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Exercise 1

Let R and S be rings, A a right R-module, B an (R, S)-bimodule, C' a left S-module.
We want to prove that A ®p (B ®s C) = (A®pr B) ®g C as abelian groups.

First, we want to define a group homomorphism ¢ : AQr(B®sC) — (AQrB)®gC.
For this, for every element a € A we consider the maps:

¢ : BxC — (A®pB)®sC
(bye) —  (a®b)®c

which are S-biadditive, since given b,b’ € B, ¢, € C and s € S we have:

L ¢a(b+V,c)=(a®@(b+V)@c=(a@b+a@l)Rc=(a®b)@c+ (a@V)®c=
¢a(b, c) + ¢a(b/a c),

2. ¢albyc+d)=(a@b)@(c+d)=(a®@b)@c+ (a®b) @ = ¢a(b,c) + da(b, ),

3. Pa(bs,c) =(a® (bs)) @c=((a®b)s)@c=(a®b)® (sc) = pu(b, sc).

This yields the commutative diagram:

BxC B®sC
\
k o
(A®rB)® C

that sets ¢q(b® ¢) = (a ® b) ® ¢ a group homomorphism. Now, we consider the map:

¢ 1 Ax(BesC) — (A®rB)®sC
(a,b® c) — ?a(b® c)
which is well defined since if we have b, € B, ¢,¢ € C with b® ¢ = b’ ® ¢ then for any
a € A we have ¢(a,b® ¢) = ¢a(b® ¢) = ¢o(V @ ¢) = d(a, b ® ¢), where we have used
that qBa is well defined on B ®g C' by construction. Now ¢ is R-biadditive, since given
a,a’ € A, b,/ € B, ¢, € C and r € R we have:

L. %(aqLa’,b@cl: ((a+d)@b)@c=(a®b+d Rb)Rc=(a®Rb)R@c+ (d Rb)®c =
dla,b@c) + ¢(d, b c),

2. ¢(a,bRc+Y D) = da(bRDc+Y D) = da(bDc)+a(V'®RC) = P(a, bRc)+d(a, b/ &)
since ¢, is a group homomorphism,

3. plar,b®@c) = ((ar) ®b) ® ¢ = (a ® (b)) ® ¢ = ¢(a, (1b) ® ¢) = ¢(a,r(b® c)),

where we remark that it is enough to prove the properties for pure tensors since for a
general sum of pure tensors we just apply the fact that ¢, is a group homomorphism



to divide the sum into the pure tensors, use the properties above and then regroup the
terms as needed to obtain the result. This yields the commutative diagram:

Ax (B®sC)— A®p (B®sO)

|
@ Y

(A®rB)®C

that sets ¢(a ® (b®¢)) = (a ® b) ® ¢ a group homomorphism.

Second, we proceed in an perfectly analogous way in the other direction. We omit
the details to not appear ridiculously redundant, so first working on ¢, : A x B —»
A®p(B®sC) in the exact same way and then on ¢ : (A®g B) x C — A®r (B®gO)
in again the exact same way, we obtain a group homomorphism ¢ : (A ®r B) ®s C —
A®p (B®g C) that sets Y((a®@b) ®c) =a® (b c).

Finally, it is easy to check that for a € A, b € B, ¢ € C we have:

Yogla® (b®c))
poY((a®b)®c)

P(a®@b)®c)=a® (b®c)
Plax(b®c) =a® (b®c)

hence indeed ¥ o ¢ = id g ,(Bgsp) and ¢0¢Y = id(4g,B)wsp SO ¢ is a group isomorphism
with inverse 1. Hence indeed A @ (B ®s C) = (A®p B) ®g C as abelian groups, as
desired.



Exercise 2

Let R be a commutative ring.

1. Let F' be a flat R-module and a € R a non-zero divisor. Show that if ax = 0 for
some z € F then x = 0. For this, consider the map ¢ : R — R given by ¢(r) = ra
for every r € R. Since a is a non-zero divisor, if we have two elements s,t € R
with as = at, this means a(s —t) = 0 thus s = ¢, and ¢ is injective. Now, consider:

05 RS R Y/coker(¢) — 0

with 7 being the natural projection. This sequence is exact by the fact that ¢ is
injective and the definition of cokernel. Since F'is flat, when we tensor by F' via
R we obtain the exact sequence:

0o ForR 2% Fop R 2" F g Y/coker(d) — 0.

Hence 1 ® ¢ is an injective function, and we have:
1¢)(z®])=2r®a=2aR1=001=00a=(10¢)(0®1)

which means that z®1 = 0® 1 by injectivity. Recalling that F ® R is isomorphic
to F' as R-modules via the map ¢ : F @z R — F given by ¢¥(f ® r) = fr for
f € F and r € R, we have that = ¢p(z ® 1) = (0 ® 1) = 0, as desired.

2. Let R be a principal ideal domain. We prove that a finitely generated R-module
M is flat if and only if it is torsion free.

=) Let M be flat, suppose there is an element x € M5, that is, there is a non-
zero element a € R such that ax = 0. Since R is a domain, a is not a zero divisor.
Hence by the section above x = 0 and M;,-s = {0}, that is, M is torsion free.

<) Let M be torsion free and finitely generated. Over R a principal ideal domain,
we have proven in class that this implies that M is free. This means that M is
projective as R module, which in turn means that M is flat.



Exercise 3

Let d € Z not a perfect square, consider Q(v/d) = {a+ bv/d : a,b € Q}. Let p,q € Z be
primes.

1. We want to define a surjective Q-algebra homomorphism ¢ : Q(y/p)[z] — Q(/p)®q
Q(4/q) such that ker(¢) = (2*—¢q). For this, we define ¢(1) = 1®1, ¢(,/p) = /pP®1
and ¢(z) = 1 ® \/q and then we extend by linearity. We notice that since we are
defining a function from a polynomial ring over a field, it suffices to define the
image of the generator(s) of the ring, which in our case are the variable and the
two generators of the field, hence ¢ is well defined.

We now check that ¢ is a Q-algebra homomorphism. Let f,g € Q(,/p)[z], adding
zero coefficients if necessary we can assume that f and g have the same degree, say

=50 firt, g =" gix® with fi,g; € Q(y/p) fori=1,...,n. Let 7 € Q(\/p)-
(a) We have:

o(f+g) = ¢ (Z (fi +gi)xi> = o(fi + gi)d(x)’
=1

=1

= S (6(f) + 6(9)) Z¢ fe@) + Y d(gi)d(x)
i=1 =1
= o(f) + ¢(9),

where we have used that ¢(f;+¢;) = &(fi) +¢(gi). To check this, it is enough

to prove that ¢(a+b) = ¢(a) + ¢(b) for a,b € Q(/p), say say a = a1 + az./p,
b="5b + bg\/f? with a1, a9,b1,bs € Q. Now:

pla+b) = (a1 + b1+ (a2 +b2)\/p) = (a1 + b1)o(1) + (a2 + b2)d(y/p)
= (m+b)1@1+(aa+b)/pRl=a1l®@1+bh1®1

+ a2/pO 1+ bay/p®@1=a19(1) + a2¢(y/p) + b1d(1) + b2¢(\/p)
= ¢(a1 + az/p) + ¢(b1 + ba/p) = ¢(a) + ¢(b).

(b) We have:

.

o(fg) = (Z figjz' ) Z¢ figi)p(z) ™+ = Z¢(f¢)¢(gj)¢(m)i¢(m)
= (Z O(fi)o ) <Z¢ ) o(f)o(9)
i=1 =1

where we have used that ¢(fig;) = &(fi)¢(g;). To check this, it is enough
to prove that ¢(ab) = ¢(a)p(b) for a,b € Q(\/p), say say a = a; + az./p,



b="0b; + bz\/f) with some aq,as, by, by € Q. Now:

d(ab) = @(arbr + (arbs + a2b1)\/p + a2bap) = (a1b1 + agbap)P(1)
(a1bg + a2b1)P(\/p) = (a1b1 + a2b2p)1 @ 1 + (a1by
agb1)y/P @1 =a1b11 ® 1+ agbap ® 1 + (ar1ba + azb1)/p® 1
= (@l®@1+ay/pR)ble1+by/p1)=(a16(1)
a2¢(y/p)) (b16(1) + b2¢(\/p)) = ¢(a)p(b),

where we have used the multilinearity of the tensor product.
(c) By definition ¢(1) =1® 1.
(d) We have:

_l’_

o(rf) = ¢ (Z sz'mi> =D o(rfi)g(x)' =Y ro(fi)d(x)

i=1 i=1 i=1

= 1Y 6(f)ele) =ro(f),
1=1

where we have used that ¢(rf;) = r¢(f;). To check this, it is enough to

prove that ¢(ra) = r¢(a) for a,€ Q(\/p), say say a = a; + az,/p with some
ay,as € Q. Now:

¢(ra) = ¢(rai +raz\/p) =raid(l) + razp(y/p) = r(a1é(1) + a2¢(\/p))
= ro(ar + az\/p) = ro(a).

This proves that ¢ is a (Q-algebra homomorphism.

Clearly ¢ is surjective since for any pure tensor s ® t € Q(,/p) ®g Q(\/q) we have
s = 51+ s24/p and t = t1 + t2,/q with some s1, s2,%1,%2 € Q. Then:

qf)(sltl + 82751\/]3 + s1tox + Sztz\/f)x) = (Sltl)l ®1+ (Sgtl)\/f) ® 1
+ (s1t2)1 @ /G + (s2t2) /PR /G =51 @11 + 82/p@ 1
+ 81®t2\/a+82\/]3®t2\/a:(81+82\/]3)®(t1 +t2\/a)28®t7

where the multilinearity of the tensor product has been used. If any pure tensor
belongs to the image, by the linearity of ¢ any sum of pure tensors belongs to the
image.

We just have to prove that ker(¢) = (22 — q).
D) Clearly ¢(2% — q) = ¢(z)* — (1) =1® g —q& 1 =0.

2 Let f € ker(¢), since Q(/p) is a field, we have that Q(,/p)[z] is an Euclidean
domain. In fact, it suffices that it has a division algorithm. We divide by 22 — ¢ to
obtain a decomposition f = g(z? — ¢) + h where g, h € Q(,/p)[z] and deg(h) < 2.



This means that h = hg + hi2 with ho, hy € Q(\/p), say ho = ho,1 + ho2,/p and
h1 = h171 + h272\/a with some ho}l, ho’z, h171, h1’2 S Q Now applying gb we obtain:

0 = o(f) = d(g(a® — q) + h) = ¢(9)¢(x” — q) + ¢(h) = ¢(h) = ho1(1)
+  ho20(v/p) + h110(x) + h120(y/D)p(x) = ho1l @1+ ho2y/p® 1
+ h111®+/q+ hi2y/D® /4,

that is, a Q-linear combination of the pure tensors 1®1,,/p®1,1® ,/q, /P ® /4.
However, we note that since they always differ in a factor of |/p or /g inside at
least one component of tensor product, and those factors cannot be multilinearly
transferred to the other component since they do not belong in QQ, we have that
those four pure tensors are Q-linearly independent. Thus we must have hg; =
ho2 = h11 = h12 = 0, meaning that h =0 and f € (22 — q).

We have thus constructed a Q-algebra homomorphism that is surjective with kernel
(22 — q), as desired.

. If p # ¢, show that Q(,/p) ®g Q(,/q) is a field. Applying the First Isomorphism
Theorem to the section above, we obtain that Q(,/p) ®q Q(y/q) = Q(/p)[z]/(x* —
q). Since everything is commutative, for this quotient to be a field it is enough
that the ideal (2? — ¢) is maximal, which happens if and only if the polynomial
r?—qe Q(y/p)[z] is irreducible. Note that 22 — ¢ has no roots, since the solutions
are £,/q ¢ Q(,/p) since p # q and ¢ is not a perfect square. Since x —q is of degree
two, this means that it cannot decompose in factors of degree one, meaning that
it is indeed irreducible, as desired. Hence Q(/p) ®q Q(,/q) is a field.

. Show that Q(,/p) ®g Q(/p) is not a domain by finding a zero divisor. For this,
we consider a, b, f,g € Q and impose the multiplication:

0 = (@ep+beyp)(fOP+9© )
= af®p*+ag®p\/p+bf @py/p+bg@p
0 = afp@14+ag®@\p+bf®@/p+bg®1
where we have divided by p to obtain the second equation. Factoring out and

imposing that the first components in the tensor product are zero, we obtain the
system of equations:

afp+bg=0 B L

which is a solution of the first equation, and also works for the second. Now
choosing a = 1 = f, we obtain that:

(1@p+(-1)®p)(1@p+10/p) =10p* +1@py/p+ (-1)@py/p+(-1)®@p =0

thus 1®p+1® /p is a zero divisor and Q(,/p) ®g Q(y/p) is not a domain, as
desired.



