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Exercise 1. Let R be a ring and I C R a proper ideal of R. A ring is called reduced if it does not contain any

(non-zero) nilpotent element.
1. Show there is a bijection between the ideals of R/I and the ideals of R containing I.
2. Show that I is maximal if, and only if, R/I is a field.
3. Show that I is prime if, and only if, R/I is a domain.
4. Show that I is radical if, and only if, R/I is reduced.
Main idea. 1. Recall a similar statement for groups and the way to prove it.
2. If m is a maximal ideal, then if m & J with J bigger ideal, then J = R and in particular 1 € J.

3. See the parallel in the definitions : in a prime ideal p, for all a,b € R such that abe p,a €porbep. In a
domain, for all a,b € R such that ab=0,a=0o0r b =0.

4. Recall the definitions of radical ideals and reduced rings and try to parallel them.

Solution 1.

In general for this exercise, you can use the quotient map
m:R— R/I
which is a surjective ring morphism. It is helpful to transfer from one context to another.

1. The method consists of defining two maps of sets which are inverse to each other. The maps are given by the

following :
{ICI' CRideal } — {J C R/I ideal }

I' — n(I')
) = J
We need to check :

o Well-defined :
— if I CI' C R ideal, then 7(I’) ideal in R/I



— if J ideal in R/I, m~!(J) also ideal of R containing I.

e Inverse : check that for I C I’ C R, 7~ (w(I’)) = I. The inclusion 7—*(w(I’)) C I requires crucially the
hypothesis that I C I’.

2. Consider z ¢ m. Then m + (x) = R, so there exists a € R,m € m such that 1 = m + ax. The inverse of z is
given by a. This way, we obtain an inverse for each non-zero element of R/m which makes it a field. The proof

of the converse is similar. We can also use the previous statement, then it is very direct but less intuitive.

3. If I is prime, let a,b € R/I such that ab = 0. It means that there are a’, b’ € R such that o'V’ € I (using that
the quotient map is surjective and a ring morphism). Then, I is prime so either a’ or b’ is in I, and so either

a or b is zero in R/I. The proof of the converse is similar.
4. The same reasoning works.

Exercise 2. Let R be a ring, S a multiplicative subset of R and M an R-module. Define the localization of M as
the set S™*M = {2, me M, s € S}/ ~, where:  ~ s gteS to(s o m—s-m')=0

s/

1. Check that the relation ~ defined above is indeed an equivalence relation and that S~'M is an S~ R-module.

2. Show that localization preserves short exact sequences i.e. if
0—-L—-+M-—=>N=0
is an exact sequence of R-modules, then
0-S'L—S'M—S'N—-0

is an exact sequence of S~ R-modules.

3. Let I C R be an ideal of R. Show that S~'I is an ideal of S~'R and that we have an isomorphism of rings
STIR/STI ~ (S/I) "' (R/I),

where S/I denotes the image of S in R/I.

Solution 2.

1. e To check that this defines an equivalence relation, you need reflexivity, symmetry and transitivity. The

transitivity follows by the following : let ’g—ll ~ ’:—22 and ’:—22 ~ ’g—; There are t1,t2 € R such that :
tl(Sle — 817’77,2) = O
t2(53m2 — ngg) = O
Multiplying the last equation by t1m1, substituting t1som; using the first equation, we get :
t2m2t1(83m1 — Slmg) =0
ma

which asserts that % ~ M3
1 S3



e S7'M is an S~'R—module. The action is naturally defined using the R—module structure of M :

xr-m

Les R Eesin, .1

Sz Sm Sz Sm SzSm

We need to check that it does not depend on the choice of representative in the equivalence class of -~

and ™. Let’s see for 7. Let ™ ~ . There exists ¢, such that ¢,,(s,m — s,,m') = 0. Acting on

. Sm m’

both side by z, we get

tin (Smrm - @ — 8pym’ - x) =0

’
xr-m xr-m
~

Sz Sm Sz S/

Then t = t,, 8, gives

The other properties of scalar multiplication (like distributive law) can be easily deduced from the

definition.

2. There is a preliminary step for this proof, which is to understand that localisation is functorial, i.e. a morphism
of R—module f: L — M induces a ring morphism S~'f : S™'L — S~!'M, defined by
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Check that it is well-defined. Now, it is clear that

e kerf = 0 implies ker S~1f = 0.

e f surjective implies S~'f surjective : let Te S~IM. f surjective implies that there exists | € L,
m = f(l). Then 2 = S~1f(L)

e The same works for exactness in the middle of the short exact sequence.

3. We can use the previous question with the short exact sequence :
0—-I—->R—>R/I—0
Hence, the following sequence is exact of S~'R—module :
0—S'T—S'R—S YR/ —0

We get directly that S~'I is a S~!R—submodule of S™!R, which is precisely the definition of an ideal. It
also described our quotient as S~1(R/I). It remains to observe that if for s,s' € S, if s = s’ +i for i € I then
for any 7 € R/I, L ~ L. Indeed, 7(s’ —s) = #i = 0 in R/I. Thus, ST'R/I = (S/I)"'R/I where S/I is a

multiplicative subset of R/I.
Exercise 3. Show that, for any exact sequence of finite-dimensional vector spaces:
0O—-Vi-Vo—>...>V,—0

the following relation holds:



Solution 3. We give a name to the maps in the sequence as follows

dnt1 dp,

d d
0>V =513 25y, =

By rank theorem and definition of exact sequences,
dim V; =dim ker d; + dim im d;
dim V; = dim ker d; 4+ dim ker d; 1
The following telescoping serie appears :
S (=DidimV; = > (—1)"(dim ker d; + dim ker d;11)

S (=1 dimV; = —dim ker dy 4+ (—1)" dim im d,,
Y (=1 dimV; =0

because both ker d; and im d,, are contained in (0).

Exercise 4. 1. Let k be an infinite field, F' € k[X4,...,X,]. Suppose F(aq,...,a,) = 0 for all ay,...,a, € k.
Show that F' = 0.

2. Give an example showing that a similar result doesn’t hold for a finite field.

Main idea.

1. Use induction.

2. Use Fermat’s little theorem.
Solution 4.

1. e Base case : if F' € k[X] is of degree n > 1, it has at most n roots so if k is infinite, there are a € k,
f(a) #0. If fis constant, it is clear that the hypothesis implies f = 0.

e Induction step : assume the statement holds for k[Xi,...,X,]. Let F € k[X1,...,Xpn, Xnt1] =~

k[ X1,...,Xn][Xnt1] satistying F(aq,...,a,) = 0 for all aq,...,a, € k. We call f; € k[Xq,...,X,] the

coefficient of X!, 0 < i < degy, ,, . For all (a1,...,an) € k", F(ay,...,an, Xn+1), is a polynomial in

one variable which vanishes at all a,,11 € k, so it is 0. Thus for all (aq,...,a,) € k", fi(a1,...,a,) =0.

By induction hypothesis, f; =0 so F = 0.
2. X? — X in F,[X] is zero at all element of F,,. But it is not zero in the polynomial ring.

Exercise 5. Let F € k[Xy,...,X,] be homogeneous of degree d. Show that:

- OF
;Xi.a—xi:d-F

Solution 5.

By linearity, It suffices to prove it for a monomial F' = Xfl ... Xn. Then, given j € {1,...,n},

oF

. i ij—1 in
T&:ZlellnXA XTL

J



If F has degree d then Z?Zl i; = d and we are done.



