|j = 1,s;}. Treating det[zj 1pr 1,pfl_1 ,...,pf;l | = P(pi1) as
the polynomial of the variable p;;, we obtain

k—
P(p“) = det [pll pll ) (plsl )]ﬂ(P)stSkSn(P) + =
_ 2n(P)—4 k—1 k—1 _
o plln det [( Pi2 )/’ B (plSz )/] n(P)—s;<k<n(P)-2 +oe=
P-4 (0(P)=3)! T ap)-s—2
= n(P)—s - 2)! py I @i—puw)+--

j=2 2<t<j<s,

After substituting this result into (21) and taking into account the as-
sumption of induction we find that det[u;|---|u;] is the polynomial of pj;
of the power

l
2n(P)—4:2(l+Zsi—1)—4241—622
i=1

with a higher coefficient which is not identically zero. Therefore J #0. O
Corollary. Two given Hermitian matrices P,Q € M, (C) are unitarily
equivalent iff n(P) real equalities
I(P) = 1(Q) (22)
are fulfilled, where I(P) is determined by (19).

Proof. The necessity of conditions (22) is obvious. The sufficiency follows
from the fact that the mapping

I(P) — {pij.qs| j =T, 55, i =1,1}
is injective by virtue of Theorem 3. [

Example.
(a) The Hermitian matrix P € M, (C) is proportional with a coefficient
a € R to E, iff Dy(P) = toty — 2 = 0, or, which is the same,

tr P? = (tr P)?/n. (23)
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It is obvious that P = n~!(tr P)E,.
(b) The Hermitian matrix P € M, (C) is equal to zero iff condition (23)
is fulfilled and tr P = 0.

Remark. If some additional restrictions are imposed on elements of the
Hermitian matrix P, i.e., if not all of these elements are independent (e.g.,
for tr P = 0), then the complete system of invariants of the operator P :
U™ — U™ contains less than n(P) independent elements.

APPENDIX

Assume that n,m € N, we are given n + m differentiable functions of
n + m variables x1,...,Zn, Y1 ..., Ym

fi :R"™™ LR, i=1,n+m, (A1)

such that the Jacobian J; differs from zero:

a(f17'~-7fn+m)

J = #0
6('1:17 sy Ty Y1y e 7ym)
and the variables z1,...,Zn, Y1, ..., Ym satisfy m constraints
¢j(x1a"'7xn7y17"'7ym)207 j:17m7 (AQ)
where each of functions ¢; : R™™ — R, j = 1,m, is differentiable with
respect to n + m arguments x1,...,Tn, Y1, .., Ym and
o1, dm)
Jy = £,
a(yh e aym>

As known, constraint equations (A.2) determine explicit functions

yj:yj(xl,...,xn)7 j:l,m’

and functions (A.1) become composite functions of the variables x4, ..., z,:

fi= fl-{(xl,...,wn,yl(:vl,...,xn),...,ym(xl,...,mn)}7 (A.3)

t=1,n+m.

Definition. The functions in (A.1) will be called conditionally function-
ally dependent (independent) in the presence of constraints (A.2) provided
that the corresponding composite functions (A.3) are functionally depen-
dent (independent), i.e., if the Jacobian det[f; x] is equal to (different from)
zero, where

fire=0n i+ Y (0 i) (i), ik =T, (A4)

=1
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and 0, y; are uniquely determined by the system of equations

0=0s,0; + Z (00, 05) (Oz,m), k=1

=1

n, j=1,m. (A.5)

)

Theorem. In the presence of constraints (A.2), only those n functions
from the set {f;|i = 1,n+ m} will be conditionally functionally dependent
for which the Jacobian

:a<f17"'7fna¢la"'7¢m>:det aikf i %lﬁ

J
3(I17"'a$nayla"'ay7n) axk¢2 | ayz(bj

is equal to zero.
For J # 0 the functions f1,... fn are conditionally functionally indepen-
dent.

Proof. For the sake of brevity we denote the Jacobi matrices by

Fi1 Fio
F = € Myim,
[Fm F22] *

o = [(I)l | (1)2} € Mm,7z+7na Y = [awkyl] € Mn,'rm

where

Py = [0n,fi] € My, Fi2=1[0yfi] € Mpm, i=1Ln,

Fo1 = [0u,fi] € My, Fao= 1[0y fi] € My, i=n+1,n+m,

Py = [00,0j] € My, @2 = [0y,0j] € My, j=T1,m
(k=T,n, 1=1m).

In this notation formulas (A.4) and (A.5) have the form
[fir] = Fi1 + F12Y, —®; = Y

and
Ji=det FF#£0, Jy=detdy #D0.
Hence
det [fir] = det [Fiy — Fia®3'®1].
Applying now the known identity for a block matrix determinant (see, e.g.,
[5, Ch.2, §5]) we obtain

det [fix] = J5 " det {1;111 gﬂ =J/Js.

Thus the condition det[f; x] = 0 is equivalent to the condition J =0. O
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Corollary. If ¢; = fuyj, j=1,m, and Jy # 0 then
det [fin] = J1/J2 # 0.
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