Indian J Pure Appl Math (2023) 54:641-648
https://doi.org/10.1007/s13226-022-00282-1

ORIGINAL RESEARCH

The algebraic cohomotopy group and its properties

Raja Sridharan - Sumit Kumar Upadhyay - Sunil Kumar Yadav

Received: 16 December 2019 / Accepted: 21 June 2022 / Published online: 11 July 2022
© The Indian National Science Academy 2022

Abstract The purpose of this paper is to see properties of the algebraic cohomotopy group which is defined
on the space of orbit of unimodular rows of length two over a commutative ring with identity by an action of a
subgroup of the general linear group.
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1 Introduction

In 1977, Suslin [10] proved that for a commutative ring A, E,(A) is a normal subgroup of SL,(A) for all
n > 3. But in general, E>(A) is not a normal subgroup of SL;(A). Thus it will interesting to define a normal
subgroup H of SL,(A), for all n € N such that E,(A) € H. In [5], Satya Mandal defined the subgroup
QL,(A) = {a € SL,(A) | o is connected to the identity matrix}. It is easy to see that QL, (A) is a normal
subgroup of SL,(A) foralln € Nand E,(A) € QL,(A). Thus SL,(A)/QL,(A) has ainduced group structure
for all n € N. By the motivation of the group structure SL,(A)/QL2(A), we defined the group I'(A) for any
commutative ring A and proved an algebraic analogue of Mayer-Vietoris sequence (see [9]).

Let X be a topological space and Cont(X, S!) be the set of all continuous maps from X to S'. We say that
two elements of Cont(X, S') are related if they are homotopic. It can be seen that it is an equivalence relation. It
is known that the set H'!(X, Z) of all homotopy classes of continuous maps from X to S' has a group structure.

Suppose the ring A is the coordinate ring of a real affine variety X with real points X (R). Then every
unimodular row of length two over A gives a continuous map from X (R) to S'. So, we can say that Umj(A), the
set of all unimodular rows of length 2, is an algebraic analogue of Cont(X (R), S!). Therefore there is a natural
question that can we define an algebraic analogue of the group H'!(X (R), Z) for any commutative ring?
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Leta = (f1, f>) and b= (g1, g2) be two unimodular rows over A such that da = l;, for some o € E>(A).
Since & € E2(A), @ =[[;_, Eij(x), for some A; € A. Take @ = [];_; E;j(%; X). Then aer(X) is a unimodular
row over A[X] and it gives a continuous map H : X (R) x R —> S! such that H (x, 0)=Fi(x)and H(x, 1) =
Fp(x) forall x € X(R), where F; and Fj are maps from X (R) to § ! given by a and b, respectively. This shows
that the maps F7; and Fj, are homotopic. Moreover, if we take o € QL»(A), that is, a is connected to the identity
matrix, then the maps Fy; and Fj; are remain homotopic. Thus it is clear that F; = Fj, in the group of homotopy

classes of continuous maps from X (R) to § 1 Now, we say that a ~ bif da = 5, for some @ € QL,(A). Itis
easy to verify that ~ is an equivalence relation. Thus, we can say that Umy(A)/ ~ is the algebraic analogue of
HY(X (R), Z). This is another motivation to define the group I'(A), for any commutative ring A with identity.
The group I'(A) was also considered in [2] in a different context. The purpose of this paper is to see the properties
of the group I'(A) and we call it the algebraic cohomotopy group of the ring A.

Throughout the article, unless otherwise specified, all rings are assumed to be commutative rings with identity
and all ring homomorphisms are assumed to be unit (multiplicative identity) preserving ring homomorphisms.
Also, SL, (A) denotes the special linear group of degree n over A and E, (A) denotes the subgroup of SL, (A)
generated by the set {I,, + Ae;j | A € A,i # j}, where ¢;; is the matrix with 1 in the (i, j)—th position and
zeroes elsewhere.

2 Preliminaries

In this section, we state a few preliminary results which are very useful for this article.

Definition 2.1 Let A be a ring and (ay, az, ..., a,) be a row over A. We call the row (ay, a2, ..., a,) is uni-
modular of length n if there exist by, by, ..., b, € A suchthataib; + ---+ a,b, = 1. The set Um, (A) denotes
the set of all unimodular rows of length n over A.

Definition 2.2 Let A be aring and (ay, az, ..., a,) be aunimodular row over A. We say the row (ay, aa, ..., a,)
is completable (elementary completable) if there exists a matrix in GL,(A) (E,(A)) whose first row or first
column is (ay, az, ..., ay).

Proposition 2.3 Let (a, b) € Umy(A) and x,y € Nil(A). Then (a + x,b + y) € Umy(A).

Theorem 2.4 ([7]or[1]) Let A be a ring and (f1(X), fo(X), -, fu(X)) € Um, (A[X]) with f1(X) is monic.

J1(X) 1
J2(X) 0
Then there exists a matrix (X, W) € SL,,(A[X, W) such that (X,0) = I,, and (X, 1) . =1.
Jn(X) 0

Theorem 2.5 ( [11]) Let A be a ring and (f1(X, X™V), (X, XY, -+, fu(X, X)) € Um,(A[X, X~
with f1(X, X Yis doubly monic. Then there exists a matrix o (X, X', W) e SL,(A[X, X', W) such that
(X, X 1,0) =1, and

A XH 1
HX, X 0
aX, X711 , =1.
rexh) o

Lemma 2.6 ( [6])(Quillen’s Splitting) Let A be a domain and s,t € A be such that sA +tA = A. Suppose
there exists 0 (X) € GL,(As[X]) with the property that o(0) = I,. Then there exist Y1 (X) € GL,(As[X])
with Y1(0) = I, and Y2(X) € GL,(A[X]) with y2(0) = I, such that o (X) = (¥1(X)): (Y2(X))s.

Theorem 2.7 ( [5]) Let A = k[X1, X2, ..., X,] be a polynomial ring over k, where k = Z or a field. Then
SLu(A) = QL,(A).

Lemma 2.8 ([3], Lemma 6.1, page 156) Let K[ X] be a polynomial ring over field K. Then SL,(K[X, X-1p =
E,(K[X, X’l]). Moreover, SL,(R) = QL,,(R), where R = K[X1, Xl_l, Xo, -, Xl
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3 Properties of the algebraic cohomotopy group

We start the section with the definition of the group I'(A).

Definition 3.1 We say that two unimodular rows (a, b) and (c, d) over A are equivalent, written as (a, b) ~
(c, d), if one (and hence both) of the following equivalent conditions hold.

(1) there exists (f1(T), f2(T)) € Uma(A[T]) such that (f1(0), f2(0)) = (a, b) and (f1(1), f2(1)) = (¢, d).
(2) there exists a matrix @ € SLy(A) which is connected to the identity matrix (that is, there exists a matrix

B(T) € SLy(A[T]) such that 8(0) = I> and B(1) = «) such that « (Z) — (2)

It is not to hard to check that the relation ~ is an equivalence relation.
Note that a unimodular row will always be denoted by parenthesis and its equivalence class by [ , ]. Thus the
equivalence class of (a, D) is [a, b].

Definition 3.2 Let I'(A) be the set of all equivalence classes of unimodular rows given by the equivalence
relation ~ as above. Define a product * in I'(A) as follows:

Let (a, b), (c,d) € Umy(A). Complete these to SL>(A) matrices o = (Z ;) and T = (CCZ i) We define
product of two elements [a, b], [c, d] € T'(A) as follows:
[a, b] x [c, d] = [first column of o1] = [ac + de, bc + df].

Then (I'(A), %) is a group and the identity element of the group I"'(A) is [1, 0] (for details see [9]). We call
it algebraic cohomotopy group. If we write I'(A) = {[1, 0]}, then it means I"(A) is a trivial group. Now, we will
give few examples of class of rings for which the algebraic cohomotopy group is trivial.

Example 3.3 (1) It is easy to see that for a ring A, I'(A) = {[1, 0]} if and only if SL2(A) = QL2(A) or
SLy(A) = E>(A). Therefore, the algebraic cohomotopy group of a ring A is trivial, if A is a field, a local
ring, polynomial ring over a field, a Euclidean domain or a polynomial ring over ring of integers.

(2) Let A be aring such that every unimodular row of length 2 is elementary completable, then I"'(A) = {[1, 0]}.
For example, if A is a semilocal ring or a ring of dimension 0.

Remark 3.1 (1) Let f : A —> B be a ring homomorphism and (a, b) € Umj(A), that is, ac + bd = 1 for
some c,d € A. Then f(a)f(c)+ f(b)f(d) =1, thatis, (f(a), f(b)) € Umy(B). It is also easy to see that
if [a, b] = [c,d] in '(A), then [ f(a), f(b)] = [f(c), f(d)]. Therefore, we have a group homomorphism
['(f) : T'(A) — T['(B) defined by I'(f)([a, b]) = [f(a), f(D)].

(2) T is a functor from the category of commutative rings with identity to the category of groups.

(3) If[a, b] = [¢,d] in T (A), then it is easy to see that [a", b] = [¢", d] in ['(A), for every n € N.

Remark 3.2 Let (a,b) € Umy(A) and x, y € Nil(A). Then (a + x,b + y) € Umy(A) and (f(T), g(T)) =
(a+xT,b+ yT) € Umy(A[T]). Clearly (£ (0), g(0)) = (a, b) and (f (1), g(1)) = (a + x, b + y). This shows
that [a, b] = [a + x, b + y] in T'(A).

Lemma 3.4 Let A be a ring and I be the nil radical of A. Then T'(A) =T (A/I).

Proof Consider the quotient ring homomorphism v : A — A/I. So we have a group homomorphism I"(v) :
'(A) — T(A/I).

Claim @' (v) is injective and surjective.

Suppose f,g € A such that (f,g) € Uma(A/I), that is, there exist f', g’ € A such that ff' +3gg =1
in A/I. Taking lift in A we get ff' + gg’ = 1+ A, where A € I. Since A € I and I is nil radical of A, X is
nilpotent and hence 1 + A is a unit of A. Suppose )| € A such that ) (1 + 1) = (1 + M)A = 1. Therefore we
have M (ff' +gg) =N (1 +A) = 1. Thatis, fA f' + g)\'g’ = 1. This implies (f, g) € Umy(A). Therefore for
[f.g] € T(A/I), we have T (v)([f, g]) = [f, gl. Hence T'(v) is surjective.

Now, let [a,b] € ker(I'(v)), that is, [a,b] = [1,0] in T'(A/I). So there exists (F(T),G(T)) €
Uma((A/DIT]) such that (F(0), G(0)) = (1,0) and (F(1), G(1)) = (@, b).

Since the homomorphism A[T] —> A[T]/I[T] is surjective, f(T) + I[T] = F[T] and g(T) + I[T] =
GIT], for some f(T), g(T) € A[T]. Then (f(T), g(T)) € Umy(A[T]). Since (F(0),G(0)) = (1,0) and
(F(1),G(1)) = (@@, b), (f(0),g(0)) = (1+x,y)and (f(1), g(1)) = (a+x",b+Y"), for some x,x', y, y" € I.
Thus[a+x',b+y']l = [l +x, y]. Since by Remark 3.2, [a,b] = [a+x",b+y']inT(A) and [1,0] = [1 +x, y]
in T'(A), [a, b] = [1, 0] in T'(A). Therefore ker(I"' (v)) = {[1, 01}, that is, T (v) is injective.

O
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By Lemma 3.4, it is enough to study algebraic cohomotopy group for a reduced ring, in particular for a
domain.

Theorem 3.5 Let A = Ag® A1 D Ay @ + - - - be a positively graded ring. Then T'(A) = T"'(Ao).

Proof To prove this theorem, we will use the Swan-Weibel Homotopy Trick ( [3], page 183).

Consider the inclusion map j : Ao —> A and the projection map 7 : A —> Ag. Then 7j = Ida,,.

Now consider the Swan-Weibel ring homomorphism 2 : A —> A[T] defined by h(ap +a; +--- + a,) =
ap+arT +---4+a,T" (n >0, a; € A)).

Since j : A9 —> A is the inclusion, the map I'(j) : ['(Ag) —> I'(A) defined by I () ([ao, bo]) = [ao, bo]
is a group homomorphism.

Let [ag, bp] € ker(I'(j)). Then [ap, bg] = [1,0] in T'(A), that is, there exists (f(T), g(T)) €
Umy (A[T]) such that (f(0), g(0)) = (ao, bo) and (f (1), g(1)) = (1, 0). Since (f(T), g(T)) € Umz(A[T]),
(m(f(T)), w(g(T))) € Uma(Ao[T]). Also (w(f(0)), 7(g(0))) = (ao, bo) and ((f (1)), w(g(1))) = (1,0).
Hence [ag, bp] = [1, 0] in T"(Ayp), that is, I'(j) is injective.

Let[a,b] e T'(A).Thena = ap+ai+---+a,andb = by+b+---+b,, (n,m >0, a;, b; € A;). Consider
f(T)=h(a)=ay+a1T+---+a,T" and g(T) = h(b) = bo+b1T +- - -+ b,, T". Then by the Swan-Weibel
ring homomorphism, (f(7"), g(T)) € Umy(A[T]),and (f(0), g(0)) = (ao, bp) and (f (1), g(1)) = (a, b). Thus
[a, b] = [aop, bo] in T'(A), that is, I'(j)([ao, bo]) = [ao, bo] = [a, b]. So I'(j) is a surjective map. Therefore
I'(A) =T (Ag). ]

Since a polynomial ring is a graded ring, we have the following corollary which shows that the algebraic
cohomotopy group of a polynomial ring over A is isomorphic to the algebraic cohomotopy group of A.

Corollary 3.6 I'(A) = I'(A[X]). Moreover, T'(A) ZE2 T (A[X1, X2, ..., Xn]).

The following corollary follows from Theorem 2.7 and Corollary 3.6.
Corollary 3.7 I'(K[X1, ..., X,]) = {[1, O]}, where K = Z or a field.
Proposition 3.8 Let A be a domain.

(1) Let (f(X), g(X)) € Umy(A[X]), where f(X) is a monic polynomial. Then [ f(X), g(X)] = [1,0] in
C(A[LX]).

(2) Let (f(X, X1, g(X, X~ 1) € Um(A[X, X~ 11), where f(X, X~V is a doubly monic polynomial. Then
[f(X, X1, (X, X" D] =[1,0]in T(A[X, X~']).

(3) Let f be a monic polynomial in R = A[X] and (a(X), b(X)) be a unimodular row over R such that
[a(X),b(X)] =[1,0]in T'(Ry). Then [a(X), b(X)] = [1,0] in I'(R), that is, ' (R) € T'(Ry).

(4) Let f be a doubly monic polynomial in R = A[X, X~ '] and (a(X, X~ "), b(X, X~1)) be a unimodular
row over R such that [a(X, X 1), b(X, X~ =[1,01in T(Ry). Then[a(X, X~ 1), b(X, X" )] =[1,0] in
I'(R), that is, ['(R) € '(Ry).

(5) Let R = A[X, X 1and Y = X~'. Then the following are equivalent:

(@) [f(X, X7, g(X, X' = [a1(Y), a2(Y)] in T (R), where (a1(Y), az(Y)) € Uma(A[Y]).
(b) [f(X, X, g(X, X1 = [e(Y),d(Y)] in I'(Rp(x)), for some monic polynomial p(X) € A[X] and
(c(Y),d(Y)) € Uma(A[Y]).

Proof (1) It follows from Theorem 2.4 and definition of I"(A).
(2) It follows from Theorem 2.5 and definition of I"(A).
(3) To prove this result, we use the idea of Satya Mandal ( [5], page 28).

We know that [a(X), b(X)] = [a(1), b(1)] in ['(R).

Claim [a(1), b(1)] = [1, 0] in T'(R).

Since [a(X), b(X)] = [1,0] in T(Ry), [a(X),b(X)] = [1,0] in T(Rxy). Let Y = X~ ' and g(Y) =
X—4es() f(X). Since the constant term of g is unit, (Y, g(Y)) € Uma(A[Y]). Since A[Y1y, = A[X, X ']; =
AlX]xy, [a(Y~Y, b(Y~1H]=[1,0] in I'(A[Ylyg). Then there exists 0 € SLy(A[Y lyg), which is connected to

the identity, such that
a¥=hy) (1
y (b(Y“)) - <0> |
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By Quillen splitting, there exist o1 € SL2(A[Y]g) and 0 € SL2(A[Y]y), which are connected to the identity,
such that o = o107. Therefore
a(Y™h\ _ (1), 2
lop) <b(Y_1)> =0 o) i A[Y]Yg.

AlY] — A[Y]y

! !

AlY]g —> AlY]yg

Since the diagram

is a pull-back diagram, there exists (aj(Y), a2(Y)) € Umy(A[Y]) such that
a(Y)\ _ _ f(a(¥™h) ar()) _ 11
(az(Y)> =0 (b(Y‘1)> and (az(Y)) — <0>’

Since oy (Z;g;) - (é) and g(0) = 1, we have 71 (0) (Z;Eg;) - (é) Thus [a;(0), a2(0)] = [1, 0] in T'(A)

(soin T'(R))

a(Y)\ _ _ (a(x™h
On the other hand we have, (ag(Y)) =0 (b(Y_l))’ Ny

a()) _ a(l)
<a2(1)> = o2(D) (b(l))'
Thus [a1(1), a2(1)] = [a(1), b(1)] in T'(A) (so in T(R)). Since [a1 (1), az(1)] = [a1(0), a2(0)] in T'(A), so

[a(1),b(1)] =[1,0]in I"(A) (soin I'(R)). Thus the claim.

(4) To prove this result, we use the idea of Satya Mandal ( [4]). Let f' = X" f, where r = pole(f). Since R r=
Ry, la(X, X1, b(X, X~ 1] =[1,0]in T'(Ry) if and only if [a(X, X ™), b(X, X"1)] = [1, 0] in ['(R ).
Therefore, we can assume f is a monic polynomial in A[X] with f(0) = 1. Thus (X, f(X)) € Umy(A[X]).

Since [a(X, X~ 1), b(X, X~1)] =[1,0]in I'(Ry) = T'(A[X]xy), there exists 0 € SLy(A[X]xr) which is
connected to the identity such that
5 (X xhH\ (1
bx,xH)\0o)"

By Quillen splitting, there exist oy € SL2(A[X]y) and 02 € SL2(A[X]x) which are connected to the identity
such that 0 = o0707. Therefore,
alX, X H\ _ (1) . 5
lop) <b(X, X_1)> =0 0 in A[X]Xf.

A[X] — A[Xlx

l !

AlX]y — A[X]xy

Since the diagram

is a pull-back diagram, there exists (a;(X), a2(X)) € Um(A[X]) such that
a(X)) _ _(aX, X7 ar(X)\ _ 1 (1
(azm) - (b(X, X*)) e (azoo) —% (0) '
ai(X)

Since 0} (az(X)> = (é),[al(X), az(X)] = [1,0]inI"(A[X] r). Thus by previous result, [a; (X), a2 (X)] =
[1,0]in T(A[X]) (soin T(A[X, X~ 1])).
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On the other hand, we have

a(X)\ _ _ faX,Xx7hH
aX)) =2 \bx, x 1)
0 [a1(X), a2(X)] = [a(X, XY, b(X, X~ D] in T(A[X, X~']). Therefore, [a(X, X~ 1), b(X, X~D] = [1, 0]

in T(R).

(5) (a) = (b) is obvious.
(b) = (a). Assume (b). Let h(Y) = X ~92(P(X) (X)) Since the constant term of 4(Y) is unit, (¥, h(Y)) €
Umy (A[Y]).

Since [f(X, X1, g(X, X1 =[c(Y),d(Y)]in I'(Rpx) = ALY lyn(y)), there exists o € SLo(A[YIyn(r))
which is connected to the identity, such that

o (FXXTDY _ (e
gx,xh) ~\d))-
By Quillen splitting, there exist 61 € SL(A[Y]x(y)) and o € SLy(A[Y]y), which are connected to the identity,
such that 0 = o707. Therefore,

X, x! 7 n\ .
% (g((X, X‘l))) =01 (cci((Y))> in ALY Ty,

AlY] — A[Y]y

! !

AlY Iy — AlYlynw)

Since the diagram

is a pull-back diagram, there exists (a1(Y), a2(Y)) € Umy(A[Y]) such that

a(M\ _ _ (fX, X7 ai(Y)\ 1 (e(¥)
(azm) -7 <g<x, x‘>) and (azm) =% (dm) '

-1
Since <Z;g;> =0 <§((§((’ ))((1))> we have [ (X, X~ 1), g(X, X' = [a1(Y), a2(Y)] in ['(R). i

Now, we will show that Corollary 3.7 is also true for a Laurent polynomial ring over a field.

Proposition 3.9 Let K be a field. Then

(1) T(K[X, X~']) = {[1,0]}.
(2) T(KIXTE X5, .., XF']) = ([1, 01}, for everyn € .

Proof (1) It follows form Proposition 3.8 (1) but we are giving a direct proof. We know that any unimodular
row (f, g) over K[X, X_l] is completable to a matrix in SL>(K[X, X‘l]), that is, there exists a matrix
a(X, X1 e SLo(K[X, X~']) such that

()=

From Lemma 2.8, we have SL,(K[X, X~ ']) = E,(K[X, X~ ']). Therefore (X, X~ ') € E2(K[X, X~']),
that is, any unimodular row in K[X, X~!] is elementary completable. Since every elementary matrix is
connected to the identity matrix, by the definition, I'(K[X, X ’1]) ={[1, 0]}.

Topological Interpretation: Since any unimodular row of length two over K[X, X '] gives a continuous
map R — {0} — Sland T(K[X, X~ '] = {[1, 0]}, the map given by unimodular row is homotopic to a
constant map C : R — {0} — S

@ Springer



The algebraic cohomotopy group... 647

(2) We will prove this by induction on . For n = 1, the result is true by (1). Assume the result is true forn — 1.

Let (F(XT', X3, ..., XD, g(xFL X XEY) € Ump(K[XT, X3!, ..., XF']). Consider C =
KX x5 .o X Jand B = K(X)[XT! X3 .. X ], where K (X,,) is the localization of K [X ,]
at the multiplicative set consisting of all the monic polynomials in X;,. Then A = K[X fﬂ, X;El, X ,“,—Ll]

= C[X,, X;;'1 € B. We know that [ f(XT', X5, ..., X)), e(xF x5 X = [, 1,..., 1),
g(1,1,...,D]in T(A). So [F(XE, X3, .. X, e(XFL X3, XED = [F(L 1, ..., D, g(1L 1,
..., D] in I'(B). Since B is the localization of A at monic polynomials, there exists a monic polynomial
p(Xn) € K[X,] such that [f(X{, X3, . XD, e (XL x5 L XED] = (£, 1. D, g1, 1,
..., D]in T'(Ap(x,)). Therefore by Proposition 3.8(5), [f (X', X3!, ..., X1, g(xF', x5!, ..., X))
= [a(X; 1, b(X; "] in T(A), for some [a(X;!),b(X; 1] in ['(C[X,']). By induction hypothesis,
[a(X; 1), b(X;H] = [1,0] in [(C[X,']. Hence [F (X7, X5, ..., Xih, e(x™, x5!, X)) =
[1,0]in ['(A).

i
Remark 3.3 Now we will show that in general, Corollary 3.6 is not true for Laurent polynomial rings. Let
A= % and A[T, T~'] be the ring of Laurent polynomials over the ring A. Let (f(T, T™"), g(T, T™1))
be a unimodular row over A[T, T~!], define a map @ : I'(A[T, T~']) — I'(A) given by

ST, TN, (T, T™H]) = [f(1,1), g(1, 1]

Claim The map @ is well defined.
Let (f(T, T~Y, g(T, T™Y)) ~ (fi(T,T™Y), g1 (T, T™Y)). Then there existsa (F(T, T~ (W), G(T, T~
(W)) € Uma(A[T, T~ 1[W]) such that

(F(T, T~(0), G(T. T™H0) = (f(T. T, g(T. T™)
and
(F(T, T7H1), G(T. T (D) = (AT, T, gu(T. T ).
Then, clearly

(F(1,1)(0), G(1, 1)(0)) = (f(1, 1), g1, 1))

and

(F(1, D), 6, D) = (f1(1, 1), g1 (1, ).
Thus (f(1,1), g(1, 1)) ~ (f1(1, 1), g1(1, 1)). So @ is well defined.

Clearly, @ is a surjective group homomorphism. To prove our goal we just have to prove that ker(®) is non zero.
Consider the unimodular row ((1 4+ T) + (1 — T)x, y) in A[T, T~'] (This example is due to Ravi A. Rao (
[8)).AtT =1,((1+T)+(1—T)x,y) = (2, y).Since 2 is aunit in A, the row (2, y) is elementary completable
in A. Therefore, [((1 +T) + (1 — T)x, y)] € ker(D).
Since S! is not contractible, at T = —1, [2x, y] is not equal to [1,0] in I'(A). Thus [(1 + T) + (1 —
T)x,y] #[1,0]in "'(A[T, T_l]). Therefore, @ is not injective, that is, @ is surjective but not injective. Hence
F(A[X, X~ 2 T(A).

Remark 3.4 ([9], Remark 6.1) Let A be the coordinate ring of a real variety X. Then I"(A) is like the group of
homotopy classes of maps from X (R) (the real points of X) to S'.

R(X.Y)

X24r2-1) of the circle S'.

Remark 3.5 Consider the coordinate ring A =

(1) Then by Remark 3.4, f_ = (f1, f2) € Umy(A) gives a continuous map f from S! to S!. Therefore we have
a homomorphism 1 : I'(A) — Z defined by n([ f1, f2]) = deg (f).
(2) The unimodular row f = (x, y) gives the identity map id : S' — S!. Therefore n((x, y)) = deg (id) = 1.
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Suppose (x, y) is completable to an elementary matrix. Since elementary matrix is connected to the identity
matrix, maps given by (x, y) is homotopic to the constant map. So the degree of the map given by (x, y) is zero
which is a contradiction as its degree is 1. Thus it is not completable to an elementary matrix.

Remark 3.6 Consider the coordinate ring A = R[X, Y] of R? — {(0, 0)}, where f = (X2 + Y?) and R is the
field of real numbers (In general, for P = (a, b) € R? and f=X- a)>+(Y —b)?, the ring A y is the coordinate
ring of R? — {P}). Then every f = (fi, f») € Uma(A) gives a continuous map f from R? — {(0, 0)} to S'.
Since S! c R? — {(0, 0)}, we have a continuous map f i St — st where i is an inclusion map. Therefore
we have a homomorphism 7 : I'(Af) — Z defined by n([ f1, f2]) = deg (f.i). In fact, I'(A y) is Z which is
same as H'(R2 — {(0,0)}) = Z.

Now, take P = (a1, b1), Q = (a2.br) e R?and f = (X —a1)’> + (Y —b))?, g = (X —a2)> + (Y — by)%.
Then the rings A y and A, are the coordinate rings of R? — {P} and R? — {Q}, respectively. Therefore we have
a homomorphisms 71 : I'(Ay) — Z defined by n1([f1, f2]) = deg (f.i) and > : T'(Ag) — Z defined by
n2([g1, g2]) = deg (g.i). Hence we have a group homomorphism n; @ n2 : I'(Ay) @ I'(Ay) — Z & Z.

R[X.Y]

Problems (1) If a unimodular row over A = ey

rca)?
(2) Is T'(A) torsion free?

of length 2 gives the zero element of Z, is it zero in
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