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1 EXERCISE 1: NONUNITAL RINGS AND LOCAL UNITIES

1.1 PROBLEM

A nonunital ring is defined in the same way as we defined a ring, except that we don’t
require it to be endowed with an element 1 (and, correspondingly, we omit the “Neutrality
of one” axiom). This does not mean that a nonunital ring must not contain an element 1
that would satisfy the “Neutrality of one” axiom; it simply means that such an element is not
required (and not considered part of the ring structure). So, formally speaking, a nonunital
ring is a 4-tuple (K, +,-,0) (while a ring in the usual sense is a 5-tuple (K, +,-,0,1)) that
satisfies all the ring axioms except for “Neutrality of one”.

Thus, every ring becomes a nonunital ring if we forget its unity (i.e., if (K, +,-,0,1)
is a ring, then (K, -+,-,0) is a nonunital ring). But there are other examples as well: For
instance, if n € Z is arbitrary, then nZ := {nz | z € Z} = {all multiples of n} is a nonunital
ring (when endowed with the usual +, - and 0).

An element z of a nonunital ring K is said to be a unity of K if every a € K satisfies
az = za = a. In other words, an element z of a nonunital ring K is said to be a unity of K
if equipping K with the unity z results in a ring (in the usual sense of this word).

Prove the following:

(a) If n € Z, then the nonunital ring nZ has a unity if and only if n € {1,0, —1}.
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(b) Any nonunital ring has at most one unity.

Now, let K be a nonunital ring. As usual, we write + and - for its two operations, and
0 for its zero.
Let z € K. Define a subset U, of K by

U, ={reK|rz=zr=r}.
(c) Prove that 0 € U,, and that every a,b € U, satisfy a +b € U, and ab € U,.

Thus, we can turn U, into a nonunital ring by endowing U, with the binary operations
+ and - (inherited from K) and the element 0. Consider this nonunital ring U..

(d) Assume that 2? = 2. Prove that z is a unity of the nonunital ring U,.

[Hint: In (b), what would the product of two unities be?|

1.2 SOLUTION SKETCH

(a) Let n € Z. We must prove that the nonunital ring nZ has a unity if and only if
ne{1,0,—1}.

This is an “if and only if” statement. We are going to prove its “==" and “<=" directions
separately:

—: Assume that the nonunital ring nZ has a unity. We must prove that n € {1,0, —1}.

Assume the contrary. Thus, n ¢ {1,0,—1}. Hence, |n| > 1 (since n is an integer) and
n # 0.

Clearly, the integer n is a multiple of n (since n = n - 1). Thus, n € nZ.

We have assumed that the the nonunital ring nZ has a unity. Let us denote this unity
by u. Then, every a € nZ satisfies au = ua = a (by the definition of a unity). Applying this
to a = n, we obtain nu = un = n (since n € nZ). We can divide both sides of the equality
nu = n by n (since n # 0), and thus obtain u = 1. Thus, 1 = u € nZ (since u is a unity
of nZ); in other words, 1 is a multiple of n (by the definition of nZ). In other words, n | 1.
Thus, Proposition 2.2.3 (b) in the class notes (applied to a = n and b = 1) yields |n| < |1
(since 1 # 0). Thus, |n| < 1 = 1. This contradicts |n| > 1. This contradiction shows that
our assumption was false. Thus, the “=" direction of part (a) of this exercise is proven.

<=: Assume that n € {1,0, —1}. We must prove that the nonunital ring nZ has a unity.

We have n € {1,0,—1}. Thus, we are in one of the following three cases:

Case 1: We have n = 1.

Case 2: We have n = 0.

Case 3: We have n = —1.

Let us first consider Case 1. In this case, we have n = 1. Hence,

nZ = 17 = {all multiples of 1} = {all integers} (since all integers are multiples of 1)
=Z.

But the nonunital ring Z has a unity (namely, 1), since Z equipped with the unity 1 is a
ring. In other words, the nonunital ring nZ has a unity (since nZ = Z). Thus, we have
proven in Case 1 that the nonunital ring nZ has a unity.

Let us next consider Case 2. In this case, we have n = 0. Hence,

nZ = 0Z = {all multiples of 0} = {0} (since the only multiple of 0 is 0 itself) .
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But the nonunital ring {0} has a unity (namely, 0), since {0} equipped with the unity 0
is a ring (viz., the zero ring). In other words, the nonunital ring nZ has a unity (since
nZ = {0}). Thus, we have proven in Case 2 that the nonunital ring nZ has a unity.

Let us finally consider Case 3. In this case, we have n = —1. Hence,
nZ = (—1) Z = {all multiples of — 1} = {all integers}
since all integers are multiples of — 1
(because each integer a satisfies a = (—1) (—a))

= 7.

But the nonunital ring Z has a unity (namely, 1), since Z equipped with the unity 1 is a
ring. In other words, the nonunital ring nZ has a unity (since nZ = 7Z). Thus, we have
proven in Case 3 that the nonunital ring nZ has a unity.

Now, in each of the three Cases 1, 2 and 3, we have shown that the nonunital ring nZ
has a unity. Hence, this always holds. Thus, the “<=" direction of part (a) of this exercise
is solved.

(b) Let K be a nonunital ring. We must prove that K has at most one unity. In other
words, we must prove that any two unities of K are equal. In other words, we must prove
that if v and v are two unities of K, then u = v.

So let u and v be two unities of K. We must prove that u = v.

We have assumed that u is a unity of K. In other words, u is an element of K such that
every a € K satisfies au = ua = a (by the definition of a unity).

We have assumed that v is a unity of K. In other words, v is an element of K such that
every a € K satisfies av = va = a (by the definition of a unity).

We know that every a € K satisfies au = ua = a. Applying this to a = v, we obtain
VU = UV = V.

We know that every a € K satisfies av = va = a. Applying this to a = u, we obtain
uv = VU = u.

Comparing uv = u with uv = v, we obtain v = v. This completes our proof. Thus, part
(b) of the exercise is solved.

(c) We have 0z = 0 and 20 = 0, thus 0z = 20 = 0.

The element 0 of K is an r € K satisfying rz = zr = r (since 0 € K and 0z =
20 = 0). In other words, 0 € {r € K|rz=zr =r}. This rewrites as 0 € U, (since
U ,={reK|rz=z2r=r}).

Hence, it remains to prove that every a,b € U, satisfy a +b € U, and ab € U,.

So let a,b € U,. We must show that a +b € U, and ab € U,.

We have a € U, = {r e K|rz=2zr =r}. In other words, a is an r € K satisfying
rz = zr = r. In other words, a is an element of K and satisfies az = za = a. The same
argument (applied to b instead of a) yields that b is an element of K and satisfies bz = zb = b.
Now, using the distributivity axiom, we find

(a+0b)z = izz + bzb =za+zb=z(a+0b) = ,ia + zIZ =a+0b.
Thus, a + b is an element of K and satisfies (a + )z = z(a +b) = a + b. In other words,
a+bis an r € K satisfying rz = zr = r. In other words, a +b € {r e K| rz = 2r =r}.
This rewrites as a +b € U, (since U, = {r e K| rz = zr =r}).
Also, using the associativity axiom, we find
(ab) z =a (bz) = a(zb) = (az) b= (za)b = z (ab) = (za) b = ab.
—~— —~~ —~—

=zb =za =a
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Thus, ab is an element of K and satisfies (ab) z = z (ab) = ab. In other words, ab is an
r € K satisfying rz = zr = r. In other words, ab € {r € K| rz = zr = r}. This rewrites as
abe U, (since U, = {r e K| rz = zr =r}).

So we have shown that a +b € U, and ab € U,. This completes the solution to part (c)
of the exercise.

(d) The element z of K is an r € K satisfying 7z = 2r = r (since 22z = 2% =

z). In other words, z € {r € K|rz=zr=r}. This rewrites as z € U, (since U, =
{reK|rz=zr=r}). Thus, z is an element of U,. This element has the property that
every a € U, satisfies az = za = a E] In other words, z is a unity of the nonunital ring U,
(by the definition of a unity). This solves part (d) of the exercise.

1.3 REMARK

In the solution to part (d), we have used the assumption z? = z only in order to prove that
z is an element of U,. This is easy to overlook but nevertheless important: A unity of a
nonunital ring must, first of all, be an element of this ring!

2 EXERCISE 2: RINGS FROM NONUNITAL RINGS

2.1 PROBLEM

Let K be a nonunital ring. (See Exercise 1 for the definition of this notion.) Let L be the
Cartesian product Z x K (so far, just a set). Define a binary operation + on IL by setting

(n,a) + (m,b) = (n+m,a+b) for all (n,a),(m,b) € L.
(This is an entrywise addition.) Define a binary operation - on L by
(n,a) (m,b) = (nm,nb+ ma + ab) for all (n,a),(m,b) € L.

(Here, nb and ma are defined in the usual way: If n € Z and a € K, then na € K is defined
by

at+a+---+a, if n > 0;

n times
na =

—|latat+---+al, ifn<0

—n times

This does not require K to have a unity.)

Prove that L, endowed with these two operations + and - and the zero (0,0) and the
unity (1,0), is a ring (in the usual sense of this word).

[Hint: You can use rules like n(a+b) = na + nb and (n+m)a = na + ma and
(nm)a = n(ma) (for n,m € Z and a,b € K) without proof; they can be proven just as for
usual rings. You can also use the fact that finite sums of elements of K are well-defined and

! Proof. Let a € U,. We must prove that az = za = a.
We have a € U, = {r e K| rz = zr =r}. In other words, a is an r € K satisfying rz = zr = r. In
other words, a is an element of K and satisfies az = za = a. Qed.
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behave as we would expect them to (we already tacitly used that in writing “a +a +--- +a”

n times
without parentheses).

You don’t need to check the “additive” axioms (associativity of addition, commutativity
of addition, neutrality of zero, and existence of additive inverses); as far as addition and
zero are concerned, L is just a Cartesian product.|

2.2 REMARK

This exercise gives a way to “embed” any nonunital ring K into a ring .. This helps proving
properties of nonunital rings, assuming that you can prove them for rings. The ring L is
called the Dorroh extension of K (or, more precisely, the Z-Dorroh extension of K, since
there are other possibilities as well).

There is also a much simpler notion of a Cartesian product of two nonunital rings
(in which both addition and multiplication are defined entrywise). This lets us define a
nonunital ring Z x K. But this is not the ring L; it does not generally have a unity.

2.3 SOLUTION SKETCH
We first state a few basic rules for computing inside K:

Proposition 2.1. We have

(n+m)a=na+ ma for all a € K and n,m € Z; (1)
n(a+0b) =na+nb for all a,b € K and n € Z; (2)
—(na) = (—n)a =n(—a) for all a € K and n € Z; (3)
(nm)a = n(ma) for all a € K and n,m € Z; (4)
n (ab) = (na) b = a (nb) for all a,b € K and n € Z; (5)
n0g = Ok for all n € Z; (6)
la=a for all a € K (7)
(here, the “1” means the integer 1) ;
0a = Ok for all a € K (8)
(here, the “0” on the left hand side means the integer 0) ;
(- a=—a for all a € K; 9)
(here, the “ — 1” means the integer —1).

In particular:

e The equality @ shows that the expression “—na” (with a € K and n € 7Z) is unam-
biguous (since its two possible interpretations, namely — (na) and (—n) a, yield equal
results).

o The equality (4) shows that the expression “nma” (with a € K and n,m € Z) is
unambiguous.

e The equality ([5]) shows that the expression “nab” (with a,b € K and n € Z) is unam-
biguous.

Proof of Proposition[2.1. If K is a ring (with a unity), then Proposition is precisely
Proposition 5.4.9 in the class notes. But the proof of Proposition 5.4.9 in the class notes
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nowhere uses the unity of K. Thus, this proof still applies to the case where K is a nonunital
ring. This proves Proposition 2.1} O

Now, let us return to the solution of the exercise. We have to prove that the set L
(endowed with the two operations + and - defined in the exercise, and with the zero (0, 0)
and the unity (1,0)) is a ring. By our definition of a ring, this means that we have to verify
the ring axioms. Here is a list of these axioms (specialized to the case of L):

e Commutativity of addition: We have a + b =b+ a for all a,b € LL.
e Associativity of addition: We have a + (b+¢) = (a+b) + ¢ for all a,b,c € L.
e Neutrality of zero: We have a + (0,0) = (0,0) +a = a for all a € L.

e Existence of additive inverses: For any a € L, there exists an element o’ € L such
that a +d' = d' +a = (0,0).

e Associativity of multiplication: We have a (bc) = (ab) ¢ for all a,b,c € L.
e Neutrality of one: We have a(1,0) = (1,0)a = a for all a € L.
e Annihilation: We have a (0,0) = (0,0) a = (0,0) for all @ € L.
e Distributivity: We have
a(b+c)=ab+ac and (a+b)c=ac+be
for all a,b,c € L.

Here, we are already using the standard notations (such as the abbreviation “ab” for
a - b, and the PEMDAS conventions), even before showing that L is indeed a ring.

So it remains to prove that the eight ring axioms listed above are indeed satisfied. Let
us do this now:

[Proof of the “Commutativity of addition” axiom: Let a,b € L. We must prove that
a+b=>b+a.

We have a € L = Z x K. Thus, we can write a in the form a = (n,z) for some n € Z
and z € K. Consider these n and x.

We have b € L = Z x K. Thus, we can write b in the form b = (m,y) for some m € Z
and y € K. Consider these m and y.

We have the two equalities

a, + b, =(nz)+(my)
:(n»m) = mry)
=(n+m,z+vy) (by the definition of the addition on L)
and
\(b ,)+ \(a : = (m,y) + (n, )
=(m,y =(n,z

=(m+n,y+x) (by the definition of the addition on L) .

Thus, in order to prove that a + b = b+ a, it suffices to prove that (n+m,z +y) =
(m+mn,y + ). But this is easy: The commutativity of addition of integers yields n +m =
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m + n, whereas the commutativity of addition in K (which holds because K is a nonunital
ring) yields  +y = y + x. Thus,

n+mr+y| =m+ny+z).
——
=m+n =y+tzx

In view of a+b= (n+m,z+y) and b+a = (m + n,y + x), this rewrites as a + b = b + a.
Thus, the “Commutativity of addition” axiom is proven for L.|

[Proof of the “Associativity of addition” axiom: This proof is analogous to the proof of
the “Commutativity of addition” axiom, and thus is left to the reader.|

[Proof of the “Neutrality of zero” axiom: This proof is analogous to the proof of the
“Commutativity of addition” axiom, and thus is left to the reader.|

[Proof of the “Existence of additive inverses” axiom: Let a € .. We must prove that
there exists an o’ € IL such that a + o' = da' +a = (0,0).

We have a € L = Z x K. Thus, we can write a in the form a = (n,x) for some n € Z
and = € K. Consider these n and x.

Now, a straightforward computation (using a = (n, z)) shows that the element (—n, —x)
of L satisfies a + (—n, —x) = (—n, —x) + a = (0,0). Hence, there exists an a’ € L such that
a+ad =d+a=(0,0) (namely, @ = (—n, —x)). Hence, the “Existence of additive inverses”
axiom is proven for L.]

[Proof of the “Associativity of multiplication” aziom: Let a,b,c € L. We must prove
that a (bc) = (ab) c.

We have a € L = Z x K. Thus, we can write a in the form a = (n,z) for some n € Z
and x € K. Consider these n and =.

We have b € L = Z x K. Thus, we can write b in the form b = (m,y) for some m € Z
and y € K. Consider these m and y.

We have ¢ € L. = Z x K. Thus, we can write ¢ in the form ¢ = (p, z) for some p € Z and
z € K. Consider these p and z.

Let us first notice that every r € Z and u, v, w € K satisfy

r(u+v+w)=ru+rv+rw. (10)
(Indeed, this follows from

rfu+v4+w)=r((u+v)+w)=r(u+v)+rw (by)
~— —_——
:(u+v)+w =ru-+rv
(by (2))

=7ru—+rv+ rw.

We have
L L ) () = )
=\n,r) =(m,y

(by the definition of the multiplication on L) and thus

(ab) c
~~~
=(nm,ny+mz+zy) =(p.2)

= (nm,ny + mx + xy) (p, )
= ((nm) p, (nm) z + p (ny + mz + zy) + (ny + ma + xy) 2) (11)
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(by the definition of the multiplication on L). Also, we have

b_ = (m.y)(p,2) = (mp,mz+py+yz)

=(m,y) =(p,2)

(by the definition of the multiplication on IL) and thus
a (be)

=(02) =(mp,mz+py+yz)
= (n,z) (mp,mz + py + y=2)
= (n(mp),n(mz+py +yz) + (mp) x + x (mz + py + yz)) (12)
(by the definition of the multiplication on L).
The equalities and are explicit formulas for (ab)c and a(bc) in terms of
n,z,m,y,p,z. Thus, in order to prove that a (bc) = (ab) ¢, it suffices to prove that

((nm) p, (nm) z + p (ny + mx + xy) + (ny + mz + zy) 2)
= (n(mp),n(mz+py +yz) + (mp) & + x (M2 + py + yz)) .

But this is easy: The associativity of multiplication of integers yields (nm)p = n(mp).
Meanwhile, comparing the equalitieﬂ

(nm) z+p (ny + ma + xy) + (ny + mz + 2y) 2
, NG 4 N ~

~-
=nmz =pny-+pmx+pry =nyz+mxz+ryz
(by (1O)) (by distributivity in K)

=nmz + pny + pmx + pry + nyz + mrz + ryz

and
n(mz+ py + yz) + (mp)  +x (mz + py + y2)
N ? + o N s N ( ) \f( ) o
=nmz—+np nyz =mpzx =x(mz)+x +xyz
(by (10)) 8 (by distributiI\)z?thy iny]K)
= nmz + np y+nyz + mp x4+ x(mz)+x (py) +xyz
=pn =pm =m, =px
(by the commutativity (by the commutativity (by (5)) (byp)
of multiplication in Z) of multiplication in Z)
=nmz + pny + nyz + pmx + mxz + pry + ryz
=nmz + pny + pmx + pry + nyz + mrz + ryz,
we obtain
(nm) z + p (ny + mz + zy) + (ny + ma + zy) 2
=n(mz+py+yz) + (mp) x + x (mz + py + yz).
Thus,

(nm) p, (nm) z + p (ny + mz + zy) + (ny + ma + xy) z
W—/ A" ~ ,
=n(mp) =n(mz+py+yz)+(mp)r+z(mz+py+yz)

= (n(mp),n(mz +py +yz) + (mp) x + x (m2 + py + yz)).

2See Proposition for the reason why we are able to write expressions like “nmz” and “nyz” without
parentheses. The expression “xyz” can be written without parentheses because of the associativity of
multiplication in K.
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In view of and (L2), this rewrites as a (bc) = (ab) c. Thus, the “Associativity of multi-
plication” axiom is proven for L.]

[Proof of the “Neutrality of one” axiom: Let a € L. We must prove that a(1,0) =
(1,0) a = a. Note that the symbol “0” will always stand for “Ox” in this proof (rather than
for the integer 0).

We have a € L = Z x K. Thus, we can write a in the form a = (n,z) for some n € 7Z
and x € K. Consider these n and z.

We have

N (1,0) = (n,z) (1,0) = (nl,n0 + 1z + 20)

=(n,z)

(by the definition of the multiplication on LL). In view of nl = n and
70 + ix —|—f0 =0+2+0=urx,
eyl @

this rewrites as
a(1,0) = (n,x).
We also have
(1,0) _a , = (1,0) (n,z) = (In, 1z + n0 + 0z)
Z(H,I)

(by the definition of the multiplication on IL). In view of 1n = n and

ia: + Ti + (E =2+0+0=uz,
by @ oy @

this rewrites as

(1,0)a = (n,x).

Now, comparing the three equalities a (1,0) = (n,z) and (1,0) a = (n,z) and a = (n,z), we
obtain a (1,0) = (1,0) a = a. Thus, the “Neutrality of one” axiom is proven for L.]

[Proof of the “Annihilation” axiom: Let a € L. We must prove that a (0,0) = (0,0)a =
(0,0). In order to avoid confusion, we shall write “0z” for the integer 0 and write “Ox” for
the zero of the nonunital ring K. Thus, the element (0,0) of L rewrites as (0z, 0x). Hence,
we must prove a (0z,0x) = (0z,0x) a = (0z, Ok).

We have a € L = Z x K. Thus, we can write a in the form a = (n,x) for some n € Z
and z € K. Consider these n and x.

We have

\CL/ (Oz, OK) = (n, .%') (Oz, OK) = (TLOZ, TLOK + Ozl' + SCOK)

:(n7$)

(by the definition of the multiplication on L). In view of n0z = 0z and

nOK + Ozm +$OK:OK+OK+OK:0K,
—~ =~ =~

=0g =0k

=0g =
by @) by @)
this rewrites as
a (Oz, OK) = (Oz, OK) .

We also have

(Oz, OK) a = (02, OK) (n, l‘) = (Ozn, OzI + TLO]K + OK.T)

=(n,x)
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(by the definition of the multiplication on L). In view of Ozn = 0z and
=0 =0 =0
by @ @

this rewrites as
(Oz, O]K) a = (Oz, OK) .

Now, combining the two equalities a (0z, 0x) = (0z,0x) and (0z, 0x) a = (0z, Ok ), we obtain
a(0z,0k) = (0z,0x) a = (0z,0k). In other words, a (0,0) = (0,0) a = (0,0) (since (0z, 0x) =
(0,0)). Thus, the “Annihilation” axiom is proven for L.]

[Proof of the “Distributivity” axiom: Let a,b,c € L. We must prove that a (b+c) =
ab + ac and (a + b) ¢ = ac + be.

We have a € L. = Z x K. Thus, we can write a in the form a = (n,x) for some n € Z
and x € K. Consider these n and z.

We have b € L = Z x K. Thus, we can write b in the form b = (m,y) for some m € Z
and y € K. Consider these m and y.

We have ¢ € L = Z x K. Thus, we can write ¢ in the form ¢ = (p, z) for some p € Z and
z € K. Consider these p and z.

Recall that K is a nonunital ring; thus, the distributivity axiom holds in K. Hence,
x(y+2z)=xy+axzand (x +y)z=1xz+yz

We have
L= (n,2) (m, y) = (nm, ny + mz + zy) (13)
=(n,z) =(m,y

(by the definition of the multiplication on L). Similarly, using ¢ = (p, z), we obtain
ac = (np,nz + px + xz) (14)
and
be = (mp7 mz + py + yz) . (15)
Furthermore,
—(my)  =(p,z

(by the definition of the addition on LL) and thus

~—
=) —(m4p,y+2)

a (bt+c) =ma)(mtpy+z)=n(m+tp),n(y+z)+m+p)et+aly+z)
~——

(by the definition of the multiplication on LL). In view of

n(m+p) =nm+np (since distributivity holds for integers)

and
n(y+z)+(m+p)e+z(y+z) =ny+nz+me+pr+zy+ zz,
e e

=ny—+nz =mx+px =zyt+xz
by @) (v @) Y
this rewrites as
a(b+c) = (nm+ np,ny +nz + mz + pr + xy + xz2). (16)

Darij Grinberg, 00000000 10 dgrinber@umn.edu



Solutions to midterm #3 page 11 of

On the other hand, adding the equalities and together, we obtain

ab+ ac = (nm,ny + mx + xy) + (np,nz + pr + xz)

= | nm+np,ny +mx+zxy +nz+pr+xz

:ny—i-nz—&-m?v,-l-pw-‘r;ty-l-zz
(by the definition of addition in L)
= (nm + np,ny + nz + mzx + pr + vy + vz).
Comparing this with (16]), we obtain a (b + ¢) = ab + ac.

Moreover,

=(n,r =(m,y

(by the definition of the addition on L) and thus

(a+b) c =mt+maty)(p2)=(nt+m)pn+m)z+plety)+@+y)2)

:(n+m7$+y) :(pvz)
(by the definition of the multiplication on LL). In view of

(n+m)p=mnp+mp (since distributivity holds for integers)

and
(n+m)z+p(x+y)+(x+y)z=nz+mz+pr+py+xz+yz,
—_————— ——— N —
=nz4+mz =px+py =zz+yz
(by (@) (by @)

this rewrites as
(a+b)c=(np+mp,nz+pz+pr+py+xz+yz). (17)
On the other hand, adding the equalities and together, we obtain

ac+ bc = (np,nz + px + xz) + (mp, mz + py + y=z)

= | np +mp,nz+pr +axz+mz+py+yz

:nz—&-mz—i—p?c,—i-py—i—a:z—l-yz
(by the definition of addition in L)

= (np + mp,nz + pz + pr + py + r2 +yz2).

Comparing this with (L7)), we obtain (a + b) ¢ = ac + bc.
Now, we have proven that

a(b+c) =ab+ ac and (a+b)c=ac+ be.

Thus, the “Distributivity” axiom is proven for L.]
We have now proven all eight ring axioms for .. Thus, L is a ring. The exercise is
solved.
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2.4 REMARK

1. The construction of I can be viewed as a way of “adjoining” a unity to a nonunital ring
K. What happens if our original ring K already had a unity 1x to begin with? Is IL then
going to have two different unities?

No, because the original unity 1x of K will not in any way become a unity of L. The
unity (1z,0x) of L has nothing to do with 1x. So we gain a new unity when we go from K
to IL, but we “lose” our old unity in the process.

2. More can be said about the case when K has a unity 1g. Indeed, in this case, the
map

ZxK—L,
(n,a) — (n,a —nlg)

is a ring isomorphism (where the ring structure on Z x K is entrywise — i.e., we regard Z x K
as the Cartesian product of the two rings Z and K). This can be checked straightforwardly
(we leave this to the reader).

3. The exercise can be generalized. Indeed, fix a further commutative ring B, and
assume that K is not just a nonunital ring but also a nonunital B-algebra’| Then, we can
replace Z by B in the above definition of I, and the result will still be a well-defined ring,
and furthermore (this is not hard to check) a well-defined B-algebra (in the original sense,
i.e., with a unity that satisfies the “Neutrality of one” axiom). Thus, any nonunital B-algebra
can be embedded into a B-algebra.

3 EXERCISE 3: MORE SUMS FROM NUMBER THEORY

3.1 PROBLEM
(a) Let n be a positive integer. Prove that
. n
in) = —. 1
> ged(Gim) = > do (5) (18)
7=1 dln
More generally, if (ay, as, as, ...) is a sequence of reals, then prove that
B n
Z Qged(jm) = ) Gad (g) : (19)
j=1 din
(b) Let n € N. Prove that
(the number of (z,y) € Z? satisfying 2 + y* < n)

=144 (-1 {%ZlJ
(8- 21 2113+ 3 [ =)

3A nonunital B-algebra means exactly what you think: Take the definition of a B-algebra that we gave in
class, and remove the unity along with the “Neutrality of one” axiom.
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(The infinite sums in this equality have only finitely many nonzero addends, and thus
are well-defined.)

[Hint: Parts (a) and (b) have nothing to do with each other.

This is a good place for a reminder that results proven in the notes, as well as problems
from previous homework sets and midterms, can be freely used. Both parts have rather
short solutions if you remember the right results to use!]

3.2 REMARK

Part (b) of this exercise is a “discrete” version of the famous Madhava—Gregory—Leibniz

series
T 1 1 1 1 1 1

4 1 3 + 5 7 9 11
(where 7, at last, does denote the area of the unit circle). Indeed, if we divide the number
of (z,y) € Z? satisfying 2% + y*> < n by n, then we obtain an approximation to the area of
the unit circle that gets better as n growsﬁ. On the other hand, it appears reasonable that

dividing
n n n n n n
vea(lg] -5+ 5] 7]+ [6)- ) =)
+ 1 3 * 5 7 * 9 11
b btai imation to 4 1+1 1+1 1:|: I t
e obtain an approximation to - —=—4+-—=-+-——=---|. I am not sure
Y N, W in an approximation 1" 3ts 7te 11 m not sur

whether this can be rigorously proven, however.ﬂ

3.3 SOLUTION SKETCH

(a) Let (a1, a2, as,...) be a sequence of reals. We shall prove (19).
Indeed, we recall the following fact (which is Lemma 2.14.8 in the class notes):

Lemma 3.1. Let n be a positive integer. Let d be a positive divisor of n. Then,
(the number of i € {1,2,...,n} such that ged (i,n) =d) = ¢ (n/d).
Now, we have the following equality of summation signs:
i=1

1€{1,2,....,n} din  i€{1,2,...,n};
ged(i,n)=d

4Just observe that the pairs (z,y) € Z? satisfying 22 + y? < n, regarded as points in the Euclidean plane,
are precisely the lattice points inside the circle with center 0 and radius /n. Thus, by counting these
pairs, we are approximating the area of this circle. See [Clarkl8| Theorem 12.1] for a rigorous proof.

n
2k +1
But here we are taking an alternating sum of infinitely many such numbers; we can ignore all but the
first m, but even the first n may no longer converge to 0 when summed together.

1
50f course, for any given k € N, the number — ({ J — 2kn+ 1) does converge to 0 when n — co.
n
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(because if i € {1,2,...,n}, then ged (4,n) is a positive divisor of n). Thus,

n

Z Qged(in) = Z Z QAgcd(i,n)

\i:l / d|n ie{1727"'7n}; :ad
ged(i,n)=d (since ged(i,n)=d)

=3 >
dine{1,2,...,n};
ged(i,n)=d

=2 > W

dln i€{1,2,...n};
ged(i,n)=d
N————
=(the number of :€{1,2,...,n} such that ged(i,n)=d)-aq

= Z (the number of i € {1,2,...,n} such that ged (i,n) =d) -aq

din —6(n/d)
(by Lemma [3.1))
n n

=20 | nfd aa=3"0 () a=>0 ().

dln n dn d|n
d
Hence,
Z Aged(jn) = Z ged(i,n) (here, we have renamed the summation index j as i)
j=1 i=1
n
=3 as (3)
dln

This proves ((19)).
Now, forget that we fixed (a,as,as,...). We have proven for each sequence
(ay,as9,as, ...) of reals. Hence, we can apply to a; = 1. We thus obtain

> et (i) = S o ().

dln
This proves (18)). Hence, part (a) of the exercise is solved.

(b) Forget that we fixed n. We recall the following result (Proposition 2.8.3 in the class
notes):

Proposition 3.2. Let a and b be integers such that b > 0. Then, L%J is well-defined and
equals a//b.

Let us use the Iverson bracket notation. We also recall the following result (Exercise
2.17.2 (a) in the class notes):

n

Proposition 3.3. We have n//k =Y [k | 1] for any n € N and any positive integer k.
=1

Combining these two propositions, we easily obtain the following:
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Corollary 3.4. Let j be a positive integer. Let n € N. Then,

> pilmi= |4,

m=1

Proof of Corollary[3.4 Proposition (applied to a = n and b = j) yields that {EJ is
J
well-defined and equals n//j. Thus,

LEJ =n//j= Z 17| 1] (by Proposition [3.3] applied to k = j)
J

=1
n

[7 | m] (here, we have renamed the summation index i as m).

m=1
This proves Corollary [3.4] O
Finally, we recall the following result (Exercise 2 on homework set #5):
Proposition 3.5. Let n be a positive integer. Then,
(the number of pairs (x,y) € Z* such that n = 2* + y?)
= 4 (the number of positive divisors d of n such that d = 1 mod4)
— 4 (the number of positive divisors d of n such that d = 3mod4).
Let us restate this proposition in a more convenient (for our current goals) form:

Corollary 3.6. Let n be a positive integer. Then,

(the number of pairs (x,y) € Z* such that n = 2* + y°) = 42 (=1)"[2i + 1| n].
ieN

(In particular, the sum " (—1)"[2i + 1 | n] is well-defined, since all but finitely many of its
ieN
addends are 0.)

Proof of Corollary[3.6, Every i € N satisfying ¢ > n must satisfy (—=1)'[2i4+1|n] =0
Hence, all but finitely many i € N must satisfy (—1)"[2i+1|n] = 0 (since all but
finitely many 7 € N satisfy ¢ > n). Thus, all but finitely many addends of the sum

ST (=1)"[2i + 1 | n] are 0. Thus, this sum is well-defined.
ieN

6 Proof. Let i € N be such that i > n. We must prove that (—1)"[2i +1 | n] = 0.
The integer 2i + 1 is positive (since i € N); thus, |2¢ + 1| = 2i + 1. The integer n is positive as well;
thus, |n| = n. Thus,
2i+1|=2i+1=i+ (i+1) >i>n=[n|.
——
>0

(since 7€N)
But if we had 2i + 1 | n, then Proposition 2.2.3 (b) in the class notes| (applied to a = 2i + 1 and b = n)
would yield |27 4 1| < |n|, which would contradict [2i + 1| > |n|. Hence, we cannot have 2i+1 | n. Thus,
[2i + 1| n] = 0 and therefore (—1)"[2i + 1 | n] = 0. Qed.

———

=0
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Each i € N is either even or odd (but never both simultaneously). Thus, we can split
the sum > (—=1)"[2i + 1 | n] as follows:

Z(—l)i[Qz’—kl\n]:Z (;2/ [2i—|—1]n]+z (\-}_)/ [2i + 1| n]

i is even iis odd (sinct:i is odd)

= > Ri+1l[nl+ > (-1)[2i+1]n]

(since i is even)

ieN; 1€N;

i is even iis odd ,
— % Ritl)
1€EN;
i is odd
= > Ri+1|n)— > [2i+1]n]. (20)

ieN; (IS\H

7 is even 4 is odd

Exercise 2.7.3 (b) in the class notes shows that that the map
{ieN | iisodd} - {deN | d=3mod4},
i 2i+1

is well-defined and is a bijection[]
Hence, we can substitute d for 2i + 1 in the sum > [2i + 1| n], and thus obtain

1€EN;
i is odd

> 2i+1]n

1€N;
i is odd

= > M= > [n]+ >  [dln]

deN; deN; -1 deN; -0
d=3mod4 d=3mod 4; (since d|n) d=3mod 4, (since din)
dln din

since each d € N satisfies either d | n or d{n
(but never both at the same time)

= ) 1+ > 0= > 1

deN; deN; deN;
d=3mod 4; d=3 mod 4; d=3mod 4;
dln dtn dln
N——
=0

= (the number of all d € N satisfying d = 3mod4 and d | n) - 1
= (the number of all d € N satisfying d = 3mod 4 and d | n)
(the number of all positive integers d satisfying d = 3mod4 and d | n)

since each d € N satisfying d = 3mod 4 must be a
positive integer (because 0 does not satisfy 0 = 3mod 4)

(the number of all positive integers d satisfying d | n and d = 3mod 4)
= (the number of all positive divisors d of n such that d = 3mod4) (21)

(since the positive integers d satisfying d | n are precisely the positive divisors d of n). A
similar argument (but with the word “odd” replaced by “even”, and with each appearance of

"This map sends 1,3,5,7,9,... to 3,7,11,15,19, .. ., respectively.

Darij Grinberg, 00000000 16 dgrinber@umn.edu


http://www.cip.ifi.lmu.de/~grinberg/t/19s/notes.pdf

Solutions to midterm #3 page 17 of

“3” replaced by “1” E[) shows that

Z 2i +1 | n]

1€N;
i is even

= (the number of all positive divisors d of n such that d = 1 mod4). (22)

Now, if we multiply both sides of the equality by 4, then we obtain

43 (-1)'[2i+ 1| n]

1€N
=4 E [2i4+1|n]— E 2i +1 | n]
i€N; i€N;
1 is even 1 is odd
=4 Y 2i+1]n]
1€N;
iis even
=(the number of all positive divisors d of n such that d=1mod 4)
(by @2))
—4 E 20 +1 | n]
€N
zis odd .

=(the number of all positive divisors d of n such that d=3 mod 4)

(by 1))
= 4 (the number of positive divisors d of n such that d = 1 mod 4)
— 4 (the number of positive divisors d of n such that d = 3mod4).

Comparing this with

(the number of pairs (z,y) € Z* such that n = 2° + y2)
= 4 (the number of positive divisors d of n such that d = 1 mod 4)
— 4 (the number of positive divisors d of n such that d = 3mod 4)

(by Proposition ,
we obtain

(the number of pairs (z,y) € Z* such that n = 2 + y*) =4 Z (=1)'[2i+1|n].
ieN
Thus, the proof of Corollary [3.6] is complete. ]

Now, let n € N. Let m € {1,2,...,n}. Then, m is a positive integer. Hence, Corollary
[3.6) (applied to m instead of n) shows that

(the number of pairs (z,y) € Z* such that m = 2° + y*)

=4 (=1)'[2i+1|m] (23)

1€N

(and that the sum 3 (—=1)"[2i + 1 | m] is well-defined).
i€N

8and with “Exercise 2.7.3 (b) in the class notes” replaced by “Exercise 2.7.3 (a) in fthe class notes”
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Forget that we fixed m. We thus have proven that for each m € {1,2,...,n}, the
equality holds (and the sum Y (—1)"[2i + 1 | m] is well-defined).
ieN
Hence, we know that the sum Y (—=1)" [2¢ + 1 | m] is well-defined for each m € {1,2,...,n}.
ieN
Thus, the sum of these n many sums can be rewritten as follows:

n

ZZ ) [2i+1|m] = ZZ Y2041 m]=> (=1 [2i+1|m]

m=1 ieN ieN m=1 1€N m=1
o A o
vV VvV
—(-1) 35 Ri+1lm] -
=t 21+1
(by Corollary [3.4]

applied to j=2i+1)

- Z (—1)’ bi 1J . (24)

But
(the number of (z,y) € Z* satisfying x? + y? < n)
= (the number of (z,y) € Z* satisfying 2% + y* € {0,1,... n})

( because for any (z,y) € Z?, the statement “r? + 9% < n” is equivalent )

to“ax? +y*> € {0,1,...,n}” (since x* + y? is a nonnegative integer)
n

(the number of (z,y) € Z* satisfying 2% + y* = m)

m=0

= (the number of (z,y) € Z* satisfying 2* + y* = 0)

~
=1
(since there exists only one (x,y)€Z? satisfying 22 +y2=0
(namely, (z,y)=(0,0)))

n

(the number of (z,y) € Z? satisfying 2% + y* = m)

m=1 @
=4 3 (~1)"[2i+1|m]
1€EN
by.
=14 4 (- )[21+1|m—1+4zz ) [2i + 1| m]
@1:1 1€N m=1 1€eN P
43 z(t1)l[2¢+1\m} v n
i ieh &Y kz + 1J
(by (24))
n
=1+4 =1+4
£ 0 || e e
€N keN

(here, we have renamed the summation index i as k)

-vea((3]- 1+ - L+ - =)
e ) - 51 131+ 180 31+ 31 - L3

keN

(since

). This solves part (b) of the exercise.
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4 EXERCISE 4: SQUARES IN FINITE FIELDS II

4.1 PROBLEM

Let F be a finite field such that 2 - 1p # Op. In Exercise 5 of homework set #6,, we have seen
1
that |F| is odd, and that the number of squares in F is 3 (|F| +1).

In the following, the word “square” shall always mean “square in F”.
A nonsquare shall mean an element of I that is not a square.
Prove the following:

(a) The product of two squares is always a square.
(b) The product of a nonzero square with a nonsquare is always a nonsquare.

(c) The product of two nonsquares is always a square.

[Hint: It is easiest to solve the three parts in this exact order. For (c), recall that if a
subset Y of a finite set X satisfies |Y| > |X|, then Y = X ||

4.2 REMARK

If F is the field Z/p for some prime p > 2, then the nonzero squares in [ are called quadratic
residues modulo p, while the nonsquares in [F are called the quadratic nonresidues modulo p.
These two types of residue classes have a long history; in particular, one of the most famous
results in mathematics — Gauss’s law of quadratic reciprocity — is concerned with them
(Franz Lemmermeyer’s website lists 246 different proofs of this law). Quadratic residues
also have applications; they are involved in the Solovay-Strassen primality test [GalQual7,
Chapter 6|, and have been used to build diffusors (architectural features of a room that
cause sound to spread evenly through the room — used, e.g., in concert halls).

4.3 SOLUTION SKETCH

Recall that a square in F is defined to be an element of the form a? for some a € F.

An element of F is a nonsquare if and only if it is not a square (because this is how
nonsquares were defined). Thus, each element of F is either a square or a nonsquare (but
never both at the same time).

The ring F is a field, and thus is a commutative skew field. Every nonzero element of F
is invertible (since F is a skew field).

(a) We must prove that if u € F and v € F are two squares, then uv is a square.

Let u € F and v € F be two squares. We thus must prove that wv is a square.

The element u € F is a square. In other words, u = a? for some a € F (by the definition
of a square). Similarly, v = b* for some b € F. Consider these a and b. Now, multiplying
the equalities u = a? and v = b%, we obtain

w = a®b® = (ab)? (since IF is commutative) .

Hence, uv = ¢? for some ¢ € F (namely, for ¢ = ab). In other words, uv is a square (by the
definition of a square). This solves part (a) of the exercise.

[Remark: So far we have not used that F is a finite field satisfying 2 - 1p # Op; we only
used that [F is a commutative ring.|
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(b) We must prove that if u € F is a nonzero square and v € F is a nonsquare, then uv
is a nonsquare.

Let u € F be a nonzero square, and let v € F be a nonsquare. We thus must prove that
uv is a nonsquare.

Assume the contrary. Thus, uv is a square (since each element of F is either a square or
a nonsquare). In other words, uv = ¢? for some ¢ € F. Also, u = a? for some a € F (since u
is a square). Consider these ¢ and a.

We have aa = a*> = u # 0 (since u is nonzero) and thus a # 0 (since a = 0 would lead
to aa = 0-0 = 0, which would contradict aa # 0). Hence, the element a of F is nonzero,
and therefore invertible (since every nonzero element of F is invertible). Thus, the quotient

c c
— € F is well-defined (since I is commutative). Denote this quotient by ¢. Thus, ¢ = — € F.
a a

c .
From ¢ = —, we obtain ga = c¢. Moreover,
a

2

P ou =¢ad*=| qa (since F is commutative)
~~~ ~~
—a2 ~
= =w

The element u of F is nonzero and thus invertible (since every nonzero element of F is
invertible). Hence, we can divide the equality ¢*>u = wv by u. We thus obtain ¢*> = v.
Hence, v = ¢*. Thus, v is a square (by the definition of a square). This contradicts the fact
that v is a nonsquare. This contradiction shows that our assumption was false; hence, uv is
a nonsquare. This solves part (b) of the exercise.

[Remark: So far we have not used that F is finite; nor have we used that 2 - 1y # Op.]

(c) We must prove that if u € F and v € F are two nonsquares, then wv is a square.
Let u € F and v € F be two nonsquares. We thus must prove that uv is a square.

1
In the statement of the exercise, it was said that the number of squares in F is 5 (|F| + 1).
In other words,
1
(the number of all squares in F) = 3 (|F|+1).

Clearly, 0 € F is a square (since 0 = 0?). Thus, if we had u = 0, then u would be a
square, which would contradict the fact that u is a nonsquare. Hence, we cannot have u = 0.
Thus, u # 0. Hence, the element u of IF is nonzero and thus invertible (since every nonzero
element of F is invertible). Thus, it has an inverse u~!.

Let f : F — F be the map sending each a € F to ua. Then, it is easy to see that the
map f is invertible (indeed, its inverse sends each a € F to u~'a). Hence, f is bijective and

thus injective. Therefore, f satisfies
I ()] =19] for each subset S of F. (25)
Let N be the set of all nonsquares in F. Thus,

|N| = (the number of all nonsquares in )

= |F| — (the number of all squares in )

(. i
-~

1
=—(|F|+1
2(I I+1)
(because the nonsquares in F are precisely the elements of F that are not squares)

= [F|~ 5 (IF| + 1) = 3 (IF| - 1).
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Recall that 0 € F is a square in F. Thus, the nonzero squares in F differ from the squares
in IF only in that 0 belongs to the latter but not to the former. Hence,

(the number of all nonzero squares in F)

1 1
= (the number of all squares in F) —1 = 3 (IF|+1)—1= 5 (IF] —1).
1 TV
= (Fl+1)
Let S be the set of all nonzero squares in F. Thus,
1
|S| = (the number of all nonzero squares in F) = 5 ([F| — 1) = |N|

(since |N] = 5 (IF| - 1))

Let w € S. Then, w is a nonzero square (by the definition of S). Hence, the product wu
is a product of a nonzero square with a nonsquare (since v is a nonsquare), and thus itself
is a nonsquare (by part (b) of this exercise). In other words, wu € N (by the definition of
N). Now, the definition of f yields f (w) = uw = wu € N.

Now, forget that we fixed w. We thus have shown that f (w) € N for each w € S. In
other words, f (S) € N. In other words, f (S) is a subset of V.

But yields | f (S)| = |S| = |N|. Hence, |f (S)| > |N|.

Now, recall the following fundamental fact: If a subset Y of a finite set X satisfies
Y| > | X], then Y = X. Applying this to Y = f(S) and X = N, we obtain f(S) = N
(since f(S) is a subset of the finite set N and satisfies | f (5)| > |V]).

Recall that we must show that uv is a square. Assume the contrary. Thus, uv is a
nonsquare (by the definition of “nonsquare”). In other words, uv € N (by the definition of
N). Hence, uv € N = f(S) (since f(S) = N). In other words, uv = f (¢q) for some g € S.
Consider this ¢. But the definition of f yields f (v) = uv = f (q). Therefore, v = ¢ (since f
is injective). Thus, v = ¢ € S. In other words, v is a nonzero square (by the definition of .S).
Thus, v is a square; but this contradicts the fact that v is a nonsquare. This contradiction
shows that our assumption was false. Hence, we have shown that uv is a square. This solves
part (c) of the exercise.

4.4 REMARK

The condition “2 - 1y # Op” in the above exercise is necessary in order to ensure that |F| is
1
odd, and that the number of squares in F is 5 (|F| 4+ 1). This was used in our solution of

part (c) of the exercise. However, it turns out that all three parts of the exercise (including
part (c)) still hold if we drop the condition “2-1r # OF”. In other words, the following holds:

Theorem 4.1. Let F be a finite field (which may and may not satisfy 2 - 1 # Op). In the
following, the word “square” shall always mean “square in F”. A nonsquare shall mean an
element of F that is not a square. Then:

(a) The product of two squares is always a square.

(b) The product of a nonzero square with a nonsquare is always a nonsquare.

(c) The product of two nonsquares is always a square.

We are going to prove this theorem — it turns out that the bulk of the work has already
been done in our above solution. All we need is to prove Theorem (c) in the case when
2 - 1g = Op. This will rely on the following fact:
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Proposition 4.2. Let I be a finite field such that 2 - 1z = Op. Then, every element of F is
a square.

Proof of Proposition[{.4 The ring F is a field, and thus is a commutative skew field. Every
nonzero element of F is invertible (since F is a skew field).
Let F': F — [F be the map defined by

(F(a)=a*> foralla€eF).

We shall now show that the map F’ is injective.

Indeed, let a,b € F satisfy F' (a) = F (b). We want to show that a = b.

Assume the contrary. Thus, a # b. In other words, a — b # Op. Thus, the element a — b
of F is nonzero, and therefore invertible (since every nonzero element of F is invertible).
Hence, its inverse (a — b)~" € F is well-defined.

The definition of F yields F (b) = b* and F (a) = a®. Thus, a®> = F (a) = F (b)) = b*. In
other words, a? — b*> = Op. Hence,

Op = a®> —b* = (a+b)(a—b) (since F is commutative) .

We can multiply both sides of this equality by (a —b)™" (since (a —b)~" is well-defined).
We thus obtain

Or-(a=b) " =(a+b)(a=b)-(a=b)" =(a+b)lg=a+b.

~
=1p

Hence, a +b=0g - (a —b)" = 0g, so that a = —b. But b+b=2_b =2-1pb = 0gb = O
and thus b = —b. Comparing this with a = —b, we obtain a = b; this contradicts a # b.
Hence, we have found a contradiction. Thus, our assumption was wrong; hence, a = b.

Now, forget that we fixed a,b. We thus have proven that if a,b € F satisfy F (a) = F (b),
then a = b. In other words, the map F' is injective.

But F'is a map from the finite set IF to the finite set IF, and these two finite sets satisfy
F| > |F|. Hence, Theorem 2.15.5 in 'the class notef’| (applied to A=TF, B=F and f = F)
shows that the map F' is bijective (since F' is injective). Thus, F is surjective. In other
words, F = F (FF).

Now, let u € F. Then, w € F = F (F). In other words, there exists some a € F such
that w = F (a). Consider this a. Now, u = F (a) = a* (by the definition of F'). Hence, u is
a square (by the definition of a square).

Forget that we fixed u. We thus have shown that each u € F is a square. In other words,
every element of F is a square. This proves Proposition [4.2] O

Remark 4.3. The map F' we constructed in the proof of Proposition is actually a ring
isomorphism. Indeed, it is easy to show that I is a ring homomorphism (because 2- 1y = Op
yields (a +b)®> = a® 4 b? for all a,b € F — this is a particular case of Freshman’s Dream),
and then the bijectivity of F' entails that F' is a ring isomorphism.

Now, we are ready to prove Theorem

Proof of Theorem [4.1 When solving parts (a) and (b) of our above exercise, we never used
the assumption that 2 - 1p # Op. Hence, our solutions to these two parts still apply if

this assumption is omitted. Thus, these solutions qualify as proofs of parts (a) and (b) of
Theorem [4.1] It therefore remains to prove Theorem (c).

9This is the Pigeonhole Principle for Injections.
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(c) If 2- 1p # Op, then Theorem (c) holds (by part (c) of the above exercise).
Thus, for the rest of this proof of Theorem (c), we WLOG assume that we don’t have
2 - 1p # Op. Hence, we have 2 - 1g = Op. Thus, Proposition shows that every element
of F is a square. Hence, there exist no nonsquares in I (since a nonsquare is defined as an
element of F that is not a square). Thus, the claim of Theorem (c) is vacuously true
(since this claim only concerns nonsquares). This proves Theorem (c). O

5 EXERCISE 5: FORMAL DIFFERENTIAL CALCULUS

5.1 PROBLEM
Let K be a commutative ring. For each FPY

f= Z arz® = agx® + ayxt + agr® + - € K[[x]] (where a; € K),
keN

we define the derivative f' of f to be the FPS

Z kapa"' = laa® 4 2a92" + 3asz® + - - € K [[z]].

(This definition imitates the standard procedure for differentiating power series in analy-
sis, but it does not require any analysis or topology itself. In particular, K may be any
commutative ring — e.g., a finite field.)

Let D : K[[z]] = K[[z]] be the map sending each FPS f to its derivative f’. We refer
to D as (formal) differentiation. As usual, for any n € N, we let D™ denote Do Do---0 D

n times

(which means id if n = 0).
Prove the following:

(a) If f € K[z], then " € K[z] and deg (f') < deg f — 1. (In other words, the derivative
of a polynomial is again a polynomial of degree at least 1 less.)

(b) The map D : K[[z]] = K|[[z]] is K-linear (with respect to the K-module structure on
K [[x]] defined in class — i.e., both addition and scaling of FPSs are defined entrywise).

(c) We have (fg)' = f'g+ fg for any two FPSs f and g. (This is called the Leibniz rule.)

k
(d) We have D" (2%) = n!( )azk_" for all n € N and k£ € N. Here, the expression
n

k
“( ):L‘k”” is to be understood as 0 when £ < n.
n

10Just as in class, the abbreviation “FPS” stands for “formal power series”. All FPSs and polynomials in
this exercise are in 1 indeterminate over K; the indeterminate is called .
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(e) If Q is a subring of K, then every polynomial f € K|z] SatisﬁeeE-I
f[x+a]zza(D"(f))[a]-x” for all a € K.
neN
(The infinite sum on the right hand side has only finitely many nonzero addends.)

(f) If p is a prime such that p - 1x = 0 (for example, this happens if K = Z/p), then
DP(f) =0 for each f € K[[z]].

Now, assume that Q is a subring of K. For each FPS

f= Zakxk = aor’ + ayz' + gz’ + - € K[[]] (where a; € K),
keN

we define the integral [ f of f to be the FPS

1 1 1 1
Z o 1%3:’““ = Iaoxl + §a1x2 + gagx?’ + - e K][[z]].

k>0

(This definition imitates the standard procedure for integrating power series in analysis, but
again works for any commutative ring K that contains Q as subring.)

Let J : K[[z]] — K[[z]] be the map sending each FPS f to its integral [ f. Prove the
following:

(g) The map J : K[[z]] — K][[z]] is K-linear.
(h) We have Do J =id.
(i) We have Jo D #id.

[Hint: Don’t give too much detail; workable outlines are sufficient. Feel free to inter-
change summation signs without justification. For part (c), it is easiest to first prove it in
the particular case when f = 2% and g = x° for some f and ¢, and then obtain the general
case by interchanging summations. |

5.2 REMARK

This exercise is just the beginning of “algebraic calculus”. A lot more can be done: Differenti-
ation can be extended to rational functions; partial derivatives can be defined for multivariate
polynomials and FPSs; differential equations can be solved formally in FPSs (rather than

flate) = [flx)
9

definition exists{r_zl. These algebraic derivatives play crucial roles in the study of fields (in-
cluding finite fields!), in algebraic geometry (where they help define what a “singularity”
of an algebraic variety is) and in enumerative combinatorics (where they aid in computing
generating functionsF_gD.

functions); even a purely algebraic analogue of the classical f'(z) = liné
e—

HJust as in class, I am using the notation “f [u]” for the evaluation of f at u. The more common notation
for this is f (u), but is too easily mistaken for a product.
Note also that we need to require f to be a polynomial here, since f [z + a] would not be defined if f
was merely an FPS.

12See Theorem 5 in https://math.stackexchange.com/a/2974977/ .

13see [Loehrldl §7.8 and further on|, [Wilf04] and [GrKnPa94, §7.2 and further on] for examples
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Part (e) is an algebraic counterpart of the well-known Taylor series from calculus (and it
is much easier than the latter: no error terms, no smoothness requirements, no convergence
issues).

The “integral” [ f we defined above is, of course, only one possible choice of an FPS ¢
satisfying ¢’ = f. Just as in calculus, you can add any constant to it, and you get another.
Part (h) is an algebraic analogue of the first Fundamental Theorem of Calculus. You can
easily prove an analogue of the second Fundamental Theorem too: For each FPS f, the FPS
(J o D) (f) differs from f only in its constant term.

If K contains Q as a subring, then both J and D are elements of the K-algebra
End (K [[z]]) (by parts (b) and (g) of this exercise). Part (h) of this exercise shows that
J is a right inverse of D; but part (i) shows that J is not a left inverse (and thus not an
inverse) of D. This yields an example of a left inverse that is not a right inverse.

5.3 SOLUTION SKETCH

We recall the following notation (which we introduced in the class notes): For each n € Z,
we define a subset K [z]_, of K{[z]] by

Kz]., = {(ao,a1,a9,...) € K[[z]] | ar =0 for all k> n}
={aeK]|z] | [¢*]a=0forall k>n}.

We know that a FPS a € K{[z]] belongs to K[z]_, (for a given n € Z) if and only if a is a
polynomial of degree < n. We also know that K[z]|_, is a K-submodule of K [[z]] (for each
n € N). -

(a) Let f € K[z]. Write the FPS f in the form f = > ap2® with ag,ay,as,... € K.

keN
Thus, A
[2'] f = a for each i € N (26)
(by the definition of [z7] f). Furthermore, the definition of f’ yields f' = Y kapz*~1.

k>0
We WLOG assume that f # 0 (because otherwise, we have f = 0 and thus f' =0 =

0 € K[z] and deg (f') = deg0 = —o0 < deg f —1).
N

=0

Define an m € N by m = deg f. (This is well-defined, since f # 0.) From m = deg f,

we conclude that [z?] f = 0 for all integers ¢ > m (by the definition of degree). Hence, each
integer ¢ > m satisfies

a;=['] f (by (20))
=0.

(27)
Renaming 7 as k in this statement, we obtain that
each integer k > m satisfies a; = 0. (28)
Now,
r_ k=1 _ k—1 k=1 _ k—1 k—1
f kzwkakx ;kakx +k:;rlk \a;;_/ x ;lmkx +k;rlk0x

=0
(by (28)) ~

m
= E kapz* ' = layz' ™' + 2402 L + - - + ma,, 2™
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Hence, f’ is a K-linear combination of the m polynomials z'=! 2?71 ... 2™~! (since the

coefficients ka; belong to K). But these m polynomials x!=1 2271 ... 2™~ all belong to

K(z].,, ;- Thus, their K-linear combination f” also belongs to K[z|_, , (since K[z]|_, ,

is a K-module). In other words, f € K[z]_, ;. In other words, f’ is a polynomial of degree

< m — 1. Hence, f’is a polynomial and satisfies deg (f') < Jn —1 = deg f — 1. This
=deg f

solves part (a) of the exercise.

[Remark: Tt is not guaranteed that deg (f’) = deg f — 1. First of all, this equality is
false when deg f = 0 (because in this case, f* = 0 and thus deg f' = —oc0 # 0—1). But even
when deg f is positive, the equality deg (f') = deg f — 1 may fail. For example, if K = 7Z/2
and f = 2%+ x, then f' = \2/ x+1=1 has degree deg (f') =0<2—1.

=0in K
It is easy to see that deg (') = deg f—1 holds when K is a field satisfying (deg f)-1x # 0.

(b) According to the definition of a K-linear map (also known as a K-module homo-
morphism), we must prove the following three statements:

Statement 1: We have D (a +b) = D (a) + D (b) for all a,b € K|[x]].
Statement 2: We have D (0) = 0.
Statement 3: We have D (Aa) = AD (a) for all A € K and a € K[[z]].

We shall only prove the first of these three statements; the other two are similar.
[Proof of Statement 1: Let a,b € K[[z]]. We must prove that D (a 4+ b) = D (a) + D (b).
Write the FPS a in the form a = Y aga® with ag, a1, as, ... € K. Then, the definition

keEN
of a’ yields @’ = >~ kapz*~1.
k>0
Write the FPS b in the form b= > bpa® with bg, by, by, ... € K. Then, the definition of
keN
V yields v = > kbpa*L.
k>0
Now, adding the equalities a = > a2® and b = > bya"* together, we obtain
keN keN
a+b= Zakxk + Z bpat = Z (akxk + bkmk) = Z (ay + by,) z*.
keN keN keN " keN

=(ak+byg)zk

(and the coefficients ag + by, a1 + by, as + by, ... appearing on the right hand side of this
equality all belong to K). Thus, the definition of (a + b) yields

(a+b) = Z k (ax, + by,) :c’“’ll = Z (kapa" " + kbya* ") = Z kagx* 1 + Z kbpaF 1.

B0 o Y kbeah 1 K0 k>0 k>0
Comparing this with
/ / k—1 k—1
a + b = E kapx™ " + E kbix
. , . , k k )
= Z ]{;akmk71 = Z k‘bkl‘k71 k>0 k>0
k>0 k>0

we obtain (a +b) = a’ + ¥. But the definition of D yields D (a) = a’ and D (b) = ¥’ and
D (a+b) = (a+b). In light of these three equalities, we can rewrite our result (a + b)" =
a +b as D(a+0b) =D (a)+ D (b). This proves Statement 1.]
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Thus, we have proven Statement 1. The proofs of Statement 2 and Statement 3 are
similar (but easier). This completes our solution of part (b).

Before we move on to the next parts of the exercise, let us prove several auxiliary
statements. The first is a mere restatement of the definition of the derivative f’ of an FPS

f:
Statement 4: Let f € K[[z]]. Then,

2" (f) = (n+1)[2"T] f  foreachn € N.

| Proof of Statement 4: We have f = Y ([2"] f) ¥ (since the [2*] f are the coefficients
keN
of f). Hence, the definition of f’ yields

f = Zk ([l‘k] f) gF 1 = Z (k+1) ([ka] f) z*

k>0 keN

(here, we have substituted &k + 1 for k in the sum). Hence, [z"] (f') = (n + 1) ([z"'] f) for
each n € N (by the definition of [2"] (f’)). This proves Statement 4.]

Our next auxiliary statement is an extension of Statement 1 (which we proved above,
in our solution to part (b)) to arbitrary (possibly infinite) sums of summable families:

Statement 5: Let (f;),c; be a summable family of FPSs in K [[z]]. Then, we have
D (> fi) =2 D(fi). (In particular, the family (D (f;));c; is summable.)
i€l i€l

[Proof of Statement 5 (sketched): For each ¢ € I and n € N, we have

"] (D) =R"((A)) =0+ (2" (£) (29)

/

=(fi)
(by the definition of D)

(by Statement 4, applied to f = f;).
We shall now prove that the family (D (f;)),c; is summable.
Indeed, the family (f;),.; is summable. In other words, for each n € N, the following
requirement holds:
only finitely many ¢ € I satisfy [2"] (f;) # 0. (30)

Now, let n € N. Then, only finitely many ¢ € I satisfy [z"*!] (f;) # 0 (by (30), applied to
n + 1 instead of n). Thus, only finitely many i € I satisfy (n + 1) ([z""'] (f;)) # 0 (because
(n+1) ([z"] (f;)) # 0 can only hold if [z"*!] (f;) # 0). In view of (29), this rewrites as
follows: Only finitely many ¢ € I satisfy [2"] (D (f;)) # 0.

Now, forget that we fixed n. We thus have shown that for each n € N, only finitely
many ¢ € I satisfy [2"] (D (f;)) # 0. In other words, the family (D (f;)),.; is summable.

The sum of a summable family is defined entrywise. Thus, each n € N satisfies

"] (ZD (fi)) = Z ("] (D (fi)) = Z (n+1) ([z"] () (31)
iel icl =(n+1)(v[x"+1](fi)) iel

(by @9)
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Also, Statement 4 (applied to f =" f;) shows that each n € N satisfies

<(ZL)) (n+1) [2"] (Zf,) :(n+1)2[x“+1] (f)
) - [

iel
(since the sum of a summable
family is defined entrywise)

= Z (n+1) ([w”“} (fl)) )

el

Comparing this with (31]), we obtain that

[z"] <(Z f,) ) = [z"] <Z D (fl)> for each n € N.

!/ !/
In other words, (Z fz) = > D (f;). But the definition of D yields D (Z fz) = <Z f,) =
iel il il i€l
Y>> D (f;). This completes the proof of Statement 5.]
el
Our next auxiliary statement extends Statement 5 from sums of FPSs to K-linear com-
binations of FPSs:

Statement 6: Let (f;),c; be a summable family of FPSs in K [[z]]. Let (X\;),.; €
K’ be any family of scalars. Then, we have D (Z Alfl) = > ND(f;). (In

i€l i€l
particular, the families (\;f;);c; and (A;D (fi)),c; are summable.)

[Proof of Statement 6 (sketched): The map D is K-linear (by part (b) of this exercise).
The family (f;),.; is summable. Thus, it is easy to see that the family (\;f;),c; is

summabld*!l Hence, Statement 5 (applied to \; f; instead of f;) yields that we have D <Z Nifi

icl

> D (Xifi), and the family (D ()i f;)),c; is summable. Since each i € I satisfies D (A f;) =

icl

AiD (fi) (because D is a K-linear map), we can rewrite this as follows: We have D (Z i fl) =
i€l

> AiD(fi), and that the family (A;D (fi));c; is summable. This completes the proof of

icl

Statement 6.

Furthermore, let us generalize Statement 6 from D to all powers D¥ of D:

Statement 7: Let (f;),c; be a summable family of FPSs in K [[z]]. Let (\;),.; €
K? be any family of scalars. Let & € N. Then, we have D* <z /\Z-f2-> =

el

>° XD (fi). (In particular, the families (X f;);c; and (A;D* (fi)),., are summable.)

i€l

“because if some i € I and n € N satisfy [2"] (\;f;) # 0, then they must also satisfy [27] (f;) # 0 (because
Ai - [z (fi) = [2"] (Nifi) # 0)
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[Proof of Statement 7 (sketched): Statement 7 is easy to prove by induction on k. The
induction base (i.e., the case k = 0) is obvious, and the induction step uses Statement 6.]

Finally, let us describe the derivative of a monomial:

Statement 8: Let m € N. Then, D (z™) = ma™'. (Here, the expression

“ma™ 1 is to be understood as 0 when m = 0.)

[Proof of Statement 8 (sketched): We have

1, ifn=m;
[z"] (™) = {07 ?f " L m, for each n € N. (32)
, ifn#m
Also, we have
iftn=m-—1;
[2"] (ma™ ") = " 1 nemel for each n € N. (33)
0, ifn#m-—1

(This is clearly true when m > 0, but also holds for m = 0 by our definition of mz™~! in
that case.)
Now, for each n € N, we have

=(n+1) [2" ] (2™) (by Statement 4, applied to f = z™)

{1, ifn+1=m;

0, ifn+1#m
(by ([32), applied to n+1 instead of n)

1, ifn+1=m;
= (1) g
0, ifn+1#m

) (n+1)-1, ifn4+1=m; n+1, ifn+1=m;
(n+1)-0, ifn+1#m 0, ifn+1#m
_fm, ifn+1=m;
0, ifn+1#m
_fm, ifn=m-—1;
S ]o, ifn#Em-—1

( since the condition “n + 1 = m” is equivalent to “n =m — 17, )

(since we have n + 1 = m in the case when n +1 =m)

and the condition “n + 1 # m” is equivalent to “n # m — 17

= [z"] (mxm_l) (by ) )

In other words, we have (2™)" = ma™!. But the definition of D yields D (z™) = (2™) =
ma™ ', This proves Statement 8.]

Let us now resume solving the exercise.

(c) Here is one possible way to solve this. (Another can be found in |Grinbel8|, proof
of Proposition 0.2 (c)].)
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We shall follow the same convention that we used in Statement 8: Namely, the expression
“ma™ 1" is to be understood as 0 when m = 0.
Let f, g € K[[z]] be two FPSs.

Write the FPS f in the form f = Y apa® with ag,a1,as,... € K.
keN

Write the FPS ¢ in the form g = > bia® with by, by, by, ... € K.
keN
Multiplying the equalities f = Y axz” = > a;z' and g = Y bpa® = > bja?, we obtain
keN ieN keN jEN
fg= (Z aixi) (Z bjasj> Z Z a; T ’b ¥ = Z Z a;bjz't. (34)
ieN jEN ieN jeN ieN jeN

b z+]

Applying the map D to both sides of this equality, we obtain

=D (Z > aibjxiﬂ) => D (Z aibja:iH) (35)

ieN jeN ieN jeEN
(by Statement 5, applied to the set I = N and the summable family

(fi)ier = | 20 aibja™d of FPSs). But each i € N satisfies

jeN ieN

D (Z aibjxiﬂ) = Z a;b;D (z7) (36)

jeN jeN

(by Statement 6, applied to the set I = N, the familyﬁ (Aj)jer = (aibj) ;o of scalars and

the summable family (f;),;., = (#"%7) ;e of FPSs). Thus, becomes

=>"D (Zaibjxiﬂ) =33 w =33 b (i 4 )

ieN\ jEN ieN jeN () ieN jeN

~

_ . itj (by Statement 8,

_J%:N alb]D(x ) applied to m=i+j)
(by (B6))

Comparing this with
D(fg) = (fg) (by the definition of D),

we obtain

=SS by (4 ) (37)

1€N jeN

On the other hand, from f = Y a,z*, we obtain
keN

= Z kayaz" (by the definition of f’).

k>0

43 )7

15We are using “;” instead of “i” for the index of our families now, because the letter already means

something else
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Comparing this with

g apkz® ! = q 02071 + aphk "1
— N
keN =0 k>0 =kay,

(since we understand “mz™~1”
to mean 0 when m=0)

(here, we have split off the addend for & = 0 from the sum)

= &o,(_);l- Z kagz ! = Z kapx* 1,

=0 k>0 k>0

we obtain

= Z apka™t. (38)

keN
The same argument (applied to g and by instead of f and ay) yields

g = Zbkkxkfl. (39)

keN

Multiplying the equalities f' = > apka*' = > aiz™™' and g = Y bpa® = Y bja?, we

keN i€N keN jEN

obtain
o il | il i-1,j
fg(Zazzx ) <Zbﬂ>22alzaﬁ bjx fZZalez A
ieN jEN ieN jeN T ieN jeN — (=) —giti—1
=bjix*~1lxJ
= Z Z aibjixi+j_l. (40)
i€N jeN

Multiplying the equalities f = > azz® = Y a2’ and ¢ = Y bpka™' = 3 bjjai~!, we

keN ieN keN jEN
obtain
r_ i L g-1) iy o g—1 - i, j—1
fg = a;T bjjx = a; x'bjja’ ™" = a;b;j r'r
L L~
ieN jEN i€N jeN M i1 ieN jeN — i+ (1) —giti—1

=bjjx x)

= E E (ZibijEH_]_l.

ieN jeN

Adding this equality to the equality (40]), we obtain

flg+ fg = Z Z abjiz™ 71 4 Z Z abjjr Il = Z Z (asbjic™ " + aibjj:c”j’l)l

ieN jeN ieN jeN ieN jeN

= Z Z aibj ('L + ]) fL’H_j_l.

ieN jeN

:[ll'bj (i+j)l’i+j71

Comparing this with (37)), we find (fg)' = f’g + f¢'. This solves part (c) of the exercise.

(d) We shall solve part (d) of the exercise by induction on n:
Induction base: We have D° = id. Thus,

Qﬁ/(:f;k’) =1id (xk) =7F = 0!(lg> z" since \O‘/ (IS) F = ¥

=1
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for each k € N. In other words, part (d) of the exercise holds for n = 0. This completes the
induction base.

Induction step: Let i € N. Assume that part (d) of the exercise holds for n = i. We
must prove that part (d) of the exercise holds for n =7 + 1.

We have assumed that part (d) of the exercise holds for n = 4. In other words, we have

) k )
D' (z%) =l ( ,)xk’ for all £ € N. (41)
i
Now, let k € N. Then, D' = D o D'. Applying both sides of this equality to 2%, we
obtain

D' (2¥) = (DoD") (a*)=D| D'(2*) |[=D (i! (k) x’f—i) : (42)

——

k ,
=i! k=1
9

(by (43))

We shall now show that

D" (a%) = (i + 1)!(@, f 1) A (43)

Indeed, three cases are possible:
Case 1: We have k < 1.
Case 2: We have k = 1.
Case 3: We have k > 1.

Let us first consider Case 1. In this case, we have k£ < 7. Thus, ( ,)xk_l = 0 (according
i
: : « k k—mn»
to our convention that the expression x is to be understood as 0 when k& < n).
n

k A
For the same reason, we have < N 1)xk_(’+1) =0 (since k < i <i+1). Now, (42) becomes
i

pitl (xk> —Dla (k) e ( i > =D(0)=0 (since D is K-linear)
7
=0

=0

k , k ,
= (4 I k—(i+1) : ; I k—(i+1) _
(1+1)! <z 1>x since (i + 1)! (z 1)1; 0

=0

Thus, (43]) is proven in Case 1.
Let us next consider Case 2. In this case, we have £k = ¢. Thus, kK =1 < i+ 1, so
k—n»

k ,
that ( . 1) 2F=0+1) = 0 (according to our convention that the expression “ x is
7 n

to be understood as 0 when k < n). Also, from k& = i, we obtain (k> = (Z> = 1 and
1 1
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2Pt = 2171 = 20, Now, (42)) becomes

D+l (xk:)
: k k—i -0 . 0 . . .

=D il |z =D (ilz°) =i D (2°) (since D is K-linear)

7 N~~~ \

~—~—~ =20 o 0—1
=0x
=1 (by Statement 8,
applied to m=0)
=102 =0 = (i +1)! B\ phetien since (i +1)! PO\ gt g
— t+1 1+ 1

L4

Thus, is proven in Case 2.
Finally, let us consider Case 3. In this case, we have k > i. It is easy to see that

() -wrn(h) ”

k(k—1)(k—2)-(k—i)
1l

(Indeed, both sides of can be simplified to
definition of binomial coefficients and the fact that (i + 1)! = (i + 1) -i!. An alternative way
to prove is by expanding both binomial coefficients (]j) and (z f 1) using Exercise 3
(a) on homework set #0.)

Now, k > 17, so that k —¢ € N. The equality becomes

Di+1 (.fll'k)

=D <z’! (k) a:k’) = ¢! (k> D (:Ukﬂ) (since D is K-linear)
1 ] ——

:(lcfi):):"“_"”'_1
(by Statement 8,
applied to m=k—1)

— 4 o k—i—=1 _ -1, (; k—(i+1) _ (; | k—(i+1)
i! ()(k i) @ il (z—i—l)( ):c (z+1).< )w :
—_—

i v+ 1 1+ 1
=gk—(i+1) =(i+1)!

by applying the

RARAVES

(by (@)

Thus, is proven in Case 3.
We have now proven (43]) in each of the three Cases 1, 2 and 3. Thus, always holds.
Now, forget that we fixed k. Thus, we have proven that holds for each £ € N. In
other words, part (d) of the exercise holds for n = i+ 1. This completes the induction step.
Thus, part (d) of the exercise is proven by induction.

(e) Let us first show two auxiliary statements:

Statement 9: Let m € N. Let f € K[z]| be a polynomial of degree < m. Then,
for each n € N, we have D" (f) € K[z] and deg (D" (f)) < m — n.
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[Proof of Statement 9 (sketched): This can be straightforwardly proven by induction on
n. The induction base (i.e., the case n = 0) is obvious. The induction step proceeds by
observing that if n is a positive integer, then

Q:,_ (fy=(DoD" " (f)=D (D" (f)) = (D™ (f))/ (by the definition of D),

and applying part (a) of the exercise to D"~! (f) instead of f. Thus, Statement 9 is proven.]

Statement 10: Let m € N. Let f € K|[z] be a polynomial of degree < m. Then,
D™ (f) = 0 for all integers n > m.

[Proof of Statement 10 (sketched): Let n be an integer such that n > m. Then, State-
ment 9 yields D" (f) € K[z] and deg (D™ (f)) < m — n. Hence, deg (D" (f)) <m—n <0
(since n > m), so that D" (f) = 0. This proves Statement 10.]

Now, assume that Q is a subring of K. Let f € K|z]| be a polynomial. Let m = deg f.
Then, f has degree < m. Hence, Statement 10 shows that D" (f) = 0 for all integers n > m.

1 1
Thus, — (D" (f))[a] - 2" = — 0[a] -™ = 0 for all integers n > m. Hence, all but finitely
n! e— n! -~
=0 :0

many addends of the sum ) — ( " (f))la] - 2™ are 0. Therefore, this sum is well-defined.
neN T
In the following, we shall use the same convention as we did in part (d) of this exercise:

k
Namely, the expression “( ):Ek_”” is to be understood as 0 when k < n. Thus,
n

n

k
( ):ck" =0 for all £ € N and n € N satisfying k < n. (45)

Write the polynomial f in the form f = Y bya* with by, by,...,b, € K. (We can do
k=0
this, since deg f = m.) Then, for each n € N, we have

=D" <Z bkxk> (since f= Z bkxk)
k=0 k=0

k=0 N——
= > =n! xh—n
ke{0,1,...,m} n
(by part (d)

of this exercise)

(since the map D" is K-linear (because the map D is K-linear))

k k k
E bpn! (n) T g bpn! (n) "+ E bipn! (n) T
} }; — };

ke{0,1,....m ke{0,1,....m ke{0,1,....m
k<n -0 k>n

(by ‘b N’
=2

k=n

since each k € {0,1,...,m} satisfies either k <n or k >n
(but never both at the same time)

= Y bkn'O—l—Zbkn‘( ) Zbkm( ) (46)

ke{0,1,....m}; k=n
k<n

J

~~
=0
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Let a € K. Then, for each n € N, we have

k=n
and thus . .
1 " 1 E\ 4, k .
e =S (e =3 (e (@

But substituting  + a for z in the equality f = >_ bpx®, we find

k=0
m m m k ]{7
f[x+a]:(2bkwk> [x—l—a]:Zbk (x4 a)" :Zka( )x”ak_”
k=0 k=0 — k=0 n—o \
A
— Z ( )mnak—n
n=0 \ N,

(by the binomial formula,
since za=ax)

k=0 n=0 —gk—n.gn neN k=n neN
—— N ~ ~
=i =—(D"(P)la]

n!
(by (47)

This solves part (e) of the exercise.

(f) Let p be a prime such that p- 1x = 0. Let f € K[[z]].
Note that p is a positive integer (since p is a prime); thus, p! =p-(p — 1)! = (p — 1)! - p.
Hence,
pl lg=@-Dlp-lg=@pE-10=0.
—~— ——
=(-1lp =0

Thus, each u € K[[z]] satisfies

P! u =pl-1g-u=0u=0. (48)
—lg-u -0

(since K[[z]] is a K-module)

Write the FPS f in the form f = > a;2° with ag, a1, as,... € K. Then, the family
ieN

(2"),cy of FPSs is summable. Hence, Statement 7 (applied to k = p, I =N, (\;),c; = (@:);en

and (f;);c; = (¢"),y) yields that DP <Z a;x’ ) =3 a;DP (2). In view of f = Y a2, this

. ieN > ieN ieN
rewrites as

D (f)=>_ a;D"(a"). (49)

i€EN
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But let ¢ € N. Then, part (d) of this exercise (applied to k =i and n = p) yields

D" (a') = p! (Z)xi"’ =0 <by (@S), applied to u = (Z)xi_”> . (50)
p p
Forget that we fixed . We thus have proven the equality for each ¢ € N. Thus,

becomes
D (f)=> a => a0=0.

D” (z")
ieN T~ ieN
(by (0)

This solves part (f) of the exercise.

(g) This can be solved in the same way as we solved part (b) of the exercise (since the
definition of J is similar to the definition of D).

(h) Let f € K[[z]]. We shall prove that (Do J) (f) = f.
Write the FPS f in the form f = > ap2® with ag, ay,as,... € K. Thus, the definition

kEN
of [ f yields
1
/f — ak:)skH
= kE+1
1 )
= Z —a; 17’ (here, we have substituted ¢ — 1 for & in the sum).

i

i€{1,2,3,...}

Applying the map D to both sides of this equality, we find

D (/ f) =D Z %ai_wi = Z %az‘—l DW)

i€{1,2,3,...} i€{1,2,3,...} o
(by Statement 8, applied to m=i)

by Statement 6, applied to the set [ = {1,2,3,...},
1
the family (\;),c; = (—,ail) of scalars,
i

i€{1,2,3,...}
and the summable family (f;);c; = (2');c(1 05,y of FPSs

1 N
= E Zai,lle 1— E a1zt = E apx®
i€{1,2,3,..} —— ic{1,2,3,...} keN

=a;_1z'71

(here, we have substituted & for ¢ —1 in the sum). But the definition of J yields J (f) = [ f.
Thus,

(Do) =D | J(f) :D(/f) =Y = f=id(f).
ny

Now, forget that we fixed f. We thus have shown that (Do J)(f) = id(f) for each
f € K[[z]]. In other words, D o J = id. This solves part (h) of the exercise.

(i) It is easy to check that (J o D) (1) =0 # 1 =1id (1), and thus Jo D # id. This solves
part (i) of the exercise.
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5.4 REMARK

As we have mentioned above, f needs to be a polynomial in part (e) of this exercise in
order for f[x + a] to be well-defined. But in the particular case when a = 0, the evaluation
[ [ + a] is well-defined for all f € K[[z]] (indeed, in this case, we have f [z + a] = f [x + 0] =
flxz] = f). Thus, it is reasonable to ask whether the claim of part (e) holds for all FPSs
f € K|[[z]] (rather than just for polynomials) when a = 0. The answer is “yes”: We have

=Y D0 foral £ € K]

neN

(when Q is a subring of K). This is an algebraic counterpart of the Maclaurin series; its
proof is left to the reader (who can also look it up in [LoehrI1, Theorem 7.55]).

The number p does not have to be a prime in part (f) of the exercise. It perfectly suffices
that p is a positive integer. (The solution we gave above works perfectly in this generality.)

Part (i) of the exercise is a “near-miss”: Jo D is not too far away from id. Indeed, every
[ € K/[[z]] satisfies
(JoD)(f)=f— ao, where ag = [2°] f.

This is the algebraic version of the second part of the Fundamental Theorem of Calculus.
We leave the easy proof to the reader.

Most textbooks that are serious about introducing FPSs and their derivatives prove
some parts of this exercise in some form (or leave the proofs to the reader). For example,
[Loehr11l Theorem 7.54 (a) and (b)] is part (b) of the above exercise; [Loehrlll Theorem
7.54 (d)] is Statement 8 in our solution above; |[Loehrll, Theorem 7.54 (e)] is part (c) of
the above exercise; [Loehrlll, Theorem 7.54 (g)] is a particular case of Statement 5 in our
solution above.

6 EXERCISE 6: FORMAL DIFFERENCE CALCULUS AND
INTEGER-VALUED POLYNOMIALS

6.1 PROBLEM

Let K be a commutative ring.
For any polynomial f € K|x], we define the first finite difference f2 of f to be the
polynomial
fle+1] = fl2] €eKlz].

(This is a “discrete analogue” of the derivative, in case the analysis-free derivative from
Exercise 5 was not discrete enough for you. It cannot be extended to FPSs, however, since
you cannot substitute x + 1 for = in an FPS.)

Let A : K[z] — K [z] be the map sending each polynomial f to f2. As usual, for any
n € N, we let A™ denote Ao Ao---0A (which means id if n = 0).

n times
Prove the following:
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(a) The map A : K[z] — K[z] is K-linear (with respect to the K-module structure on K [z]
defined in class — i.e., both addition and scaling of polynomials are defined entrywise).

(b) We have (fg)® = f2g+ f[z + 1] ¢* for any two polynomials f and g.

Now, assume that Q is a subring of K.
For any n € N, we define a polynomial™|

n n!

n
Prove the following:

(c) We have A" <<z>) = <k * ) for all n € N and k € Z.
-n

(d) If m € N, and if f € K|[z] is a polynomial of degree < m, then there exist elements
T

We also set (x) := 0 for every negative n.

m
ag, i, - .., ay € Ksuch that f = > q;
i=0

(e) Every polynomial f € K [z] satisfies

fle+al=> (A" (f))]a] (i) for all a € K.

neN
(The infinite sum on the right hand side has only finitely many nonzero addends.)

(f) Let m € N, and let f € K[z] be a polynomial of degree < m. Assume that f[k] € Z
for each k € {0,1,...,m}. Then, there exist integers ag,ay,...,a, such that f =

Ui z
i=0 t
[Hint: Part (d) is easiest to prove by induction on m. You can then prove part (e) for

f= (x) first (where i € N), and then extend it to arbitrary f by means of part (d). Part
i

(f), in turn, can be derived from part (e) through a strategic choice of a.]

6.2 REMARK

Just as A is an analogue of the differentiation operator D from Exercise 5, we can define

an analogue of the integration operator J from Exercise 5. This will be a K-linear map
m T mn x

Y : K[z] — K|[z] that sends each polynomial Zai( ) to > ai<, N 1) (this definition
i=0 ¢ i=0 v

makes sense, because part (d) of this exercise shows that each polynomial can be written

n x
in the form » a;( . |, uniquely except for “leading zeroes”). Again, we have Ao ¥ = id but
i=0 t

Yo A #id.

16Note that we are within our rights to divide by n! here, since Q is a subring of K.
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Moreover, if f € K [z] is a polynomial, then (X (f)) [0] = 0and (X (f)) [n] = (2 (f)) [n — 1]+
f[n — 1] for each n € Z (indeed, the former equality follows easily from the definition of ¥,
while the latter follows from A o3 = id). Hence, by induction, we can see that

E(f)nl=Ff01+fA]+---+f[n—1] for each polynomial f € K|[z] and each n € N.

In other words, the value of ¥ (f) at an n € N is the sum of the first n values of f on
nonnegative integers! (Whence the notation 3.) For example, if we set f = 22, then it is

casy to sce that X (f) = 2(;) + (g) (to see this, just expand f in the form ;)OJ@' (f) -

) + (f) —, and then apply the definition of ¥); thus we obtain

2(2)+(Z) =024+ 124+ (n— 1),

Similarly you can find a formula for 0% + 1% + - - + (n — 1)* whenever k € N.
Part (e) of this exercise is a result of Newton.

X

namely, f = 22 = 2(2

6.3 SOLUTION SKETCH

We recall the following notation (which we introduced in the class notes): For each n € Z,
we define a subset K [z]_, of K{[z]] by

Klz]., = {(ao,a1,a9,...) € K|[z]] | ar, =0forall k> n}
={aecK]|z]] | [¢*]a=0forall k>n}.

We know that a FPS a € K{[z]] belongs to K[z]|_, (for a given n € Z) if and only if a is a

polynomial of degree < n. We also know that K[z]|_  is a K-submodule of K [[z]] (for each
n € N). -

(a) According to the definition of a K-linear map (also known as a K-module homomor-
phism), we must prove the following three statements:

Statement 1: We have A (a+b) = A (a) + A (b) for all a,b € K|z].
Statement 2: We have A (0) = 0.
Statement 3: We have A (Aa) = AA (a) for all A € K and a € K|[z].

We shall only prove the first of these three statements; the other two are similar.
[ Proof of Statement 1: Let a,b € K[z]. We must prove that A (a+b) = A (a) + A ().
The definition of A yields

Ala+b)=(@+b)>= (a+b)fz+1 —  (a+0b)[q]
~—_—— ———
=a[z+1]4+b[z+1] =a[z]+b[z]
(by one of the basic (by one of the basic
properties of evaluation) properties of evaluation)

(by the definition of (a + b)A>
=(alz+1]+blz+1])—(a[z] +b[z]) = (alxr+ 1] —a[z]) + (b[z + 1] — b[z]).
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Comparing this with

A (a) + A (b) = a + bA
N —— A ~~~
A A =a[z+1]—alz] =b[z+1]—b[z]

(by the d&ﬁlition of A)  (by the d;ﬁ?ﬁtion of A) (by the definition of a®)  (by the definition of b2)
= (alz+ 1] —ale]) + (blz +1] = blz]),

we obtain A (a + b) = A (a) + A (b). This proves Statement 1.]
Thus, we have proven Statement 1. The proofs of Statement 2 and Statement 3 are
similar (but easier). This completes our solution of part (a) of the exercise.

(b) Let f and g be two polynomials. Then,

A

f2 g  +flz+1] g
~~ ~~ ~~
=flz+1]—f[z] =g[z] =g[z+1]—g[z]
(by the definition of &) (since g[z]=g) (by the definition of g2)

=(fle+1 = flzDgle] + fle+1](g [z +1] — g la])
= fle+1]gle]l = flzlgla] + fle+1gle +1] = [z + 1] g [2]
= fle+1gle+1] = flz]gla].

Comparing this with

Jo*= (ole+1] - (ol (by the definition of (fg)*)
=flz+1]glz+1 =flzlglz
(by gr[le—;f]gk[le—i_ba}sic (by onefgf]flge] basic

properties of evaluation) properties of evaluation)

=fle+1gle+1] = flalgl],
we obtain (fg)® = f2g+ f [x + 1] g®. Thus, part (b) of the exercise is solved.

Before we solve the rest of the exercise, let us lay some more groundwork. First, let us
show a simple property of the A operator:

Statement 4: Let f € K[z]. Then, deg (A (f)) < deg f — 1.

[ Proof of Statement 4: This is obvious in the case when f = 0. Thus, we WLOG assume
that f # 0. Hence, deg f € N. Define m € N by m = deg f.
Write the polynomial f in the form f = > bya* with by, by, ..., b, € K. (We can do

k=0
this, since deg f = m.) Thus,

fla=f =) bt = ba'. (51)
k=0 =0
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Substituting z + 1 for z in the equality f = > byz*, we obtain

k=0
m m m k k
fle+1] = (Zbkxk> w4+ 1= by (z+1)F :Zka()xilk_i
k=0 k=0 ~ k=0 =0 \' =1
(K
=S| . Jafrkt
i=0 \ 7

(by the binomial formula)

7;;0 kz::Z =\ . |bjz*+ Z . b
7 k=i+1 \ 1

(here, we have split off the addend
for k=i from the sum)

3
3
3

= bt +> Y (lj)bkx’ :f[x]+2m: Zm: (f)bk:ﬁ

=0 =0 k=i+1
——

:f x
(by (51))

Subtracting f [x] from both sides of this equality, we obtain
Plosn= =3 3 (4§t (52)
=0 k=i+1
But the definition of A yields

A(f)=f>=flz+1]— fla] (by the definition of f*)
— Z Z (]:)bk:v (by (B2)). (53)

But if i € {0,1,...,m} and k € {i+1,i+2,...,m}, then 2° € Kz]cpy E Hence,

the sum > > ( )bkazZ is a K-linear combination of elements of K |z]

. (since the
=0 k=it1

i <m-—1

k
coefficients ()bk belong to K), and thus itself lies in K|[z]_, _, (since K[z]|_, , is a K-
i < <

module). In view of (53), this rewrites as follows: The polynomial A (f) lies in K[z]_,, ;.
In other words, the polynomial A (f) has degree < m — 1. Hence, deg (A (f)) < m  —1=
=deg f
deg f — 1. This proves Statement 4.
From Statement 4, we can easily derive the following consequences:

Statement 5: Let m € N. Let f € K[z] be a polynomial of degree < m. Then,
for each n € N, we have deg (A" (f)) < m —n.

17 Proof. Let i € {0,1,...,m}and k € {i + 1,i+2,...,m}. Then, from k € {i + 1,i+2,...,m}, we obtain
i+1<k<m,sothat i <m — 1 and therefore z* € K[x]gmfl. Qed.

Darij Grinberg, 00000000 41 dgrinber@umn.edu



Solutions to midterm #3 page 42 of

[Proof of Statement 5 (sketched): This can be straightforwardly proven by induction on
n. The induction base (i.e., the case n = 0) is obvious. The induction step proceeds by
observing that if n is a positive integer, then

\AL* (f) = (Ao A" () =A (A" (f),

and applying Statement 4 to A"~! (f) instead of f. Thus, Statement 5 is proven.]

Statement 6: Let m € N. Let f € K[z] be a polynomial of degree < m. Then,
A" (f) = 0 for all integers n > m.

[Proof of Statement 6 (sketched): Let n be an integer such that n > m. Then, Statement
5 yields deg (A" (f)) < m — n. Hence, deg (A" (f)) < m —n < 0 (since n > m), so that
A" (f) = 0. This proves Statement 6.

From now on, we assume that Q is a subring of K. Let us generalize our definition of

n
the binomial coefficients f to the case when n is not a rational number but a polynomial

over K (that is, an element of K [z]). This generalization goes as follows:

Definition 6.1. Let n € K[z] and k£ € Q. Then, we define the binomial coefficient (Z) as

follows:
(a) If k € N, then we set

(b) If k£ ¢ N, then we set (Z) = 0.
This definition generalizes both

e the definition of (Z) in the case when n € Q that we gave in class (Definition 2.17.1

in the class notes), and

x
e the definition of given in the above exercise (indeed, this is the particular case
n

of Definition when n and k are set to be x and n).

Now, we state a simple property of these generalized binomial coefficients:

Proposition 6.2. Any n € K[z]| and k € Q satisfy

n\ (n—1 n n—1
k) k k—1)
Proof of Proposition[06.4. Proposition [6.2] can be proven using the same argument that was

used to prove Theorem 2.17.8 in the class notes. (The only difference is that n is now an
element of K [z] and not of Q.) O
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Another property of these generalized binomial coefficients is a generalization of the
Vandermonde convolution identity:

Proposition 6.3. Let a,b € K|[x] and n € N. Then,

(22065

Proposition [6.3] generalizes the well-known Vandermonde convolution identity (Theorem
2.17.14 in the class notes); in fact, the latter is obtained if we require a and b to be rational
numbers (rather than polynomials in K [z]).

Proof of Proposition[6.3. This is a bit tricky to derive from what we have done in class. The
conceptually easiest proof is probably to say “read |Grinbel, First proof of Theorem 3.29|,
and replace each appearance of “Q” by “K|x]”, each appearance of “z” by “a”, and each
appearance of “y” by “b””. (The latter proof depends on a few results proven in [Grinbel5|
§3.1], which too need to be generalized to elements of K |[z] instead of Q. But all this
generalizing is straightforward.)

Unfortunately, the proof of the Vandermonde convolution identity that we gave in class
cannot be generalized this easily. Indeed, K|[z] is not necessarily a field, so we cannot
directly apply the “polynomial identity trick”. The easiest way out is by using polynomials
in two indeterminates (even though I did not define them in class) and the corresponding
analogue of the “polynomial identity trick”. Here is this argument in a nutshell: Consider
the two polynomials

PZ(“Z”) and Q:%(Z)(nfk)

in two indeterminates u and v over the ring Q (not over the ring K). Now, the Vandermonde
convolution identity (Theorem 2.17.14 in the class notes) shows that P [a, 5] = @ [«, 8] for
all a, 8 € N (where “P [«, 5]” means the result of substituting © = « and v = § in the
polynomial P, and similarly for “@ [, 5]”). Using a two-variable version of the “polynomial
identity trick”, we can thus conclude that P = () as polynomials. Substituting u = a

b
and v = b in this equality, we obtain P [a,b] = Q [a,b]; but this rewrites as (a+ ) -
n

n b
> <Z) ( k> Thus, Proposition is proven (modulo the groundwork that we have
k=0 n—

skipped: defining two-variable polynomials and proving that they still satisfy a version of
the “polynomial identity trick”). O

x
Let us furthermore state two utterly obvious properties of the polynomials ( ):
n

Statement 7: Let n € N. Then, the polynomial (x) € K [z] satisfies
n

deg (Z) =n  and  [2"] ((i)) - %
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Proof of Statement 7 (sketched): The definition of . yields
[
n

(x) r—1)(@=2)(z—n+1)

n n!

If we multiply out the numerator of this fraction, then we obtain " + (lower-degree terms).
Thus,

- = —2" + (lower-degree terms) .
n! n!

(x) 2" 4 (lower-degree terms) 1
n

T 1
Thus, the polynomial ( ) has degree n, and its z"-coefficient is —. In other words,
n

nl
deg (2) = n and [z7] ((i)) - %

(An alternative proof of Statement 7 proceeds by induction on n. The induction step

- 1
relies on observing that (w) = ﬂ( v
n

n—1

) when n is positive. )]
n

Statement 8: Let u € K[z] and ¢ € Q. Then,

(- ()

[Proof of Statement 8 (sketched): If ¢ ¢ N, then this equality boils down to 0[u] = 0
(since both (x

> and u are defined to be 0 in this case), which is clearly true. Hence,
i i

for the rest of this proof, we WLOG assume that ¢ € N. Thus, the definition of (u) yields

i
—DN(u=2)(u—i+1
(u) _ Y (w=D(@=2)-(u-i+t ) But the definition of <x) yields

) 7! 7

7 7!

(x) _a-D@=2 - (r—itl)

Substituting u for x in this equality, we find

(x) W PEm D=kl

!

Cu(u—=1)(u—=2)---(u—i+1) ( since evaluation of polynomials at u )
respects scaling and multiplication

_(u

-()

This proves Statement 8.|

2!

Finally, we shall use the following fact (proven as an exercise in the class notes):

Lemma 6.4. Let n € N. Let a € K[z]_,. If [z"]a =0, then a € K[z]_,_,.

We now resume solving the exercise.
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(c) We first prove that

A <(Z>) - <k ’ 1) for each k € Z. (54)

|Proof of (54): Let k € Z. Then, Proposition (applied to n = z + 1) yields
r+1\ ((z4+1)-1 N (x+1)-1\ [z (0
ko) k k—1 - \k k—1

(since (z +1) — 1 = z). Thus,
(1)-0)-(5)

The definition of A shows that each f € K [z] satisfies
A(f)=f>=flz+1] - f[a] (by the definition of f2) .

Applying this to f = (i

() @ @m0 -6
()0

(by Statement 8,
applied to i=k and u=z+1)

(by (59))). This proves (54).]

Now, we can solve part (c) of the exercise by induction on n:
Induction base: For each k € Z, we have

2(()-(()-(-(2) wmrmso

id

) , we obtain

In other words, part (c) of the exercise holds for n = 0. This completes the induction base.
Induction step: Let m € N. Assume that part (c) of the exercise holds for n = m. We
must prove that part (c) of the exercise holds for n = m + 1.
We have assumed that part (c) of the exercise holds for n = m. In other words, we have

A™ ((i)) - (k fm) for all k € Z. (56)

Now, for all k € Z, we have

a2 () =eean () =22 (@) | =2 ()

—
B x
\k—-m
(by (B6))
- (k . 1) (by 7 applied to k — m instead of k)
—m—

:( . ) (since k —m — 1=k — (m+1)).
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In other words, part (c) of the exercise holds for n = m + 1. This completes the induction
step. Thus, part (c) of the exercise is solved by induction.

(d) We shall prove the following statement:
Statement 9: Let m € {—1,0,1,...}. For each f € K|z]
ag, ai, ..., a, € Ksuch that f = Za,(x)
i

=0

<m» there exist elements

[Proof of Statement 9: We shall prove Statement 9 by induction on m:
Induction base: For each f € K[z|._,, there exist elements ag,as,...,a_1 € K such

—1
that f = > a; (m) . In other words, Statement 9 holds for m = —1. This completes
i=0 v

the (extremely pedantic) induction base.

Induction step: Let n € {—1,0,1,...} be such that n > —1. Assume that Statement 9
holds for m = n — 1. We must prove that Statement 9 holds for m = n.

We note that n > 0 (since n is an integer satisfying n > —1), thus n € N.

Now, let f € K|z] We shall construct elements ag,aq,...,a, € K such that f =

Sa(l)

Indeed, Statement 7 shows that the polynomial € K [z] satisfies deg (x) =n and
n

2] <(i)> = % From deg (i) — 1 < n, we obtain (n> € K[z,

Now, define a scalar A € K by A = n!-[2"] f. Then, f—\ ) is a K-linear combination
n

<n’

of the polynomials f and (m) Since both of these polynomials f and (a:) belong to
n n

Kz]., (because f € K][z|., and ") e K[z].,), we thus conclude that their K-linear
< < n <

x

combination f — A also belongs to K [z|_, (since K|[z]_, is a K-module). Furthermore,
n < <

since subtraction and scaling of polynomials are defined entrywise, we have

A(-()) -+ e (()

—nlfan]f
1

nl
=@ f =l (] ) =l ) f =

Hence, Lemma (applied to a = f — )\( ) yields f — )\( > € Klz],_ ;. Thus, we

can apply Statement 9 to n — 1 and f ( instead of m and f (because we have

-1
" Proof. Let f € K[z]._,. Then, f € K[z]._, = {0} = 0, so that f = 0. Thus, f = ;}O(f)

(since > O( ) = (empty sum) = 0 = f). Hence, there exist elements ag,aq,...,a_1 € K such that
i=0 \?

f= i a; (j) (namely, a; = 0). Qed.
i=0
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assumed that Statement 9 holds for m = n —1). We thus conclude that there exist elements

ag, a, . ..,a,_1 € K such that
T 2 T
1=2() = X)) &7

Consider these elements ag, ay, . . ., a,_1. We thus have obtained an n-tuple (ag, ay,...,a,-1) €
K". We extend this n-tuple (ag, a1, ...,a,_1) to an (n + 1)-tuple (ag, a, ..., a,) € K*™ by
setting a,, = A. Then,

Sel)%

x n here, we have split off the
\af/ addend for 7 = n from the sum

x x

)+A<)=f (by E7).

T

Il
5’

In other words, f = 2 a2<
Now, forget that We defined ag, a, . . ., a,. We thus have found n+1 elements ag, a1, ..., a, €

n x
K such that f =" q; ( ) . Hence, we have shown that such elements exist. In other words,
7

there exist elements ag, a1, ..., a, € K such that f = Z a; (x)
7
Now, forget that we fixed f. We thus have shown that for each f € K|z] <n» there exist

elements ag, ay,...,a, € K such that f = Z a; (I) In other words, Statement 9 holds for
)

m = n. This completes the induction step Thus Statement 9 is proven by induction.]
Now, let m € N, and let f € K[z] be a polynomial of degree < m. Then, m €

N C {-1,0,1,...}. Furthermore, f € Kz]_,, (since f € K[z] is a polynomial of degree

< m). Hence, Statement 9 shows that there exist elements ag,ai,...,a,, € K such that

f=>a (::) This solves part (d) of the exercise.

(e) Let f € K[z] be a polynomial.
Let m = deg f. Thus, f is a polynomial of degree < m (since degf = m < m).
Hence, part (d) of this exercise shows that there exist elements ag,as,...,a, € K such

m x
that f = > a; @> Consider these ag, aq, ..., a,,. Substituting x + a for x in the equality
i=0

m x
f= Zai( ,), we obtain
i=0 t

fle+d = (éa( )) [x+a]:§;ai (”Z) [z +

—_——

()

(by Statement 8,
applied to u=z+a)

(93 N ) | (58)
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<+> -3 (—n> | (n) (59)

n=0

Now, we claim that

for each i € {0,1,...,m}.
[Proof of (59)): Let i € {0,1,..

() C)

7

200 () )

J/
-~

=0
_ x a (since i—n<0
- n i—n (because n>i+1>1))

(here, we have split our sum at n =4, since 0 < i < m)

.,m}. Then, 0 <7 < m. We have

Ms

3
Il
=)

)

DI HIGHED SLRWE > WIAN] "

= n=i+1 n=0

=0

But € K[z] and @ € K C K[z|. Hence, Proposition (applied to x, a and 7 instead of

a, b and n) yields
SR NHIENE S

(here, we have renamed the summation index k as n). Comparing this with ([60]), we obtain
(x + a) m

; = nz::O (z iz n) . (i) This proves (59).]

But each n € N satisfies

AT (f) = ar (i () ) (Smce - zm; (;) )

_ i . A" x since the map A" is K-linear
a - i 1 (since the map A is K-linear)

-~

T

1—n
(by part (c) of this exercise,
applied to k=i)

“Sa(,”)
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and thus

(by Statement 8,
applied to i—n and a
instead of ¢ and u)

since evaluation of polynomials at a respects K-linear combinations
Yy
- a
2 ( . n) (61)

On the other hand, Statement 6 shows that A" (f) = 0 for all integers n > m. Hence,

" T T
@ )l (1) =om(2) =0 (©
———— n ~~ \N
for all integers n > m. Thus, all but finitely many addends of the sum > (A" (f)) [a] - <x>
neN n

are 0. In other words, this sum > (A" (f)) [a]- (m) has only finitely many nonzero addends;
neN n

thus, it is well-defined. Furthermore, we can split this sum at n = m; we thus find

neN

S n T - n ) i
-3 @ () X enia-(7)

m a "
:igo ai (@ — TL) (by (62), Sin(:_ceonzm+1>m)
(by (61))
(1) () 2 o= ) ()
=0
m m a " m rta
B I:— a)
(by )

Comparing this with , we obtain

fd =@ (7).

n
neN
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This completes the solution of part (e) of this exercise.

(f) We have assumed that

flkleZ  foreach k€{0,1,...,m}. (63)
Next, we claim that for each n € {0,1,...,m}, we have
(A" (f)) [kl eZ  forall ke {0,1,...,m —n}. (64)

[Proof of .' We shall prove by induction on n:
Induction base: For each k € {0,1,...,m — 0}, we have

(gﬁm) K = Gd ()K= F K €2

=id =

(by (63), since k € {0,1,...,m — 0} = {0,1,...,m}). Thus, we have shown that (A (f))[k] €
Z for all k € {0,1,...,m —0}. In other words, holds for n = 0. This completes the
induction base.

Induction step: Let N € {0,1,...,m} be positive. Assume that holds forn = N—1.
We must prove that holds for n = N.

We have assumed that holds for n = N — 1. In other words, we have

(AN () [k ez forall k € {0,1,...,m — (N —1)}. (65)

Now, let k € {0,1,...,m — N}. Then, k € {0,1,...,m — N} C{0,1,....,m — (N —1)}
(since m — N < m — (N —1)). Thus, yields (AN=!(f)) [k] € Z. Furthermore, from
ke {0,1,...,m — N}, we obtain

k+1e{l,2,....m—=N+1}C{0,1,....m—-N+1}={0,1,....,m— (N —1)}

(since m — N +1 = m — (N —1)). Thus, (65) (applied to k + 1 instead of k) yields
(ANTL(f)) [k + 1] € Z. But

A

AT (= (Ao A () =A(AY() = (A" () (by the definition of A)

=AoAN-1

= (AN (D)) [+ 1] = (AL (F)) [a] (by the definition of (AN~ ( f))A) .
Evaluating both sides of this equality at k, we find

(AY () [k] = ((AYH() [w+ 1] = (A1 (F)) [2]) [K]
= (A1) [z +1]) (k] = ((AY () [2]) [k] € Z

(. [

:(AN*I(}r))[k:—&—l]eZ :(AN*;(,J”))[MGZ

(since the difference of two elements of Z must always belong to Z).

Now, forget that we fixed k. We thus have shown that (AN (f))[k] € Z for all k €
{0,1,...,m — N}. In other words, holds for n = N. This completes the induction
step. Thus, is proven by induction.|

For each n € {0,1,...,m}, we have 0 € {0,1,...,m —n} (since n € {0,1,...,m} yields
n < m and thus m —n > 0) and thus

(A™ ()0 ez
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(by , applied to & = 0). Renaming the index n as ¢ in this statement, we obtain the
following: For each ¢ € {0,1,...,m}, we have

(A" (f)) [0] € Z. (66)

On the other hand, Statement 6 shows that A™ (f) = 0 for all integers n > m. Hence,

@i (1) -09-() - )

for all integers n > m.
Now, part (e) of this exercise (applied to a = 0) yields

fleso =@ (1)

) m A (z) . ; @O (z)

Vv
=0
(by (67), since n>m+1>m)

(here, we have split the sum at n = m)

=@ ol () +§,~0 =@ (1) =S @ o (;)

=0

(here, we have renamed the summation index n as 7). Comparing this with f [z + 0] =

flz] = f, we obtain )
=@ ()

]

The coefficients (A?(f))[0] appearing in this sum are integers (because of ([66])). Hence,
there exist integers ag, a1, . .., an, such that f = >" q; (a:) (namely, a; = (A" (f))[0]). This
i=0 !

solves part (f) of the exercise.
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