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JORDAN DERIVATIONS OF SOME CLASSES OF MATRIX RINGS

Nader M. Ghosseiri

Abstract. Let R be a 2-torsionfree ring with identity and S be a subring of
the ring M,,(R) that contains the ring 7,,(R) of all upper triangular matrices
over R; that is, T,,(R) € S C M, (R). The goal of this paper is to describe
a Jordan derivation A on S. The main result states that A can be uniquely
represented as the sum of a derivation and a very special Jordan derivation.
This result describes also the structure of every derivation on the ring .S which
is an extension of a result of S.P. Coelho and C.P. Milies and a result of S.
Jondrup. Moreover, one of the corollaries of the main theorem covers the
classical result by Jacobson and Rickart stating that there are no proper Jordan
derivations on M, (R), and a more recent result by D. Benkovic that there are
no proper Jordan derivations on the algebra 7, (R).

1. INTRODUCTION

Let R be a ring. An additive mapping d : R — R is said to be a derivation if
for all a,b € R, d(ab) = d(a)b+ ad(b). For each a € R, the mapping d, : R — R
given by d,(z) = ax — xza,xz € R, is easily seen to be a derivation on R. d,
is called the inner derivation induced by a. The additive mapping 6 : R — R
defined by d(ab) = d(b)a + bd(a) for all a,b € R is called an antiderivation. The
additive mapping A : R — R defined by A(ab+ba) = A(a)b+ aA(b) + A(b)a+
bA(a) for all a,b € R is called a Jordan derivation. Obviously, each derivation or
antiderivation is a Jordan derivation, but the converses are not true (see examples
1-4 bellow).

Let n be a positive integer. By M, (R) we denote the ring of all n x n marices
over R, by T,,(R) we denote the ring of all n x n upper triangular matrices over R,
and e;; stands for the usual matrix unit. Let R be a 2-torsionfree ring with identity,
n > 2, and S be a subring of M, (R) that contains T,(R); i.e. T,(R) C S C
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M, (R). In this paper we determine the structure of Jordan derivations on S. This
result generalizes some known results, and there are some analogies between this
result and some others.

In 1993 S.P. Coelho and C.P. Milies [2] proved that if R is a ring with identity
and d is a derivation on 7}, (R), then there exists a derivation 6 : R — R and a matrix
A € T,(R) such that d = & + d 4, where §([x;]) = [6(x;;)] for each [z;;] € T,.(R)
and d 4 is the inner derivation induced by A. In 1995 S. Jadrup [4] determined a
similar structure for C-derivations on M,,(A) and T,(A), where A is a C-algebra.
In Corollary 1 we extend these results to any ring .S such that 7,,(R) € S C M, (R).
By a classical result of Jacobson and Rickart the ring M,,(R) has no proper Jordan
derivations [3, Theorem 22]; more recently, in 2005 D. Benkovic [1] has shown
that if R is a 2-torsionfree commutative ring with identity and n > 2, then T},(R)
has no proper R-linear Jordan derivations. Corollary 2 establishes these results at
once. In [1, Theorem 1.1] it has also been proved that if R is a commutative 2-
torsionfree ring with identity, then every R-linear Jordan derivation from 7,,( R) into
a T,,(R)-bimodule M is the sum of a derivation and an antiderivation. For the case
that M = T,,(R) and n > 3 this result is an special case of Theorem 1. For more
studies concerning Jordan derivations we refer the reader to [1] and the references
therein.

In section 2 we shall consider singular Jordan derivations on .S and in particular
observe the connections between them and antiderivations. In section 3 we will
state our main results. In particular, Theorem 1 states that every Jordan derivation
A : S — S can be uniquely represented as the sum of a derivation d : S — S and
a singular Jordan derivation 6 : S — S, and in Corollary 1 we will describe the
structure of derivations on S. Section 4 is devoted to the proof of Theorem 1.

2. SINGULAR JORDAN DERIVATIONS

The purpose of this section is to introduce the concept of a singular Jordan
derivation, and gather together some useful observations about this concept.
We begin by the following important observations which can be easily verified.

Remark 1. The following two conditions are equivalent:
(i) S is a subring of M,,(R) such that 7),(R) C S.
(i) There exist ideals /;;,1 < i,57 < n, of R such that I;; = R for all i <
7, IijIjk C I, for all 1,7, k, and
S = {Ei,szjezj 1T € Iij}-

The notion of a singular Jordan derivation naturally appears when studying
Jordan derivations on S. To see this we consider two cases:
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First, let n = 2 and let S be a ring such that 7,(R) C S C M,(R). Then by
Remark 1, there exists an ideal I in R such that

sz<1j g)

Remark 2. Let f: I — R be an additive map satisfying
() flzy) =yf(x) forallz € I,y € R,
(i) f(yx) = f(x)y forall z € I,y € R;
(iii) f(z®)=0forall z € I.

We have

Then the mapping 6 : S — S defined by
5(1‘621) = f(x)elg and (5($€Z‘j) =0 for all €ij 7& €12

is a Jordan derivation.

One can easily check that ¢ is a Jordan derivation, but not a derivation if f # 0.
Such a Jordan derivation will be called a singular Jordan derivation. Also, it is
not hard to see that § is an antiderivation if and only if f(7%) = 0. The next two
examples illustrate these instances.

Example 1. Let R be a commutative ring with identity and I be a nonzero
ideal of R such that 12 = 0. The mapping f : I — R defined by f(z) = z,2 € I
satisfies all conditions of Remark 2; moreover, f(I?) = 0. Therefore, the map

0:5 — S, where
R R
s=(1 %)

is a singular Jordan derivation and at the same time an antiderivation which is not
a derivation.

Example 2. Let R[x,y] be the polynomial ring in x,y over R, where R is
again a commutative ring with identity. Let I be its ideal generated by 2, 32, and
2xy and set

R' = R[z,y]/I.

Assume that I’ is the ideal of R’ generated by = + I , y + I, and put

R R
s= (% 7).
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One can easily verify that f : I' — R’ defined by f(2') = 2’ for every o/ € I’,
satisfies all conditions of Remark 2. Therefore, § : S — S is a Jordan derivation
that is not a derivation; that is, § is a singular Jordan derivation. Since f((z +
N(y+1)) =zy+1+#0, we have f(I'*) # 0, whence § is not an antiderivation.

Next, assume that » > 3 and let S be a ring such that 7,(R) C S C M, (R).
By I;; we denote the appropriate ideals of R illustrated in Remark 1. We have

Remark 3. If an additive map f : I,; — R satisfies

() f(zy) =yf(x) foral z € I,,;,y € R;
(i) f(yx) = f(z)y forall x € I,,;,y € R;
(III) f(Indnl) = f(InIIjl) = f(Indjl) =0 forall 1 < j<mn,

then 0 : S — S defined by
d(zen1) = f(z)er, and d(xe;;) =0 forall e;; # enn
is a Jordan derivation.

In fact, from (ze, )e12 = xeys it follows that I,,; C I,,5, whence 1,12 C I,1 1,0,
so that by (iii), f(I,1?) € f(Inil.2) = 0. Now it is easy to see that § is an
antiderivation and therefore a Jordan derivation, but not a derivation if f # 0. For
n > 3, such a map ¢ will be called a singular Jordan derivation. Here is an
example:

Example 3. Let n > 3, R be a commutative ring with identity, and I be a
nonzero ideal of R such that 72 = 0. Let the ring S be such that I;; = I for all
i > jand I;; = R for all ¢ < j. Then the embedding f : I — R satisfies all
conditions of Remark 3. Accordingly 6 : S — S is an antiderivation, but not a
derivation.

This section ends with some situations in which S has no nonzero singular
Jordan derivations:

Remark 4. |If the ideal I,,; of R is trivial; i.e. I, =0or I,; = R, then S
does not have nonzero singular Jordan derivations. In particular, this holds true for
T.(R) or S,(R).

Proof. The case I,,; = 0 is obvious. Let I,,; = R. Then f(:c2) = (0 for all
x € R, and so f(1) = 0. Therefore, each of Remark 2(i) or Remark 3(i) implies
that

fly)=f(ly) =yf(1)=0
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for all y € R. Therefore, S does not have nonzero singular Jordan derivations. =

Remark 5. Let R be a prime ring and .S be a ring such that 7},(R) C S C
M, (R). Then:

(i) If n > 3, then S does not have nonzero singular Jordan derivations.

(i) If n = 2 and char(R) # 2, then S does not have nonzero singular Jordan
derivations.

Proof. The case I,,; = 0 is obvious. Suppose therefore that I,,; # 0.
Let n > 3. Since f(I,12) = 0, Remark 3(i) yields

0= f(z(yr)) = yrf(z)

for all z,y € I,1,» € R. Since R is prime, we conclude that f = 0, whence
nonzero singular Jordan derivations do not exist on S.

Assume n = 2. Then for every x € I we have f(2?) = zf(z) = 0.
Linearizing we get zf(y) = yf(z) = 0 for all z,y € I;. Replacing y by yr,
where r € R, we get zr f(y) + yr f(x) = 0 which implies that

2zRf(z) =0,
and this implies the desired conclusion. ]

From f(I,1%) = 0 and both (i) and (ii) in Remark 3 it follows that f(zy) =
yf(z) = f(y)x =0 forall x,y € I,,;. Thus:

Remark 5. Letn > 3 and S be a ring such that 7,(R) C S C M, (R). If
either ann;(7,,;) Nann,(I,1) = 0 or 1,12 = I,1, then S does not have nonzero
singular Jordan derivations.

3. MAIN RESULTS

Throughout this section, R will be a 2-torsionfree ring with identity, n > 2, and
S will be a subring of M, (R) that contains T},(R).

Theorem 1. Let A : S — S be a Jordan derivation. Then there exists a
unique derivation d : S — S and a unique singular Jordan derivation § : S — S
such that A = d + §. Moreover, d is the sum of an inner derivation d 4 and a
derivation dr arising from a derivation on R, and § is an antiderivation if n > 3.
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Since the last assertion is interesting in its own right, let us record it as a separate
statement. As we shall see in the proof we do not use the assumption that R is
2-torsionfree.

Corollary 1. Letd: S — S be a derivation. Then there is an inner derivation
dy : S — S andaderivationdp : S — S arising from a derivation on R such that
d=ds+dg. Ifd=da + dg, for some matrix A’ and a derivation d’g arising
from a derivation on R, then there exists » € R such that d 4 = d4 + d, .

From Theorem 1 and Remarks 4 and 5 from the preceding section we have im-
mediately the following corollaries.

Corollary 2. Every Jordan derivation on any of the rings M ,,(R) and T},(R)
is a derivation.

Corollary 3. If R is a prime ring, then every Jordan derivation on S is a
derivation.

We end this section by an example. This shows that if we have no torsion
assumption on R, then (a) the Jordan derivation in Theorem 1 may not have the
structure described there; (b) the Jordan derivations in Corollary 2 and Corollary 3
(for the case n = 2) may fail to be derivations on S.

Example 4. Let U be the ring of integers modulo 2, R be the ring U[z], and S
be either of M(R) or T5(R). Foreach P = [f;;] € S define A(P) = (f11'+ f22)1,
where T is the identity martix and f;;’ is the usual derivation of f;;. Then it is easily
verified that the Jordan derivation A is not of the form described by Theorem 1.
Also, A is neither a derivation nor an antiderivation.

4. ProoF oF THE MAIN THEOREM

The following observations hold true in any 2-torsionfree ring S. If A : S — S
is a Jordan derivation, then:

(1) A(a?) = A(a)a+ aA(a)
) A(aba) = A(a)ba + aA(b)a + abA(a)
(3) A(abc+ cba) = A(a)be + aA(b)c + abA(c) + A(c)ba + cA(b)a + cbA(a)

for all a,b,c € S. Indeed, (1) follows from the definition and the assumption that
S is 2-torsionfree; applying A to the identity 2aba = a(ab + ba) + (ab + ba)a —
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(a®b + ba?) we get (2), and linearizing (2) we obtain (3).

Theorem 1 will be proved in three steps. In the first step we shall find an
appropriate singular Jordan derivation arising from the Jordan derivation A; in the
second step we will find A € S that gives rise to an inner derivation d 4, and in
the last step we will prove that the remaining part is a derivation arising from a
derivation on R.

Step 1. Let A:S — S be a Jordan derivation. Define 6 : S — S by
5(1‘6@‘) =0 for all €ij 7& €nl, and

d(zen1) = ennA(zent)enn = f()e1n,

where the mapping f : I,,; — R is determined by ¢ and for each x € I,,1, f(z) is
the entry of the matrix A(xe,;) at the position (1,n). Since ¢ is an additive map,
so is f.

Lemma 1. ¢ is a singular Jordan derivation.

Proof. It suffices to show that the map f : I,,; — R satisfies the conditions of
Remark 2 (if n = 2) and Remark 3 (if n > 3).
Let 2 € I,,1,y € R. Then we can write

A(zyent) = A(zepiyern + yerirent)
= A(zen1)yern + xep1 Ayerr) + Ayerr)zenr + yer1 A(zens).
This implies
ellA(xyenl)enn = yellA(xenl)enn i.e. f(xy)eln = yf(x)em.

Accordingly, f(zy) = yf(x) for all x € I,;,y € R. Similarly, using yxe,; =
YennTen1 + Tep1yen, one shows that f(yz) = f(z)y for all x € I,1,y € R.
Therefore, f(2?) = xf(x) = f(z)x for all x € I,;. Using also

0= ellA((xen1)2) = e11(A(zep1)xen + xep1 Axen))
= ellA(wenl)ennxenl = f(x)xen,
we see that f(z2) = 0 for all z € I,,;. Thus, in view of Remark 2, § is a singular
Jordan derivation in case n = 2.
Now let n > 3. Fix j, 1 < j < n. Assume first that = € I,,; and y € I;;. Then
we can write
A(zyen) = A(zenjyen + yejizen;)
= A(zenj)yejn + ven;j A(yejn) + A(yeji)xzen; + yejiA(xen;),
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which yields ei1 A(zyeni)enn, = f(zy)er, = 0. Thus f(I,11;1) = 0. Next, let
x € In; and y € Ip,1. Since ey jyent + yepixzen; = 0, it follows that

A(zen;)yent + ven; A(yen1) + A(yen)zen; + yen1 A(zen;) = 0.
Multiplying this identity from the left by e;; and from the right by e;; we get
0 = en1A(yent)ennen; = f(y)zer; = f(zy)er;.

Therefore, f(I,;1,1) = 0. Similarly we see that f(I,,11;1) = 0. Thus, by Remark
3, ¢ is a singular Jordan derivation in case n > 3. ]

Note that A — § is a Jordan derivation satisfying:
611(A - 5)(xen1)enn = ellA(wenl)enn - ellé(xenl)enn =0

for all z € I,,;. Therefore, from now on we may assume without loss of generality
that A : S — S is a Jordan derivation with the property

(4) ellA(Inlenl)enn = 0.

Step 2. Letl <i <nandsetA(e;) = Zk,l leekl. Since ¢;; is an idempotent,
we have A(e;) = A(ei;)ei; + e A(ei;). Hence we see that 28, = 0 and =%, = 0
whenever both & and [ are different from 7. Thus we may write

(5) Ale;) = szieki + Zxﬁleﬂ.

ki I#i
Leti # j. As e;; and e;; are orthogonal idempotents, we have
A(e“‘)ejj + e“‘A(ejj) + A(ejj)e“‘ + ejjA(e“‘) = A(eiiejj + ejje“‘) = 0.

Multiplying by e;; from the left and by e;; from the right we infer that e;; A(e;i)ej; =
—eiiA(ejj)ejj. That is,

(6) o ——

whenever i # j.
We now define the matrix A = >, ; a;je;;, aij € I;; as follows. We set aiy =0
and define a;; according to

7) ajjel; = —enA(erj)ej;.
Further, for 1 <i < j <n we set

(8) Qi5 = —xzi» =X
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Thus, QaijCij = —eiiA(eii)ejj = eiiA(ejj)ejj. If 1 <j<i<n, then we set

_ i
©) Qij = T35 = _x;jv
so that Qi€ = eiiA(ejj)ejj = —eiiA(eii)ejj.

Step 3. d = A — dy is a Jordan derivation satisfying:
Lemma 2. d(e;;) =0forall1 <i<j<n.
Proof. Using (5), (8), and (9), for each 1 < i < n we have

da(ei;) = Ae;i —e;A

= Z AkiCki + Z AkiCki — Z aj€i| — Z a;l€il

k<i i<k 1<i i<l

=Y alhieri+ Y alpier + Y wluea + Y rlueq
k<i i<k 1<i i<l

= Alei),

so that d(e;;) = 0,1 < i <n. Now we compute d(e;;) for each j with 1 < j < n.
Since €15 = e11€1;¢€;; —|—ejj61j611, it follows from (3) and d(en) = d(ejj) = ( that

d(erj) = end(exj)ej; + ejjd(erj)enr.
Applying a;; = 0 and (7) we get

de1;) = e11(Aler;) — Aerj +e1jA)ej;
+ejj(A(e1;) — Aerj +erjA))en
= —ajje1j +ajjer; +ejiA(erj)en
= ejjA(elj)en.
Hence we see that d(eq;) = be;1, for some b € I;;. Using
0= A(e*ij)en = (ejA(ery) + Alerj)erj)en = eijAlerj)en,

we therefore get be11 = eljbeﬂ = ele(elj)eu = 0. Thus d(elj) =0.
Finally we compute d(e;;) for 1 <i < j < n. Since e;; = eje;je;; + €jjeijei,
we again have
d(eij) = eid(eij)ej; + ejjd(eij)ei.
Similarly as above we get

d(eij) = eil(eij)ejj — aieij + ajjeij + ejjA(eij)eii-
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Since A(e?;;)e;; = 0, it follows that e;;A(e;j)e;; = 0. On the other hand, e;; =
€1i€ij + €ij€14. Making use of d(elj) = d(eh‘) = 0 it follows that elid(ezj) +
d(eij)eli = 0. Hence
0 = exid(eij)ej; = e1i(Alei;) — Aeij + e A)e;;
= eni(eil(eiy)ej; — aiey + ajjeij),
which gives eiiA(eij)ejj = (aii — ajj)eij and d(eij) = 0. |

Define ¢ : R — R such that

end(werr)err = p(z)err.
Clearly ¢ is an additive map.
Lemma 3. d(xze;;) = ¢(z)e;; for all z € I;;.
Proof. For any 1 <i < n we have 2ze; = xeje;; + e;ixey, SO that
d(zei;) = ejd(ze;)eq.
Let 1 < 7 < n. Then we have

d(xelj) (xenelj + eljxen)

=d
= d(xen)elj + eljd(xen)
= p(z)eq;.

On the other hand,

d(xelj) = d(xejjelj + e1j$€jj)
= d(wejj)e1; + e1jd(we;;)
= e1j(ej;d(wejj)ej;).
Therefore, d(zei;) = p(x)er; and d(zej;) = p(x)e;; for every x € R. Similarly
we see that d(ze;j) = p(x)e;; whenever 1 <i < j <n.
Now let 1 < j < i <mn. Then
d(xeij) = d(eiixeijejj + ejjxeijeii)
= eiid(xeij)ejj + ejjd(xeij)eii
forallz € Iij- From rejjejitejxe;; = reg+re;; one easily derives eiid(xeij)ejj =
p(x)e;; for all z € I;;. It remains to prove that ej;d(I;je;j)e;; = 0 whenever
1 < j < i< n. First, using (4) we get
ernd(zent)enn = e11(A(zen1) — Axeny + xep1Aerr)eny

= ellA(xenl)enn =0
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for all x € I,,;. Suppose 1 < i < n. Then d(xze;i€;it1 + €iir1xei1) = 0, SO
that using d(e; ;+1) = 0 we get e1d(zeir)e; = 0 for all z € I;;. Finally, suppose
1<j<i<mn. Then

0= d(xeijelj + eljxezj)eii = elj(ejjd(xeij)eii).

This means that e;;d(l;;e;;)e;; = 0 and the lemma is proved. n

Since for all z,y € R we have

o(xy)ers = d(xyers) = d(xej1yers + yejaxerr)
= (p(z)y + zo(y))erz,

we see that ¢ is a derivation on R. In view of Lemma 3 one observes that d is a
derivation arising from a derivation on R. Therefore, every Jordan derivation A :
S — S can be written as the sum of a derivation d : S — S and a singular Jordan
derivation § : S — S. It remains to prove the uniqueness of this decomposition.
Suppose A = d +d = d + &', where d,d" are derivations and 4, " are singular
Jordan derivations on S. Then

=d-d=0-9
is a singular Jordan derivation such that
0" (zen1) = f(z)er, and 6% (ze;;) =0 forall e # en,
for some function f : I,,; — R. Since §* is also a derivation it follows that
0=0"(e11zen1) = e110" (zen1) = f(z)en

for every x € I,;. This implies that 6* = 0, proving the uniqueness. The proof of
Theorem 1 is thereby complete.

Finally we point out that if d : S — S is a derivation, then Theorem 1 immedi-
ately implies that d is the sum of an inner derivation and a derivation arising from
a derivation on R. Namely, as we saw, there do not exist nonzero singular Jordan
derivations that are derivations. Also, the inspection of the proof shows that in this
case we do not use the torsion assumption on R. Hence we get the first part of
Corollary 1. For the second part we can use [2, Proposition].
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