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LINEAR RANK PRESERVERS ON
INFINITE TRIANGULAR MATRICES

ROKSANA SLOWIK

ABSTRACT. We consider T (F') — the space of all infinite upper triangular
matrices over a field F. We give a description of all linear maps that
satisfy the property: if rank(z) = 1, then rank(¢(z)) = 1 for all z €
T (F). Moreover, we characterize all injective linear maps on Too (F)
such that if rank(z) = k, then rank(¢(z)) = k.

1. Introduction

Linear preserver problem is an intensively studied branch of the matrix the-
ory. One of its most popular issues is the problem of describing rank preservers.

Let S be a space of matrices over a field F'. We say that ¢ : S — S preserves
rank k matrices if

rank(z) = k implies rank(¢(z)) =%k forallzeS.
We always assume that ¢ is linear, i.e.,

ooz + By) = ad(x) + fo(y) forallz,y €S, a,f e F.

The problem of characterizing such maps was considered in many papers. One
of the first solutions, for the case of all rank one preservers on M, x, (F') were
given in [13] and [14]. Generalization of that — the maps preserving rank less
or equal to one were described in [6], preservers of sets of ranks were studied
in [2, 12]. This issue was also generalized in various ways, e.g. there were
considered matrices over rings [18], or instead of matrix spaces there were
investigated some algebras on Banach spaces [16].

There were also studied some special cases, e.g. when ¢ is nonsingular (like in
[3, 10, 18]). In particular, it was proved that the nonsingular maps ¢ preserving
rank k (k € N) are of one of the forms

(1) P(X) =PXQ,
¢(X)=PX"Q,
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where P, () are nonsingular matrices of a proper dimension and X7 is the
matrix transposed to X.

We will focus on rank preservers of upper triangular matrices. Such linear
maps were investigated in [9, 15], additive linear preservers — in [5, 8], and
modular automorphisms — in [7]. In general, the authors have shown that if
¢ : To(F) = T,(F) is a linear rank-one preserver (where 7, (F) denotes the
space of n X n upper triangular matrices over F'), then ¢ either sends T, (F)
(the space of upper triangular matrices) to some rank one subspace, or is of
form (1) for some nonsingular upper triangular P, Q.

In this paper we will take into consideration 7o, (F') — the space of infinite
upper triangular matrices (in which rows and columns are indexed by natural
numbers) over a field F', i.e. the space consisting of the matrices of the form

T11 T12 T13
0 m22 wo3
0 0 33

Let k € N, we denote by Ry (7T (F')) the set of all linear rank-k preservers
on T (F). We will prove:

Theorem 1.1. Assume that F is a field and that ¢ is a linear rank-one pre-
server. Then either

(1) the image of ¢ consists only of matrices of rank one and the zero matriz
or
(2) there exist matrices a, b such that ¢(x) = axb for x € Too(F).

Note that we do not claim that the matrices a, b which appear in the second
point of Theorem 1.1, are upper triangular or invertible. Some more informa-
tion about a and b will be given at the end of Section 2.

After proving the above theorem, we will point out some connections between
the linear maps preserving rank one and the linear maps preserving rank one
idempotents. Next we will move to linear rank-k preservers for arbitrary k£ € N.
We will show that it holds:

Theorem 1.2. Let F be any field and let k € N, k > 2. Assume that ¢ :
Too(F) = Too(F) is an injection. Then ¢ is a linear rank-k preserver if and
only if ¢ is a linear rank-one preserver and ¢(Too(F')) is not rank one subspace

of Too(F).

2. Proofs of first results

Let us start with explaining the notation. By e, we mean an infinite
matrix, whose rows and columns are indexed by natural numbers, with 1 in
the position (n,m) and with 0 in every other position. We write e, for the
infinite identity matrix.



LINEAR RANK PRESERVERS ON T, (F) 75

If 2 is a matrix that has nonzero entries only in the positions (4, j), where
i €1, je€J, then we will write

xr = E Lij€ij-

i€l jed

By Mixoo(F) we denote the infinite dimensional space FY, i.e., the space
consisting of vectors of form

(2) (x1,29,%3,...) with , € F forn € N.

The symbol Mgng(F) stands for the space over F' which consists of vectors of
form

(3) (xl,mg,xg,...)T, xn €F, |{z,#0}| < o0,

where 27 denotes the vector transposed to x.

In Miyoo(F), MI" (F) we introduce the following subspaces: UL (F) —
that contains vectors of form (2) such that z; = 0 for i < k, VX (F) — that
contains vectors of form (3) such that xz; = 0 for ¢ > k. Moreover, we put
US(F) = Myxoo(F), VO (F) = ML (F).

By e we denote the vector of form (3) with 2y = 1 and x; = 0 for i # k,
and by fr — the vector ef. Notice that we have e, f, = €nm-

If U is a subspace of Too(F) (or T, (F)) such that for every x € U we have
either rank(z) = 1 or = 0, then we will call U a rank one subspace.

We also introduce 7L (F) — the subspace of all infinite matrices with finite
support (i.e., having only finite number of nonzero entries).

Moreover, for any field F', F* stands for F'\ {0}.

Before we prove our main result let us look at two examples.

Example 2.1. For n € N, define ¢,,_, by the formula
¢n~>(z Tijeij) = Z Tij€ijtn-
1<j 1<y

In particular

T11 T12 T13 Ti4 0 z11 ®i2 713
0 22 w23 woy 0 0 x =23
¢)1_> 0 0 33 X34 — 0 0 0 33
0 0 0 x4 0 O 0 0

Clearly, ¢,,—, preserves rank one.

Example 2.2. Again let n € N and

QD wijeis) = Y TijCitnjin:

i< i<
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This time for n = 1:

Ti1 Ti12 T13 T4
0 22 w23 woy
0 0 33 X34 —
0 0 0 T 44

11 Ti12 T13
0 T2 w23
0 0 33

o O o o

¢n\

Examples 2.1 and 2.2 show that there exist maps preserving not only rank
one, but also every rank and which are not given by a formula ¢(X) = PXQ,
where P, ) are nonsingular triangular matrices.

Let us now present three remarks.

Lemma 2.1. Let F' be any field. A matriz x € Too(F) has rank one if and
only if it is of form x = vu for some v € Mgg:l(F), U € Myxoo(F).

Lemma 2.2. Let F be a field and let vi,vs € M({o”xll(F), Uy, g € Miyoo(F)
and T = viuy+vous. If x has rank one, then either vy, ve are linearly dependent

or ui, uy are linearly dependent.

Lemma 2.3. Let F be a field and ¢ € R1(To(F)). Assume that for all n <
m < m' we have ¢(enm) = vV1u1, P(€nms) = vaug for some vy, vy € MgO”XLl(F),
uy, U1 € Mixoo(F). Then either vy, vy are linearly independent and uy, us are
not, or uy, us are linearly independent and vy, vy are not.

Proof. From Lemma 2.2, it follows that either vy, vy or u;, us are linearly
dependent. Assume that the both possibilities hold. Then for some «, g € F
we would have ag(enm) + Bo(enm) = 0, i.e., rank(ag(enm) + Bp(enm)) = 0,
although rank(e,,, + enm/) = 1. Hence, the claim must hold. O

In the same way it can be proved:

Lemma 2.4. Let F be a field and ¢ € R1(Too(F)). Assume that ¢(enm) =
viu1, Plenm) = vaug for some n < n' < m, vy,vy € Mgolzl(F), U, up €
Mivoo(F). Then either v1, ve are linearly independent and uy, us are not, or

u1, ug are linearly independent and vi, vo are not.
The proof of Theorem 1.1 follows from theorems that we will now present.

Theorem 2.1. Let F be an arbitrary field and let ¢ : TL™(F) — Too(F) be a
map preserving rank one matrices. Then either

(1) there exist a map u : N x N = Moo (F) and a vector v e MI™ (F)
such that
(a) for all n < m we have vu(n,m) € Too(F),
(b) for allm € N the set {u(n,m) : m > n} is linearly independent,
(c) for all m € N the set {u(n,m) : n < m} is linearly independent,
and for these v, u we have

¢( Z mnmenm) = Z xnmvu(nvm) )

n<m n<m
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or
(2) there exists a pair of maps v : N — Mggzl(F), u: N = Miyoo(F)
satisfying conditions
(a) v(n)u(m) € Too(F) for alln < m,
(b) the set {v(n)}, oy is linearly independent,
(c) the set {u(m)},,cn is linearly independent
for which we have

¢(Z mnmenm) = Z xnmv(n)u(m) .

n<m n<m

Proof. Let us begin with discussion on images of e, (n,m € N). All these
matrices are of rank one, so for each of them there exist v(n,m) € Mgo"xll(F),
u(n, m) € Mixoo(F) such that ¢(enm) = v(n,m)u(n,m) € Too(F) \ {0}.

Fix now n € N and counsider the set R,, = {enm : m € N, m > n}. For every
three pairwise distinct elements from R,, we have

rank(enm + €nms) =1 and  rank(enm + €pmr) = 1.

Hence rank(é(enm) + ¢(€nm’)) = 1, rank(p(enm) + ¢(enm~)) = 1 and con-
sequently either a,,m/v(n,m') = apmv(n,m) for some apmr, @nm € F* (and
then by Lemmas 2.3 and 2.4 u(n,m), u(n,m’) are linearly independent) or
Brmu(n,m’) = Bumu(n,m) for some Bnm, Bum: € F* (and then v(n,m),
v(n,m') are linearly independent), and the same holds for the pair m, m”.
Assume that v(n,m’) = v(n,m) and u(n,m”) = u(n,m). This situation is

co =IEl)

o

FIGURE 1. Picture to the proof of Theorem 2.1.

symbolically depicted in Figure 1.
Then

¢(enm + enm’ + enm”)
= U(n7 m) [OZU(’IL m) + IBU(H, m/)] + v(”? m//) c u(”: ’ITL)

— [/v(n,m) + Bv(n,m")] u(n,m) +7'v(n, myu(n, m’).
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From the fact that rank(enm + €nm’ + €nm) = 1, it follows that either u(n, m),
u(n,m’) are linearly dependent or v(n,m), v(n,m”) are linearly dependent —
a contradiction.

Therefore either

Apmv(n,m) = apmev(n,m’)  for all m,m’ >n
or
Brmu(n,m) = Bumu(n,m')  for all m,m’ > n.

Suppose that we have SB,mu(n,m) = Bumu(n,m’) for all m,m’ > n, and
write u(n,m) as Bpmu(n). Let jmin stand for the smallest index j for which
we have (u(n)); # 0. Notice that since v(n,m)u(n) € Too(F) for all m >
n, (v(n,m)); = 0 for all i > juin. Then v(n,m) € Vimin(F) for all m >
n. However {v(n,m):m € N} is linearly independent, whereas any subset of
M?min (F) containing more than j,, elements, is not — a contradiction. We
must have apv(n,m’) = apmv(n,m) for all n € N, m,m’ > n.

Now we fix m € N and consider the set C,,, :== {enm : n < m}. By arguments
analogous to the given for R,,, we have either

Aprmv(n',m) = apmo(n,m)  for n,n’ <m
or
Brrmu(n',m) = Bumu(n,m) for all n,n’ < m.

Suppose first that a,m,v(n’,m) = apmv(n,m). Since we also have a,,v(n,
m) = apmv(n,m'), we get that apmv(n,m) = aypmo(n/,m') for all n < m,
n’ < m/'. Denoting v(n,m) by «/,,.v we can write that ¢(enm) = o, vu(n, m)
= vu/(n,m), where {u/(n,m) : n < m} is linearly independent set, as well as
{v(n,m) : m >n}.

Assume now that we have Bpu(n’,m) = Bumu(n,m) and write u(n,m)
as f,u(m). In this case {v(n,m): n<m} = {v(n): n <m} is linearly
independent, and so is {v(n) : n € N}. Moreover, we have

P(enm) = Qppn B0 ()u(m) = Ynmo(n)u(m).
Suppose that we have apmv(n,m) = apmv(n’,m) and By u(n,m') =
Brnrmru(n’,m'). Since
rank(enm + €n'm + €nms + €nrme) = 1,
we also have
rank(¢(en7n) + Qs(en'm) + ¢(enm’) + ¢(en/7n’)) = 17
0
rank [v(n, m)(cu(n,m) + Bu(n’,m) + yu(n,m")) + dv(n,m )u(n,m’)] = 1

for some «, B, v, 6 € F. As v(n,m), v(n,m’) are linearly independent, this
means that u(n,m), u(n’,m), u(n,m’) are linearly independent — a contradic-
tion.
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Summing up, we have proved that for every n,m € N, n < m, ¢(enm) =
vu/(n,m) in case (1) and @(enm) = Ynmv(n)u(m) in case (2).
Notice that from
rank(€nm + €nm’ + €nrm + € ) =1 forn <n’,n<m, n’ <m’,
it follows that
(4) rank [(Ynmv(n) + Vn’mv(n/))u(m) + (Yamrv(n) + 'Yn’m’v(n/))u(ml)}
= rank [v(n)(Ynmu(m) + 'Ynm’u(m/)) + U(nl)('Vn’mu(m) + 'Vn’m’u(m/))]
=1
for some Ynm, Ynm’s Yn'm, Yn'm € F. From (4) we obtain
TYnm/ _ Tn/m/ and Tn'm _ TYn/m/ ’
TYnm TYn'm TYnm Ynm/
i.e., the coeflicients vpm, Ynm/ are equal for m, m’ # 1. Hence we can assume
that vy, depends only on m and write simply ¢(enm) = v'(n)u(m).

Now notice that from the linearity of ¢, it follows that for every z € TL™(F)

we have ¢(z) = >, o, Tnm ¥’ (n)u(m) or ¢(z) = >, o, Tumow' (n,m). With
no loss of generality we can consider this first possibility. O

Theorem 2.2. Let F be an arbitrary field. If ¢ : TL™(F) — Too(F) preserves
rank one matrices and the image of ¢ is not a rank one subspace of Too(F),
then there exist matrices a,b such that ¢(z) = axb for all x € TL™(F).

Proof. If ¢ satisfies the given assumptions and ¢(7L™(F)) is not rank one
subspace, then ¢ must be of form described in point (2) of Theorem 2.1. Hence
we have ¢(enm) = v(n)u(m) for n < m. Let a, b be defined by the conditions

ae, = v(n), fmb = u(m) for all n,m € N.

Then ¢(enm) = u(n)v(m) = (aey,)(fibd) = aenmb, which yields ¢(x) = axb for
all x € TL"(F). O

Proof of Theorem 1.1. Consider ¢ € Ry (Too(F)). Clearly for all x € TL"(F)
such that rank(z) = 1 we have rank(¢(z)) = 1. Hence, by Theorem 2.1 we have
two possibilities: either ¢(7ZL™(F)) is a rank one subspace, or there exist a, b
such that ¢(x) = azb for all z € TL™(F). With no loss of generality consider
the second case. (The proof of the first one is analogous.)

Consider then x € Too(F) that is not in 7L (F). Assume that

$(x) £ Y wpmv(n)u(m).
n<m
In this case, there exist indices n, m such that

1<Jj
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Take the minimal m for which the latter inequality holds, and for this n choose
the minimal m. There exists only a finite number of pairs ¢, j such that
(v(i)u(5))nm # 0. Denote the maximal j for which it holds by k. Let z(*) be
an infinite upper triangular matrix such that

i fori<j<k
5 (k) i = Lij =J =
5) @i {0 otherwise,

and let y®) = z — 2(®). Since ¢ is linear and 2®) is of form (5), we have
(¢(y(k)))nm # 0. Define now z¥)*1 as Zf;l Tijk+1€ik+1 and yF T as y(*) —
z*+1) Then we have (¢(y*+1),,,, # 0.

Suppose that the first k+r columns of y*)*" are zero and that (¢(y ™)) ,m
# 0. If we define now z(®+7+1 a5 Zf:f“ Tijrri1€ikars1 and yEFTTHL ag
y®+r — g(B)+r+1 e obtain that y*)+7+1 has the first k +r + 1 columns zero
and (¢(y(W+7+1)),,, # 0. Now from induction, it follows that (¢(0))nm # 0,
which clearly contradicts the linearity of ¢. Hence, we must have

o( Z Tnm€nm) = Z Tnmv(n)u(m)

n<m n<m

for all z € Too (F). O

Let us now present some examples.
The classical example of a linear rank one preserver on 7, (F') is ¢ such that

Z?Zl T Z?;ll Tii4+1 - Tin
0 0 e 0
A e = |0 00
i<i : : :
0 0 e 0

There does not exist an analogon to this map on 7o, (F'). However, we also give
an example of ¢ such that all matrices in ¢(7s (F')) have rank not exceeding
one.

Example 2.3. Define ¢ as follows:

(j)( Z xnmenm) = Z LTrm€1,2n-1(2m—1) »

n<m n<m
ie.,
T11 Ti12 T13 Ti4 X X
o e e 11 P22 Ti2 T3z X13 T23 T4 e
0  ma2 x23 woy
0 0 0
0] 0 0 &35 3 =19 0 0
0 0 0

More precisely, the coefficients from the first row (in z) are in the odd columns,
the coefficients from the second row are in the columns 4n + 2 (n € N), the
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coefficients from the third row are in columns 8n + 4, and so on. Obviously ¢
preserves rank one and ¢(75 (F')) is a rank one subspace of T (F).

Example 2.4. Consider the following ¢.

T11 Z12 T13 T4 - 0 z11+m2 2711 +712 T13 T1a
0 T2 X23 T24 0 T22 T22 T23 T24
¢ 0 0 33 T34 — 0 0 0 Tr33 T34

0 0 0 24 0 0 0 0 xu

We have v(n) = e, for n € N, u(1) = (0,1,2,0,0,...), u(2) = (0,1,1,0,0,...),
u(m) = fmy1 for m > 3, so

012000
011000
000100
a= e, b=10o 00 0 1 0
00000 1

Moreover, we can see that for ¢, (from Example 2.1) we have

01 00

0010
a=eo, pb—|0 0 0 1 7

0 0 0O

and for ¢1n, (from Example 2.2)

0 0 0O 01 00
1 0 0 O 0 010
a=10 10 0 , b—=10 0 0 1
0010 00 0O

The latter example shows that we can have axb € T (F') for all upper trian-
gular z, although a ¢ To(F). It can be also noticed that the above a and b
are both noninvertible — it can be easily checked that a does not have a right
inverse, and b does not have any left one.

Example 2.5. Assume that 7 is an increasing map on N and define Spl as
in [17], i.e.,

SplT(Z Tijeij) = Z TijCr(i)r(j) -

i<j i<j
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Then Spl. preserves rank one as well. For instance, for 7(n) = 2n we have

00000 01 0000
100 00
0000000
0000 0
010 0 0 000100
a= . b=10 000 0 0
00000 00000 1
00100

As we may be interested in the case when the matrices a and b are invertible,
we will introduce one more symbol. Namely, we will use 72 (F) for the set
(which forms a multiplicative group) of all invertible elements of 7o (F).

From Theorem 2.2, it follows:

Corollary 2.1. Let F be a field. If ¢ € R1(Too(F')) is surjective, then there
exist a,b € T (F) such that ¢(x) = axb for all x € Too(F).

Proof. If ¢ is surjective, then we can make use of Theorem 2.2.
Consider the matrices

P(enn) = v(n)u(n), d(ennt1) = v(nu(n +1), (ennr2) = v(n)u(n +2),
and
P(entins1) = v(n+ Du(n+ 1), (€n+1,n+2) =v(n+ Du(n +2),
d(ent1,n+3) = v(n+ Du(n +3), .
Since rank(d(enp) + ¢(ent1,p)) =1 for all p > n + 1 we have

rank(¢(enn) + ¢(ent1,nt1)) > 1
and ¢ is surjective, we conclude that
v(n) € V2\VZHF) for all n € N.
By an analogous argument we get that
u(m) € UZ\ UZ"YF) for all m € N.

Therefore, a and b defined as in the proof of Theorem 2.2 are upper triangular
matrices. Moreover, as ¢ is onto, they are invertible. This completes the
proof. (I

As we have promised we present now some facts about the form of a and
b that appear in Theorem 1.1. It is natural to ask when a, b are such that
axb € Too(F) for all z € T (F). We have already seen that a, b does not
have to be upper triangular. According to our proofs, we have ¢(x) € Too (F)
if and only if aenmb € Too(F) for all n < m. This is also equivalent to the
fact that v(n)u(m) € Too(F) for n < m. Since for every n < m there exist k,,
lm such that v(n) € VE(F), u(m) € Ulz(F). Clearly, it suffices to focus on
the maximal k,, and the minimal [,,,, or, more precisely, on the case when the
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difference between these two numbers (i.e., l,, — ky,) is minimal. If the latter
difference is negative, then ¢(enm) ¢ Too(F). Otherwise we have ¢(enm) €
Too(F'). Hence, we can formulate:

Corollary 2.2. Let a be an infinite matriz over a field F' such that

(1) every column v(n) of a is in the set VEr(F) for some k, € N,
(2) columns of a are linearly independent,

and let b be an infinite matriz over the same field such that

(1) every row u(m) of a is in the set Ul (F) for some l,,, € N,
(2) rows of b are linearly independent.

For all n < m consider the set differences L, — k. If this set contains a
minimal element which is nonnegative, then the map ¢ defined on Too (F) by
the formula ¢(z) = axb, is in R1 (T (F)).

3. Idempotents

Now we will prove that there is a connection between maps preserving rank
one and maps preserving rank one idempotents. Our result is inspired by
Corollary 3 from [15].

One can verify the following.

Remark 3.1. If F is a field and @ € Too(F) is rank one idempotent, then z is
of the form

0]y|yz
(6) 0]1] 2
0/0] 0

\_ o

FIGURE 2. Picture to the proof of Lemma 3.1. Nonzero coef-
ficients of x are in the blocks.
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4 4

\_ / \_ _/

FIGURE 3. The right block denote x and ¢(x), whereas the
left ones y and ¢(y).

Lemma 3.1. Suppose that F is a field and © € Too(F) is a matriz of rank two,
of form viuy + vouz, where v € V2(F)\ V2 YF), uy € UZ(F)\ UZ"Y(F),
vy € VIH(F)\ VIP"U(F), ug € UM (F)\ UZ'~Y(F). Then there exists at most
one rank one matriz y € Too(F) such that x + y is rank one idempotent.

Proof. Let x be a matrix from the assumption. Since z is of the form as in
Figure 2, we must have y,,m = 1, and y = wsus, where ug is such that wuq,
ug, ug are linearly dependent. Hence ug is determined by us and u;. More
precisely, if

(UQUQ)n+1,m/ - (UQUQ)n+2,m’ - (UQUQ)mm’ -
T— L, . =02 ..., = = Omn-n

’ ’

Tnm Tnm Tnm!

(v2u2)mny u

and gy = 1, then vz = 3" " aeny; and ug = uy — =
nm

the matrix y with the property from the theorem does not exist. O
Theorem 3.1. Assume that F is a field and that ¢ : Too(F) — Too(F) is

injective. If the map ¢ is linear and it preserves rank one idempotents, then ¢
preserves rank one matrices.

5. Otherwise,

Proof. Let x € Too(F) be a matrix of rank one. If z = a-2’, where @ € F and z’
is a matrix such that (2/)? = 2/, then by the assumptions and the homogeneity
of ¢, the claim holds. Otherwise, we have x = wvu for some v € VZ(F),
u € UZ(F) for some n < m. Let us put

n—1

Y =€nn + (Unlulm)il Z Vi1U1mE€in-

i=1
Then y and x 4 y are rank one idempotents — it is depicted in Figure 3. Hence,
#(y), ¢(x + y) are rank one idempotents as well. Therefore, ¢(x) can have
rank equal to 0, 1 or 2. Since ¢ is an injection and ¢(0) = 0, we can not have
rank(¢(z)) = 0.
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Now we will observe that the case rank(¢(y)) = 2 is also impossible. Suppose
the opposite — that rank(¢(z)) = 2. Now we put

o0
_ —1
Z = emm + (Un1tim) Un1U1i€mi-
i=m-+1

Then z and x + z are rank one idempotents, so ¢(z), ¢(z + z) are rank one
idempotents as well (see Figure 4). However, by Lemma 3.1, there exists at
most one rank one idempotent ¢ such ¢ + ¢(x) is rank one idempotent. This
implies ¢(y) = ¢(z), which contradicts the injectivity of ¢. O

Obviously, the converse implication does not hold, which can be easily ob-
served in e.g. Examples 2.3 and 2.4.

Using the facts proved in the preceding section we can prove:

Theorem 3.2. Assume that F is a field and that ¢ : Too(F) = Too(F) is a
linear injective map preserving rank one idempotents. Then ¢(x) = axb, where
a and b are infinite matrices satisfying the following condition: for every n € N
there exist k € N such that the n-th column of a — v(n) is in VE(F), the n-th
row of b — u(n) is in U (F), and (v(n))g(u(n)), = 1.

Proof. Again we refer to the arguments given in the proofs in the previous
section. By them, the fact that ¢ is injective, and that rank one idempotents
are of form (6), ¢ must be given by a formula ¢(z) = axb for some a, b.
Moreover, ¢(e,y,) must be a rank one idempotent for every n. Hence v(n)u(n)
is of form (6). Therefore, if v(n) € VX (F) and (v(n))r = a, then u(n) € UL (F)
and (u(n))y = a~ L. O

4 4 0

o / \_ /

FIGURE 4. The upper block denote x and ¢(x), whereas the
lower ones z and ¢(z).
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4. Rank k

In this section we will characterize all injective rank-k preservers on T (F'),
where k£ > 2. We will show that these maps coincide with some rank one
preservers. Our result is very similar to those from [1, 3, 4, 11].

First we prove:

Lemma 4.1. Let F' be a field and let ¢ : Too (F) = Too(F) be a linear rank-k
preserver for some k € N. If ¢ € Too(F') has rank one, then rank(é(x)) is
finite.

Proof. Clearly, it suffices to discuss the case when k& > 2. If z has rank one,
then we can write = as a difference y — z, where rank(y) = rank(z) = k. More
precisely, since rank(z) =1,z = > I, E‘;’;m zijei;. If x;; # 0 for some j > m,
then we put

y=x + Z?:l TimCim + E€m+1,m+1 + Em+2 m+2 + -+ Em+k—1,m+k—1

n

Z = Eizl Tim€im + E€m+1,m+1 + Em+2,m+2 +-- Cm+k—1,m+k—1

whereas if z = Zle Tim€im, then we put

y=x + Z?:l LTim+1€im+1 + Em+2,m+2 + €m+3,m+3 + -+ Em+k,m+k »
n
2= 4 Timt1€im+1 T emi2mt2 + €mismis + o+ Cmpkomtk -
Hence rank(¢(x)) = rank(¢(y) — ¢(z)). From the fact that ¢ preserves rank k,

we get that ¢(z) is a difference of two matrices of rank k, so its rank is at most
2k. O

Now we can give:

Proof of Theorem 1.2. Suppose that ¢ preserves rank k matrices. Let x €
T (F') be an arbitrary matrix of rank one. There exists m,, such that (¢(x));; =
0 for j > i > m,. By arguments given in the proofs in Section 2, we can focus
on the matrices from 7/ (F), there exist only a finite number of e;; such that
(¢(ewn))i; # 0 for 4,5 < m,. Then we can choose such [ that

o (p(en))i; =0for i, j < my,
o rank(x +ey) = 2.

Denote the minimal ! with this property by 7;. For this e;,;, there exists m;
such that (¢(z + €;,4,))ij = 0 for j > i > my, and we can find i3 such that

o (d(€iyiy))ij = 0 for i, j <my,
o rank(z + €i4, + €iyiy) = 3.

Performing this way we can find €;,;,, €iyiy, - - -5 €ip_,in_, such that
rank(z + e, + -+ €ip_jin_,) =k
and
rank(od(z + €54, + - F €ip_yin_q))
= rank(¢(z)) + rank(d(e;,q,)) + -+ + rank(d(es, i) -
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Since ¢ preserves rank k, we have
rank(¢($)) + rank(¢(ei1i1)) R rank((b(eikfﬂkfl)) = ka

S0 as ¢ is injective, by Lemma 4.1, all ranks in the latter equation are positive
and therefore rank(¢(z)) = 1.

Assume now that ¢ preserves rank one matrices and ¢(7(F')) contains
matrices of rank greater than one. Then ¢ is of form as described in point
(2) of Theorem 2.1. Let & € Too(F) be any matrix of rank k. Then z can be

4 N O A

bl —

- RN _/

F1GURE 5. Picture to the proof of Theorem 1.2.

written as a sum of k matrices of rank one, i.e., v = x1 + z2 + -+ + x} With
x; = ric; for some r; € Mgolzl(F), ¢i € Mixoo(F), where cq, ..., ¢ are linearly
independent. By Theorem 2.1

o) = ¢(1) + -+ + P(ak) = viug + - + vpuy, -
Obviously
rank(¢(x)) < rank(¢(z1)) + rank(p(ag)) =1+ -+ 1=k .

Suppose that rank(¢(x)) < k. Then for some 4, the vector u; would be a linear

combination of uy, ..., u;—1, Ujy1, ..., ux. However ui, ..., up are linearly

independent — a contradiction. Concluding we must have rank(¢(z)) = k

whenever rank(z) = k. O
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