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ABSTRACT. In this article, we discuss some results on the ideals of real-valued lower triangular Toeplitz matrices
(LTTM). Specifically, we provide the basic ring structure, and look at the ideals of LTTM. We provide new findings
concerning the ideals of LTTM.
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1. INTRODUCTION

Toeplitz matrices are used in many areas such as signal processing theories and solution to difference equations
[1-4,6,7]. Moreover, a large class of matrices are shown to be similar to Toeplitz matrices [5]. Recently, it is also
shown that every matrix is a product of Toeplitz matrices [8].

In this paper, we provide a few interesting results on the ideal structure of the set of real-valued Lower Triangular
Toeplitz matrices (LTTM), where a Toeplitz matrix is defined as T = [t; ;] with #; ; = #,_;.

Example 1.1. Consider

a 0 0O
b a 0 0
A_cbaO
d ¢ b a

fora,b,c,d € R. Then, A € LTT M(4,R), the set of 4x4 real-valued Lower Triangular Toeplitz Matrices (LTTM). That
iS, for 0 < l,] <n, (A)(,;j):() =a, (A)(i—j):l = b, (A)(,;j)zz =c, (A)(,',j):3 = d, and 0 otherwise.
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2. PRELIMINARIES

It is obvious that LTTM is an abelian group under matrix addition. In this paper, we will focus on the matrix
multiplication operation, X, in order to understand the ring structure of LTTM, in particular its ideals. Before we
provide our results, let’s define a few algebraic tools used in our arguments.

Definition 2.1. Let [; be a matrix in LTT M(n,R) such that (;); = 1 for i = k and 0 otherwise.

Example 2.2.
0000 1000
1000 0100
hi=lo 1 0 of ™ D=l o 1 o
0010 000 1

3. RING STRUCTURE

Under the matrix multiplication operation, it is also obvious that LT T M(n, R) is associative, and has a multiplicative
inverse, namely the nxn identity matrix. Also, the product of two lower triangular matrices is a lower triangular matrix.
Thus, for the most part LTTM satisfy the ring properties, and Identity matrix is naturally a Toeplitz matrix. What is left
is to prove the closeness before labeling LTT M(n,R) a ring.

Theorem 3.1. LTTM(n,R) is closed under matrix multiplication.

Proof. Let’s first note that any nxn matrix A is a member of LTTM(n,R) if and only if (A);,_; = (A)qs1)-¢j+1y for
0 < i, j < n. We will be using this fact in our proof.
Let A and B be matrices from LTT M(n,R). Then,

(AB);-j = Z Ai—rbr_j = ai—jbj_j + ai—j-1bjs1-j + - - + ai_ibi_;

r=j

and
i+1
(AB)i+1-(j+1) = Z Aiv1—rbr—j-1 = Giv1-j1bji1-j1 + Qin1-j2bjra-j1+
r=j+1
“F Aigi-i1bini-jo1 = @injbjoj + Gimjo1bja—j + -+ aisibic .
(AB),‘_J‘ = (AB),‘+]_(]‘+1) for 0< l,] <n.
Thus,

AB e LTTM(n,R). |
Now that we know LTT M(n,R) is aring, we check to see if LTT M(n,R) is a commutative ring in the next theorem.
Theorem 3.2. LTTM(n,R) is commutative under matrix multiplication.

Proof. Let A and B be matrices from LTT M(n,R).
(AB)i-j = Z Aiybr_j = ai-jbj_j+ aij1bjri-j+ -+ + aiibioj = ai- jbo+
=

Cl,'_j_lbl + e+ Clob,‘_j.

i
(BA)i-j = Z bi—ra,-j=bi_jaj_j+bi_j1aj-j+ -+ bija;i-j = bi_jao+
=
b,‘_j_]a1 ++ boa,-_j.
Thus,
AB = BA. m|

So far, we established that LTT M(n,R) is a commutative ring. Now let’s turn attention to the other ring structures.
Our next theorem disqualifies LTT M(n, R) as an Integral Domain.
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Theorem 3.3. LTTM(n,R) is not an Integral Domain.

Proof. Consider the two nonzero matrices A and B from LTT M(4,R).

00 0 O 0 0 0 O
000 0 0 0 O
A= 00 0 0 and B = b 0 0 0 where a, b and c¢ are non-zero real numbers.
a 0 0 O c b 00
Then,
0 0 0 O
0 0 0 O
AB=150 0 0 O

0 0 0 O
4. IDEALS

Let’s first define a subset of LTT M(n,R):
Ty ={A e LTTMn,R)|A; =0 for0 < i<k}

T is clearly a subgroup of LTT M(n,R). We will next prove that each Ty is in fact an ideal of LTT M(n, R). First, here
is an example of the objects of Ty.

Example 4.1.
00 0 O 0 0 0O
b 0 0 O 0 0 0O
A_C b 0 OETI, B_b 0 0 OGTI, and I, € Ty.
d ¢c b 0 c b 00
But,
a 0 0 O
b a 0 0
c= c b a 0¢T1'
d ¢ b a

Theorem 4.1. T} is an ideal of LTT M(n, R).
Proof. Let A be any matrix from LTTM(n,R), and let B € Tx. Thus, b; = 0 forall 0 <i < k.
S (AB); = aiby + ai_1by + - -+ apb; =0 forall 0 <i<k.

Hence,
AB € Tk. O

Furthermore, each Ty is a principal Ideal. In fact, T is generated by the matrix, I;.
Theorem 4.2. Each Ty is a principal Ideal of LTT M(n, R).
Proof. Consider I € Tx. Let B be any LTTM matrix.
(BI); =0 forall 0<i<k
(Bl = brag + by_1a; + - - - + bpay = by

(BI)k+1 = brprag + br_yag + -+ + brag + boags1 = by

(BLk+m = bram@o + bym-1a1 + <+ + bpag + -+ + boGprm = by
Thus,
(Bl)n-1 = byt
Therefore, for any C € Ty, if we define b; = ¢4 for all i < n — k — 1 then Bl = C. Therefore, Ty = (I}). a
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Example 4.2.
cgc 0 0 O 0O 0 0 O
¢ ¢ 0 0 cgc 0 0 O
B = cj c; e 0 where C = c; e 00 e Ty.
b ¢z ¢ ¢ 3 ¢ ¢ O
Then,
BI, =C.

Another interesting result is that L7T M(n, R) has no proper ideal with a non-zero main diagonal.
Theorem 4.3. LTT M(n,R) has no proper ideal with non-zero main diagonal.

Proof. Suppose such an Ideal (I*) exists and let A be in I* such that ay # 0. Let B be a diagonal matrix such that
by = a'—o Then,
(AB); = ajby for 0<i<n—-1 .. (AB)y =1 and (AB); =d; = a
ao
Denote AB = A™.
For any given matrix C in LTT M(n,R), one can construct a matrix D also in LTT M(n,R) such that DA* = C. That is,

(DA™)o = do = o,
(DA*)l = dl + doaT =Cp,""
(DA*)n—l =d,_ + dn—Zax{ +-0+ doa:;,l = Cp-1

Therefore, for any C in LTT M(n, R), there is D such that DA* = C.
Thus,
I" =LTTM(n,R). |

In fact, all ideals of LTT M(n,R) are in the form of Ty.
Theorem 4.4. Any ideal of LTT M(n,R) is in the form of Ty.

Proof. Suppose some [* contained in Ty. Then, there must be some A in I* such that A is also in Ty for some
1 <k <n-1. Now, let’s choose the smallest k such that this is true.
Thus, a; # 0.
Consider I; € Ty where (I;); = 1 for i = k and O otherwise. There is ar least one matrix B in LTT M(n,R) such that
BA = I.. That is:

(BA); =0 for 0<i<k

1
(BA), =brap+---+bpay =1 .. by = —

(BA)is1 = byriap+ -+ -+ biag + boage1 =0 . by =

bm—lak+1 i bOak-Hn

(BA)kem = bamao + -+ + botgey =0 . by = — a
k

by—i— + -+ boay-
(BA)u_1 = by_1dg + -+ body1 =0 . by = ——F 201 01

ay
Hence, I € I'*. Therefore, I" = T due to I* = Tx = {I). Thus, there are no other ideals. |

In light of what we know now about the ideals of LT'T M(n,R), we can safely conclude that Ty is the only maximal
ideal of LTT M(n,R). Moreover, Ty is the only prime ideal.

Theorem 4.5. T is the only prime ideal.
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Proof. Suppose A and B are LTTM matrices, and suppose AB € T;. Then,
aobo = 0 meaning ay or by =0.

Therefore A € Ty or B € Ty.
Now suppose A and B € Ty.j for 1 < k where a;_; # 0 and by_; # 0.
We get:
AB)i=aby+---+a1b;=0 forall 0<i<k-1.
Thus, AB € Ty.
But,
A ¢ Tk and B ¢ Ty. O

5. CONCLUSION

We shared a few algebraic structures of LTTM matrices. First, we provided the basic ring structure, and later we
discussed the ideals of LTTM. Latter results, we believe, have not been reported before, and will be off interest to the
researchers and scientists alike.
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