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A NOTE ON COMMUTATIVITY PRESERVING MAPS ON M, (R)

GREGOR DOLINAR, BOJAN KUZMA AND JANKO MAROVT

(Communicated by N.-C. Wong)

Abstract. Let M,(F) be the set of all n x n matrices over a field F. Surjective maps which
preserve the commutativity relation on M, () only in one direction have been recently classified
for the case when F is an algebraically closed field. We show that the same result holds also
when F = R is the field of real numbers and n > 7 is odd.

1. Introduction and statement of the result

Let M,(F) be the set of all n x n matrices over a field F. A map ®: M,(F) —
M, (F) preserves commutativity if ®(A)D(B) = P(B)P(A) whenever AB=BA, A,B€
M, (F). If @ is bijective and both ® and ®~! preserve commutativity, then we say
that @ preserves commutativity in both directions. In recent decades commutativity
preserving linear maps were extensively studied (see for example [3] and references
therein). Motivated by applications in quantum mechanic some authors found interest
to study a more difficult problem of characterizing non-linear commutativity preserving
maps. In [12], Semrl characterized continuous, bijective maps on the set of all n x n
complex matrices M,(C), where n > 3, which preserve commutativity in both direc-
tions. He also studied such maps without the continuity assumption and showed that
essentially the same result as for linear bijections is true on the set of rank-one complex
matrices and that outside this set a map can be very nonlinear. The same author consid-
ered in [13] injective, continuous maps on M, (C), n > 3, that preserve commutativity.
Fosner [7] proved, using the real Jordan canonical form, that an analogous result holds
true for the set of real matrices M,,(R), n > 3.

Dolinar and Kuzma further relaxed in [4] the assumptions on a map. Namely, they
assumed @ preserves commutativity only in one direction, is surjective, and leaves
invariant the set of non-central elements. They showed that the last assumption is in-
dispensable. Their result, which was proved by techniques that combine graph theory,
linear algebra, and projective geometry, follows.

THEOREM 1. Let T be an algebraically closed field and n > 5. Assume a sur-
Jective map ® : M,(F) — M, (F) preserves commutativity and suppose further that
®O(X) € FI, where I is the identity matrix, implies X € FI. Then there exist func-
tions o, y: My(F) — F\ {0}, a field isomorphism ¢ : F — F, and an invertible matrix
S € M,,(F) such that one of the following holds true:
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(i) ®X)= a(X)SXGS_l +y(X)I, kX =1;
(ii) ®(X)=o(X)SXO) S~ +y(X)I, rkX =1.

Here rkX denotes the rank of the matrix X € M, (FF). The question is whether the
same result holds also when F = R is the field of real numbers (recall that the only
field isomorphism of real numbers is the identity, so in this case ¢ is automatically
identity). We will show that at least when rn is an odd number greater then 5, the answer
is positive. It turned out that some partial results from [4] can be directly applied in the
real case however some techniques which were developed in [4] for the case of complex
matrices using the Jordan canonical form had to be altered. Thus we will give at the
beginning of the next section a brief description of the real Jordan canonical form and
then the proof of our main result will follow. Let us state our main result.

THEOREM 2. Let n > 7 be an odd number. Assume a surjective map ®: M,(R) —
M,(R) preserves commutativity and suppose further that ®(X) € RI, where I is the
identity matrix, implies X € RI. Then there exist functions o, y: M,(R) — R\ {0} and
an invertible matrix S € M,(R) such that one of the following holds true:

(i) ®(X)=a(X)SXS™ ' +y(X)I, tkX =1,

(ii) ®(X)=o(X)SX'S~ 1 +y(X)I, rkX=1.

2. Proofs

Let us start with briefly recalling some properties of the real Jordan canonical
form, see also [9]. Suppose A € M,(R) and let A € C be a non-real eigenvalue of
A. The structure of Jordan blocks in the Jordan canonical form corresponding to A is
the same as the structure of Jordan blocks corresponding to the conjugate eigenvalue
A . Thus, all Jordan blocks of all sizes corresponding to non-real eigenvalues occur in
conjugate pairs of equal sizes. Suppose J,(1), the 2 x 2 Jordan block corresponding to
A, appears in the Jordan canonical form of A. Then Jz(z) also appears in the Jordan
canonical form of A with the same multiplicity as J,(A). The block matrix

A100
J(A) 0 | _ |0 A 00 0
0 JHL(A)|] [00A4 1
0002
is permutation-similar to the matrix
DA) 1
0 D(A)
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10
oA
A =a+ib,where a,bc R, andlet § = [

where D(4) = [ } € M>(C) and I is the 2 x 2 identity matrix. Suppose now

—i —i

| _1} . Then

SD(2)S™! = { “ b].

—ba
_|abd oo SO0
Let C(a,b) = ba . Then (1) is similar via 05 to a real 4 x 4 block
abl0
—ba 01| |C(a,b) I
00ab| 0 C(a,b)
0 0-ba

Ji(A 0
It turns out (see [9]) that in general, each matrix [ kE) ) J (D} € My (C), where
k

Ji(A) is a k x k Jordan block corresponding to a non-real eigenvalue A, is similar to a
2k x 2k real block

[Cla,b) I 0 ... 0 ]
0 Clab) 1 .
Glab)=| o 0o .. o |- (2)
: : S 1
0 0 ... 0 C(a,b) |

This observation leads us to the real Jordan canonical form.

PROPOSITION 1. (see [9]) Each matrix A € M,(R) is similar to a block diagonal
real matrix of the form

Cuy (a1,b1) © Cyy(a2,02) @ ... & Cyy(ap, bp) Dy (Ag) © .. D T, (Ar) 3)

where A = ay + ibg, ai,by € R, 1 < k < p, are non-real eigenvalues of A, and
Ags-- . A are real eigenvalues of A. Each real block triangular matrix Cy, (ax,by) €
My, is of the form (2) and corresponds to a pair of Jordan blocks J,, (Ak), Ju, (M) €
M, with non-real A from the Jordan canonical form of A. The real Jordan blocks
Jng(Ag);-- -1 JIn, (Ar) in (3) are exactly the Jordan blocks from the Jordan canonical form
of A corresponding to real eigenvalues of A.

REMARK 1. It is not evident from the above approach that the similarity matrix
that transforms A into (3) can be chosen to be real. It turns out (see [9]) that if A €
M, (R), there is always a real nonsingular matrix S such that S~'AS is in the real Jordan
canonical form (3).
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We continue by proving the main result. Throughout the proof we will assume
that n > 7. Let us remark that some lemmas, which we will present and prove in the
continuation, are true also for smaller n. Let F be a field. Given a subset A C M,,(IF),
its centralizer is the vector space

Gr(A) ={X € M,,(F) : AX = XA forall A € A}.

If A={A} is a singleton, we will shortly write ¢x(A) = 6r({A}). If €r(A) = 6x(B)
for some A,B € M, (F), then we say that A and B are ¢ -equivalent.

We say that A € M,,(IF) is a predecessor of B € M,,(FF) or B is a successor of A if
¢r(A) C 6r(B). If for every X € M,(F), €r(A) C 67(X) C ¢r(B) implies €7 (X) €
{€r(A),6r(B)}, then we say that A is an immediate predecessor of B.

A non-scalar M € M,(F) is maximal if for every non-scalar X € M,(FF) with
ér(M) C 6r(X), it follows €p(M) = 6r(X). We will denote by F[A] the unital F-
subalgebra of M, (IF) generated by the matrix A € M,,(F). Let M € M,,(F) be a maximal
matrix. Then, by [5, Theorem 3.2] M belongs to one of the following classes: (1) M
is % -equivalent to an idempotent, or (2) M is ¢ -equivalent to a square-zero matrix, or
(3) M is similar to C&C@...EH C where C is a companion matrix of an irreducible
polynomial such that there is no proper intermediate field between F and F[C].

Since we will study matrices as elements of M,(R), we will from now on shortly
write € (A) = €r(A). We know (see [10, Corrolary 1, page 113]) that

(¢ (A)) =RA] )

for any A € M, (R). Also, by Theorem 2.8 in [5], A € M,,(R), n > 2, is non-derogatory
(its minimal polynomial equals its characteristic polynomial) if and only if

€(A) =RI[A]. (5)

Authors divided in [4] the proof of Theorem 1 into two parts. In the first part,
authors characterized rank-one matrices in terms of commutativity of a certain n — 2
tuple of matrices. In the second part, authors first used this key lemma (Lemma 2.8) to
prove some new lemmas. For example, they showed that ®(A) is % -equivalent to a
matrix of rank-one whenever A is a rank-one matrix. By such auxiliary results and with
tools of projective geometry, authors then concluded the proof of Theorem 1. It turns
out that the proof of Theorem 2 may be structured in a similar way. Moreover, if every
matrix A € M, (F) has an eigenvalue A4 € F, the second part of the proof of Theorem
1 works for any (not necessarily algebraically closed) field F with sufficiently many
elements. Note that when 7 is odd, every matrix A € M, (R) has a real eigenvalue. So,
in order to prove Theorem 2, we will prove a result similar to Lemma 2.8 from [4].

We begin with an auxiliary result.

LEMMA 1. Let a non-scalar matrix A € M,,(R) be non-maximal. Then there exist
a maximal matrix M and a matrix B, which is an immediate predecessor of M, such
that
C(A) CC(B) S C(M).
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Proof. Since A is not maximal, there exists a non-scalar matrix X; with € (A) C
% (X1) C M,(R). If X, is also not maximal, we can continue the chain with %'(X;)
for some non-scalar matrix X,. By comparing the dimensions of these vector spaces,
such chain must terminate in finite steps, and clearly ends with a maximal matrix. By
comparing the dimensions one more time, we can also assume that in this chain X;_;
is always an immediate predecessor of X; with ¢ (X;_1) C €(X;). O

Note that the size of any block Cp,(a;,b;) in the real Jordan canonical form (3) of
A € M,(R) that corresponds to a conjugate pair of (non-real) eigenvalues of A must
be even. We define the signature of a matrix A € M,(R) to be a tuple, consisting
of the sizes of its blocks from the real Jordan canonical form (3) of A, ordered non-
increasingly. Thus, the diagonalizable matrix has the signature (1,1,...,1) which we
shortly write (1") while the nilpotent matrix with maximal nilindex has the signature
(n). If the signature of A is for example (4,33,22,1"~!7), then the real Jordan canoni-
cal form of A consists of one block (a Jordan block that corresponds to a real eigenvalue
or a block that corresponds to a pair of non-real eigenvalues of A) of size 4, three Jor-
dan blocks of size 3, two blocks (each of them may be a Jordan block that corresponds
to a real eigenvalue or a block that corresponds to a pair of non-real eigenvalues of A)
of size 2, and other n — 17 Jordan blocks are of size 1.

LEMMA 2. Let A € M,(R) be non-maximal and an immediate predecessor of a
maximal matrix. The following two statements are equivalent.

(i) Each maximal matrix M with € (M) D % (A) is € -equivalent to a rank-one
matrix.

(i1) The signature of A is either

(a) (3,2%,1") for some s,z >0 with 34 2s+¢ = n and all eigenvalues of A
must be the same.

(b) (2,1"7%) and A is similarto [¢ ] ®a®---®a®c, for some a,c € R with
ac.

(¢) (2"=D/2 1), where n is odd, and A is similar to [t e@[49 ],
for some a,b,c € R with b # 0.

Proof. Let A € M,(R) be non-maximal and an immediate predecessor of a maxi-
mal matrix. Suppose first that statement (ii) holds. If (a) holds, then all eigenvalues of A
are real and hence the real Jordan canonical form of A is the same as the Jordan canon-
ical form of A. Similarly if (b) holds. So, by applying a similarity and by subtracting a
suitable scalar matrix we may conclude that in case (a), A = J3(0) & (P, J2(0)) &0,
and in case (b), A = J>(0) ©0,_3 P (c —a). Recall (see (4)) that every matrix M with
% (A) C € (M) is a polynomial in A. So, every maximal matrix M with €' (A) C € (M)
is € -equivalent in the former case to J3(0)> @ 0,,, which is of rank-one, and in the
latter case to J(0) ® 0,5 orto 0,1 @ 1 which are again both of rank-one.
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If (c) holds, then up to similarity and by [2, Proposition 4.1],
R{A] :R[[fb Z] ©---D [fb Z” OR.

It is easy to see that every maximal matrix in R[A] is € -equivalent to E,, where E;;
is the matrix with all entries equal to zero except the (i, j)-entry which is equal to one.
Suppose now that statement (ii) does not hold. We will prove that then also state-
ment (i) does not hold. Without loss of generality we may assume that A is already in
the real Jordan canonical form and let r be the size of a maximal block. Let us write

A=A DAy, (6)

where A; contains at least one block of size r and the eigenvalues of A; coincide with
the eigenvalues of this block, while the intersection of spectrums, Sp(A;) NSp(Ay), is
empty. By [2, Proposition 4.1] we have

RA] =RI[A]®RI[A,].

Note that if A; corresponds to a real eigenvalue, then we may (and will) without loss
of generality assume that A; = @%_,J,.(0) with n; =r.

Suppose first that r > 4. If A| corresponds to a real eigenvalue, then M = A{_z &3]
0 € R[A] is a square-zero matrix, hence maximal, and of rank at least two. By (4),
€ (A) C € (M) so (i) does not hold. If Sp(A;) = {a+ib} for some a,b € R, b #0,
then there exists an integer ¢ > 1 such that

M= ((Ay—al)*+b°1) ®0 € R[A]

is a square-zero matrix of rank greater then 1 and is thus not 4 -equivalent to a matrix
of rank-one, so again (i) does not hold.

Let r = 3. Then the size of the largest block is odd and therefore Sp(A4;) C R. By
subtracting a suitable scalar matrix we can assume that Sp(A;) = {0}. Suppose first
that the signature of A is not (3,2%,1"). Then there are at least two Jordan blocks of
size 3. It follows that A has only one eigenvalue for otherwise B = A; @0 is a non-
maximal matrix with €'(A) C €(B). So, A =A; = @*_,J,,(0) is a nilpotent. Since
there is more then one Jordan block of size 3 in this direct sum, we may conclude that
M= A% is a square-zero matrix of rank greater then 1 and (i) does not hold.

Now suppose the signature of A is (3,2%,1') and A has at least two eigenvalues.
Then M = I,,, ®0, where m; > 3 is the size of Ay, is a maximal matrix with €' (4) C
C(M). Since (M) =C(I—M)=%(0® 1,_m,), such M is not ¢ -equivalent to a
matrix of rank-one unless n —mj = 1. This is possible only if A; is of size 1. Then,
however, A has exactly two eigenvalues and one of them is simple. In this case A is
% -equivalent to J3(0) @ (P;_,/2(0)) @ 1. All the immediate successors B of A are
polynomials in A and (assuming %' (A) # %'(B)) it is easily seen to be % -equivalent
to J3(0) @ (D1 ,/2(0)) ©0, or to J3(0)> @ (D:_,/2(0)?) & 1. But neither of them is
maximal, a contradiction to the hypothesis that A is an immediate predecessor of a
maximal matrix.
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Let now r = 2. The signature of A is then (2%, l”‘zs), s> 1. If A has only
one eigenvalue, then A is % -equivalent to a square-zero matrix and hence maximal, a
contradiction. Therefore A has at least two eigenvalues.

Suppose first s = 1. Then in decomposition (6), the block A; contains a cell of
size 2. If A has at least three eigenvalues, then clearly A, contains at least two cells
of size 1. If A has exactly two eigenvalues, then the block A, contains at least two
cells of size 1 because we have assumed (ii) does not hold and therefore neither of the
two eigenvalues of A is of algebraic multiplicity one. Hence, there exists a maximal
matrix M = 0, & Li—m, € R[A]] S R[A] =R[A] where m; > 2 is the size of A} and
n—my > 2 is the size of A;. Such M is not % -equivalent to a matrix of rank-one, so
(i) does not hold.

Let s > 2. First, assume that that a 2 x 2 block in A; corresponds to a pair of
conjugate eigenvalues of A, A =a+ib and A =a—ib, b#0. Let m; be the size of
A1 . Then

M = (A1 — aly,)* ©O0ppmy = —b* Iy, © 0y, € R[A]

is a maximal matrix which is % -equivalent to a matrix of rank-one only if n —m; = 1.
Since we assumed that (ii) does not hold, this last option is not possible. So again, (i)
does not hold. Still assuming s > 2, suppose now that every 2 x 2 block is induced by
a real eigenvalue, i.e. all the eigenvalues of A are real. Then there exists a polynomial
p where N = p(A) is square-zero matrix which is of rank at least 2 and thus not % -
equivalent to a matrix of rank-one.

Finally, let » = 1. Every block in the real Jordan canonical form of A is of the
size 1 and thus corresponds to a real eigenvalue of A. Also, A has at least three (real)
eigenvalues for otherwise A is scalar or maximal. Therefore there exists a polynomial
p such that p(A) = Oy, ® Iy, ® (oly,) where ¢ € R, k; > 1 forevery i € {1,2,3}, and
ki+ky+ks=n.1f ky =ky=1,then M =0, & 1@ 1€ RI[A] is a maximal matrix that
is not ¢ -equivalent to a matrix of rank-one. If k; > 2 or k3 > 2, then the same holds
for M = Oy, ® I, ® Oy, or M = Oy, 44, © Lk, , respectively.  [J

Recall that Hilbert matrix H € M, (F) is of the following form H = (HJ%J "
Note that all the minors of H are nonzero. By ey, ez,...,e, we will denote the standaf,d
basis vectors. For a field F, the graph T' = T'(M,(F)) with the vertex set V(') =
M, (F)\ FI and the edge set

EI)={(X,Y)eV(T)xV(I):XY =YX and X #Y}

is called a commuting graph. It is known (see [8, 11]) thatfor F= R and n >3, I is
connected with diameter four. We will denote by d(A, B) the distance between vertices
A,B €T, ie. the minimal number k for which there exist (k+ 1)-tuple of non-scalar
matrices A = Xy, X1, ..., Xx = B such that X; commutes with X; 1. Such tuple forms
a path which we will denote by A =Xy —X; — ... — X; = B.

The first lemma below may be proved in the same way as the corresponding lemma

in [4] by noting that Hilbert matrix is a special case of Cauchy matrix (%) , where
1 1 i

Vi ij
x;,yj € R with x; # y; forall i and j. We omit the proof.
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LEMMA 3. Define matrices B; by Biey = ey for k=1,2,...,n—2, Bie,—1 =h;
and Bih; =0, where h; is the i-th column of the Hilbert matrix H. Then d(B;,Bj) =4
for i+ j.

The next lemma is new.

LEMMA 4. Let h; be the i-th column of the Hilbert matrix and let By, Ba, ...,
By, be nilpotent matrices defined in Lemma 3. If X; € €' (B;) are non-scalar matrices
and A € M,(R) is an arbitrary matrix, then for every T € € ({A,X|,...,Xy_2}) there
exists A € R such that Th; = Ah; forevery i=1,2,...,(n—2).

Proof. 1t suffices to prove the lemma for X; maximal since we can find, by Lemma
1, maximal matrices X; with B; € € (X;) C €(X;) for which clearly

CUAXL, ... Xy 2})) CEUA K., Rua)).

So, assume X; are maximal. Observe first that B;, i = 1,2,...,(n —2), are non-
derogatory matrices. So, since X; € ¢ (B;), we may conclude by (5) that X; is a poly-
nomial in B;. Also, X; is % -equivalent to a square-zero matrix since it is maximal and
since B; is nilpotent. Then, after subtracting a suitable scalar and multiplying it with a
suitable scalar we may assume that for every i = 1,2,...,(n—2),

n—1
X;=Bi'+ ¥ AyuB{ forsome k>4 andsome A; € R.
k=ki+1

As T commutes with X;, the space KerX; = Lin{e,_¢1,-..,e,—1,h} is invariant for
T,ie. T(KerX;) C KerX;. Recall that &; are columns of the Hilbert matrix and the 2 x
2 minor at positions (1,),(1, ), (n,i),(n,j) of the Hilbert matrix is nonzero. Hence,
the projections of h; and hj, where i,j € {1,2,...,n—2}, onto their 1-st and n-th
components are linearly independent. From here we deduce easily that

W =KerX; NKerX,N...NKerX, » =Lin{e,,...,e,1}

for a suitable p, with 2 < p < % + 1. Clearly, W is invariant for 7. Since n > 7, we
have that dimW > 3. Now,

Th; =TXe,_i, = XiTe,_i, € ImX; = Lin{eki+1’ cosen—1,hi}
- Lin{ep7 . ,enfl,hi} =W+ Rh;.

Hence, considering the quotient space R /W, there exist A; € R, where i = 1,2,...,
(n—2), such that
Thi = kihi (mod W)

Denote h; = h; +W € R"/W, the projection of %; in the quotient space. Since r =
dim(R"/W) = n — dimW < n—3 the n—2 vectors hj,...,h, , must be linearly de-
pendent. Recall that every » X r minor of the Hilbert matrix is nonzero. In particular,
the vectors hl, ... ,h, form a basis for R" /W . Also, h,+1 =X, o;h; for some o; € R,
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which are all nonzero because otherwise the appropriate » x r minor of the Hilbert
matrix would be zero.

Hence also h,y1 = Y/, oyh; (mod W) and after applying 7', for which W is
invariant, we have A, 1k, = Th,+1 =Y oAk (mod W). Since o; # 0, we
deduce that 4,1 = A; = A, = ... = A,. Likewise we see that .., = Ay for k =
2,3,...,n—2—r. Therefore,

(T—MmDhi €W,  i=12,...n-2.

Observe that {hy,...,h,_2,e,-2,e,_1} is a basis for R” and that ¢,_,e,_; € W.
We deduce that
m(T — M) CW.

Hence, (T—A,ll)hi = (T—?Lll)Xien_ki ZXi(T—A,II)en_k'. GXi(Im(T—MI)) QX,(W) =
{0} fori=1,2,....n—=2. O

With the next five lemmas we will show that when A € M,(R) is of a certain
form, we may find n — 2 nilpotent matrices By,B»,...,B,_, pairwise at distance 4
such that whatever the choice of non-scalar X; € €'(B;), the centralizer of the set
{A,Xy,..., X, 2} is trivial, i.e. €({A,Xy,.... Xy—2}) =RI

LEMMA 5. LetA:OEB[_O1 ] [_01 ] andlet By, By, ..., B,_2 be nilpo-
tent matrices defined in Lemma 3. If X; € <K(B,) are non-scalar matrices, then we have
C({AX1,...,.Xu—2}) =RI

Proof. Observe first that n is an odd number. Suppose that there exists a non-
scalar T € ¥({A,X1,...,Xy—2}). By Lemma 4, we may subtract from 7T a suitable
scalar matrix to achieve that Th; =0 for i = 1,2,...,n —2, where, yet again, h; is
the i-th column of the Hilbert matrix. This already implies that rk7 < 2, and since
{hi,...,hu_2,en_1,e,} is a basis for R", we only need to show that Te,_; = Te, =0.

Smce T =(t;j)ij € €(A),it follows that T =1;; ® T where #;; € R and

o o Bij
r'= ([ﬁij O‘ij}>1<l jnst €M1 (R).

-

Observe that the rank of 7 is even. From rk7T < 2, either 7 =0 or #;; = 0. In the
latter case, we may conclude that the rank of T is even. Also, Te; = 0 and therefore
KerT contains the n — 1 dimensional space {ej,Ay,...,h,—2}. So rkT < 1 and thus
T =0. In the former case, T =t;; &0 and therefore Te,_; =0 =Te,. U

The next four lemmas may be proved in the same way as corresponding lemmas
in [4]. Nevertheless, for the sake of completeness and since Lemma 4 holds for an
arbitrary matrix A € M, (R), we will present new and shorter proofs.

LEMMA 6. Let A=1,®0,_, € M,(R) be an idempotent with 2 < r = 1kA < 2
andlet By, By, ..., B,_» be nilpotent matrices defined in Lemma 3. If X; € € (B;) are
non-scalar matrices, then we have € ({A,X1,...,Xp—2}) =RI
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Proof. Suppose that there exists a non-scalar T € % ({A,Xi,...,X,—2}). Without
loss of generality we may by Lemma 4 assume that Th; =0 for i = 1,2,...,n—2,
where £; is the i-th column of the Hilbert matrix. Also, since T = (#;;)ij € € (A),
it follows that T =T ® T where T € M,(R) and T € M,_,(R). We have Th; =
(Th;)@ (Th;) and hence Th; =0 and Th; =0 forevery i = 1,2,...,n—2. Recall that
n>7.So,n—2>%. Since 2 <r < 5 and since each rx r and (n—r) x (n—r) minor
of the Hilbert matrix is nonzero, the n — 2 vectors hy,...,h,_s span the whole space
R”, and the n — 2 vectors ﬁl, . ,ﬁn_z span the whole space R"~". Thus, T =0 and
T = 0 and therefore T = 0, a contradiction. [

LEMMA 7. Let

0, 0 O
A=100,, 0| eM,(R)
I, 0 O,
be a square-zero matrix with 2 < r =1kA < g and let By, By, ..., B,_2 be nilpotent

matrices defined in Lemma 3. If X; € € (B;) are non-scalar matrices, then we have
C({AX1,...,.Xn—2}) =RI.

Proof. Suppose that there exists a non-scalar T € € ({A,Xi,...,Xy,—2}). By
Lemma 4 we may assume that Th; =0 fori=1,2,...,n—2. Since T = (t;;)ij € € (A),
it follows that ]

T0O
T=1]xx%x0
x % T

where T € M,(R). We have Th; =0 for i = 1,2,...,n— 2 which yields 7 = 0 since
n—2>%5>r.By r>2,wehave Te, =0=Te, ;. Since {hy,...,h,_2,e,_1,€,} is
a basis for the space R”, we may conclude that 7 = 0, a contradiction. [

LEMMA 8. Let s >0, let A =J3(0)® D J2(0) B 0,_3_25 where the middle
term is omitted if s =0, and let By, By, ..., B,_» be nilpotent matrices defined in
Lemma 3. If X; € € (B;) are non-scalar matrices, then we have 6 ({A,X1,...,Xy—2}) =
RI.

Proof. Suppose that there exists a non-scalar T € ¢ ({A,Xi,...,X,—2}). By
Lemma 4, we may assume that Th; =0 for i = 1,2,...,n—2 which yields tk7 < 2.
Since T = (t,‘j),‘j € %(A), we have 111 =ty =133 and t;p = t3. Also, the third row
of T can have a nonzero entry only at position (3,3) and the first column can have a
nonzero entry only at position (1,1). Further,

1(21-)2 :t(2i+1)37 t(2i+1)2:O7 tj2:O fori=2,....s+1, j >2s+4. (7)
It follows that #{; = tp = 133 = 0 for otherwise rk7 > 3. Thus, Te; = 0. There-

fore, T(Lin{hy,...,hp—2,e1}) ={0} and thus rk7 < 1. Note that { e;,e3,h1,...,iy—2 }
forms a basis for the space R”. So, if Te; =0, then T =0, a contradiction. If Te; #0,
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then there exists a nonzero o € R, such that Te, = oTes. Since tpy =0, tjp =13, and
since (7) holds, this is possible only if Te; = 0 = Te3, a contradiction. So, Te; = 0.
Since {ey,ez,hy,...,h,—2} is a basis for the space R”, we may again conclude that
T =0, a contradiction. [

LEMMA 9. Let A =1®J,(0) ®0,_3 and let By, By, ..., B,_» be nilpotent
matrices defined in Lemma 3. If X; € €(B;) are non-scalar matrices, then we have
C({AX1,...,.Xn—2}) =RI.

Proof. Suppose that there exists a non-scalar T € %({A,Xi,...,Xs—2}). By
Lemma 4 we may assume that Th; =0 for i = 1,2,...,n—2. So, kT < 2. Since
T = (tij)ij € €(A), it follows that T =t,; & T where the second column and the third
row of T can have a nonzero entry ty; = f33 only at positions (2,2) and (3,3), respec-
tively. Suppose first 11 =0. Then Te; =0 and thus k7 < 1. Let Tey # 0. Then there
exists a nonzero o € R such that Te; = aTes. This implies, 733 = 0. Since 1, = 133,
we may conclude that the second column of 7" vanishes, i.e. Te; =0, a contradiction.
It follows that T(Lin{ey,e,hy,...,hy,—2}) = {0} which yields T = 0, a contradiction.

Suppose now t1; # 0. Since 1k T < 2, it follows that tkT < 1. So, Té; = aTé;
for some o € R and thus also Te, = oTe3. Suppose Tep # 0. So, o # 0 and therefore
t33 =0 which yields Te, = 0, a contradiction. So, Te, =0 and thus tk 7 < 1. If Te; #
0, there exits B € R, B #0, such that Te; = BTe;. But then 7;; =0, since #;3 =0, and
thus Te; =0, a contradiction. Again, it follows that T(Lin{ey,ez,h1,...,hp—2}) ={0}
and therefore T = 0, a contradiction. [

The following key lemma corresponds to Lemma 2.8 in [4].

LEMMA 10. Let n be an odd number. The following two statements are equiva-
lent for a non-scalar A € M,(R).

(i) A is € -equivalent to a rank-one matrix.

(ii) For every n—2 tuple of matrices By, Ba,..., B,—y which are pairwise at dis-
tance 4, there exist a non-scalar matrix Y € € (A) and paths B; —X;j —Y — Z;; —
Bj of length 4 connecting B; to Bj, i # j, with Y in the middle.

Proof. Observe first that every real n x n matrix has a real eigenvalue since we
assumed that n is odd. Hence, we may prove that (i) implies (ii) in the same way as in
the proof of Lemma 2.8 in [4].

Conversely, let us assume that (i) does not hold. We will distinguish different
cases. Let us first list all of them.

Suppose first A = M is a maximal matrix.

(a) By assumption A = M is not % -equivalent to a rank-one matrix.

Suppose now A is not maximal. Then by Lemma 1 there exists A; € M, (R), an
immediate predecessor of some maximal matrix M, with € (A) C € (Ay). This gives
us four more cases.
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(b) There exists a maximal matrix M, which is not € -equivalent to a matrix of
rank-one, with €' (A;) C € (M).

If (b) is not true, that is each maximal matrix M with € (A;) C € (M) is € -
equivalent to a matrix of rank-one, then by Lemma 2 we obtain the last three cases.

(c) The signature of A; equals (3,2%,1") with s,7 >0 and 3+ 2s+7 =n and all
the eigenvalues of A; are the same.

(d) The signature of A; equals (2, 1"’2) and A; has two distinct eigenvalues, one
with algebraic multiplicity 1.

(e) The signature of A| equals (2("‘1)/ 2.1), where A; has two conjugate complex
eigenvalues and a real eigenvalue with algebraic multiplicity 1.

Let us now show that for all cases (a)—(e), statement (ii) does not hold. In cases
(a) and (b), M belongs by [5, Theorem 3.2] to one of the following classes:

(1) M is ¥ -equivalent to an idempotent, or (2) M is % -equivalent to a square-
zero matrix, or (3) M is similar to C&C@®...H C where C is a companion matrix
of an irreducible polynomial such that there is no proper intermediate field between R
and R[C]. In case (1) we may assume that M is an idempotent with rank between
2 and 75, and in case (2) we may assume that M is a square-zero matrix with rank
between 2 and 7. In case (3) we may without loss of generality assume that matrix M
is of the following form M =C®C®...®C where C= [ {]. So, in the last case,
the dimension of M is even and therefore, by assumption, this case can not occur. By
Lemmas 6 and 7, we may conclude that in cases (1) and (2) there exist n — 2 nilpotent
matrices B1,B»,...,B,_» pairwise at distance 4 such that whatever the choice of non-
scalar X; € € (B;), we always have € ({M,X1,...,X,—2}) =RI. Since €(A) C € (M),
we also have €' ({A,X,...,X,—»}) = RI. Hence, no matter the choice of X;; € €' (B;)\
RI there does not exist a non-scalar ¥ which would commute with A and with all X;;,
i=1,2,...,n—2. To summarize, for cases (1) and (2), (ii) does not hold, and case (3)
can not occur. We may conclude that for cases (a) and (b), statement (ii) does not hold.

If (c), or (d), or (e) holds, then we use Lemmas 8, 9, 5, respectively, and repeat the
arguments above to see that (ii) does not hold. [J

Let us now show that @ preserves the set of rank-one matrices modulo % -equiv-
alence. To do this we will apply Lemma 10 while taking into account that map @
preserves scalar matrices in both directions (see Lemma 3.1 in [4]).

LEMMA 11. Let n be an odd number. If tkA =1, A € M,(R), then ®(A) is
% -equivalent to a matrix of rank-one.

Proof. Let A € M,,(R) be of rank one and let B = ®(A). Choose any tuple of
n— 2 matrices B; € M,(R), i = 1,2,...,n— 2, which are pairwise at distance four
(recall that such matrices exist by Lemma 3). By surjectivity of @, there exist n — 2
matrices A; € M, (R), with ®(A;) = B; foreach i. Recall thatif n >3, T =T(M,(R))
is a connected graph with diameter four (see [8, 11]). So, since @ does not increase
the distance, we have d(A;,A;) =4 for i # j. Since tkA = 1, Lemma 10 implies that
there exist a non-scalar matrix ¥ € € (A) and paths A; — X;; —Y —Z;; —A;. It follows
that B; = ®(A;) — ®(X;;) — D(Y) — ®(Z;;) — P(A;) = B; are paths of length at most
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four and hence of length four since d(B;,B;) = 4. These paths that connect B; and B;
have the same matrix ®(Y) in the middle, and this matrix ®(Y) also commutes with
®(A) = B. By applying again Lemma 10, we may conclude that B is % -equivalent to
a matrix of rank-one. [l

Since we assumed that n is odd, every real n x n matrix has a real eigenvalue and
thus a real eigenvector. So, all lemmas from the third section of [4] can be used for the
set of real n x n matrices with n odd. For example, in the proof of [4, Lemma 3.3] it is
required that every matrix C commutes with a rank-one matrix and this is equivalent to
the fact that C has an eigenvector. Therefore, from now on we will only briefly sketch
the lengthy arguments from the third section of [4].

Following [4], let us now modify @ to é), which maps rank-one matrices to rank-
one matrices and annihilates the zero matrix as follows. Let m(Ax) be the algebraic
multiplicity of an eigenvalue Ay € Sp(®(X)). We then define the map & : M, (R) —
M,(R) with

D(X)—AxI, kX =1, Ax € Sp(P(X)) with m(Ax) > 1
d(X) = 0, X=0
D(X), otherwise

Observe that €(®(X)) = € (®(X)) for every X € M,(R). So, ® also preserves
commutativity but it is surjective only modulo % -equivalence, i.e. for every matrix
Y € M,(R) there exists a matrix X € M, (R) such that € (®(X)) =% (Y).

If R € M,,(R) is a rank-one nilpotent, then we may show as in the proof of Lemma
3.7 in [4] that ®(R) is also a rank-one nilpotent. Recall that A € M,(R) is of rank-
one if and only if A = xf* for some nonzero vectors x, f € R" where f' denotes the
transpose. As in [4] we may replace, if necessary, ® with the map X — (i)(X ) and
then prove the following lemma in the same way as [4, Lemma 3.12].

LEMMA 12. There exist maps ¢,y : R" — R" with the following properties:
(i) ¢(Rx) CRO(x) and y(Rf) CRy(f) forevery x,f € R\ {0};
(ii) Both ¢ and y annihilate only the zero vector;
(iii) RY(R") = Ry/(R")=R";
(iv) For every rank-one nilpotent xf' we have

dxf) eRY()W(f)' and w(f) d(x)=0.

By Lemma 12 it follows that maps ¢ and y induce a well-defined surjections
on the projective space PR" = {[x] = Rx:x € R"\ {0}} which we again denote by ¢
and v, respectively. As in the proof of Lemma 3.15 in [4] we may prove that ¢,y :
PR" — PR" are also injective maps.

Recall thata map y : PR" — PR" is a projective morphism if for every [x], [y], (] €
PR" where [x] € [y] + [z], we have x([x]) € x([y]) + x([z]). As in the proof of Lemma
3.16 in [4], we observe that maps ¢ and y are projective morphisms.
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We are now in position to conclude the proof of Theorem 2.

Proof of Theorem 2. Since the map ¢ is a projective morphism, it follows by the
fundamental theorem of projective geometry (see for example [6]) that ¢ ([x]) = [A(x?)]
for some field homomorphism ¢: R — R and some linear map A: R"” — R”". Recall
that the map ¢ is bijective, and therefore A is invertible. Also, ¢ = idg because the
identity is the only nonzero homomorphism of R (see [1]). Likewise y([f]) = [Bf] for
some invertible linear B.

We replace @ by X — A~!®(X)A and denote the new map again by ®. The new
map satisfies ®(xf") € x(Bf)" where B=A’B. Note that B is invertible. Since ® maps
rank-one nilpotents to rank-one nilpotents, we have that f'x = 0 implies (Bf)'x =0
for every vector x € R". Therefore Bf € Rf for every vector f € R". If we take f
equal to ¢;, i =1,2,...,n, and then equal to e; +e¢;11, i =1,2,...,n— 1, we deduce
that B is a scalar matrix. Thus

d(xf') € Rxf\ {0} (8)

for every rank-one nilpotent xf”.

It is easy to see that the only rank-one matrices which commute with each of
the rank-one nilpotents Ey;,Epn, i = 3,4,...,n, are in the set RE;;. Hence by (8),
ﬁ)(RE 11\{0}) CRE;;\ {0}. Since every rank-one idempotent P is similar to Ej;, we
likewise deduce that ®(RP\ {0}) C RP\ {0}. Hence, for every rank-one matrix X,
we have ®(X) = (X)X where a : M, (R) — R\ {0} is a suitable function. From here
the main result follows easily. [J
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