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Introduction

In 1940, A. G. Kurosh [8] (and independently J. Levitzki [1]) formulated the
question of whether a finitely generated algebraic associative algebra over a field is
necessarily finite-dimensional. The answer is negative in general, but turns affirma-
tive when we restrict to associative algebras which are algebraic of bounded degree
(see [20], where the above problems and their solutions are extensively discussed, and
precise references are included).

In 1971, Shirshov posed the Jordan version of the Kurosh problem for nil algebras
[5, 1.156], which was solved affirmatively in the case of linear Jordan algebras in [18].
The proof was based on the local nilpotency of the McCrimmon radical of a linear
Jordan algebra.

Recently, a proof of the local nilpotency of the McCrimmon radical of a Jordan
system over an arbitrary ring of scalars has been given [4]. This paper is aimed at
using this result to prove that Jordan systems which are nil of bounded degree, or
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FEDER, MTM2014-52470-P.
2 Partially supported by the National Science Foundation of the USA.

1



2 ANQUELA, CORTES, ZELMANOV

more generally nil and PI (homotope-PI in the cases of pairs and triple systems) are
locally nilpotent.

The paper is divided into three sections, apart from a preliminary one. In the
first section, we use the local nilpotency of the McCrimmon radical to prove that
a quadratic Jordan nil algebra of bounded degree is locally nilpotent. It should
be remarked the fundamental role played by the so-called linear absorbers in the
quadratic setting (see [13, 19]). In the next section, these results are extended to nil
algebras satisfying a polynomial identity, so obtaining that the nil radical and the
McCrimmon radical coincide for PI Jordan algebras. Finally, in the third section, the
use of local algebras allows us to obtain analogues of the results of the two previous
sections for Jordan pairs and triple systems.

0. Preliminaries

0.1 We will deal with Jordan systems (algebras, pairs and triple systems), and
associative and Lie algebras over an arbitrary ring of scalars ®. In particular, we will
NOT assume 1/2 € ®.

The reader is referred to [7, 10, 14, 15] for basic results, notation, and terminol-
ogy, though we will stress some notions.

— When dealing with an associative algebra, the (associative) products will be
denoted by juxtaposition.

— Given a Jordan algebra J, its products will be denoted by x2, U,y, for z,y € J.
They are quadratic in x and linear in y and have linearizations denoted xz oy = V,y,
Uy.»y = {x,y, 2} = V, 4z, respectively.

— For a Jordan pair V = (V*,V7), we have products Q,y € V7, for any
x eV ye V™7 o=+, with linearizations Q. .y = {x,y, 2} = Dy yz.

— A Jordan triple system J is given by its products P,y, for any z,y € J, with
linearizations denoted by P,y = {z,y,2} = L, yz.
0.2 We recall the following identities valid for arbitrary Jordan algebras which
will be needed in the sequel:
(i) Ugn = U2, for any positive integer n,
(i) Uy,y = U,U,U,,
(ili) Ugy =VyVe —Vya,

(iv) UpUyz = Upoyz — {{z,y, 2}, z,y} + 20 ny2 - UyUyzz,
(V Ux{ywzvm} = {xayaz} o 1’2 - {Zay7$3};
(vi) Upy? = (xoy)? —xoUyx — Uya?,

)
)
)
)
)
)

(vii) zoUyz ={z oy, z,y} —Uy(xz o 2).
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from Macdonald’s Theorem [9].

0.3 Given a Jordan algebra J, the multiplication algebra M(J) of J is the
subalgebra of Endg(J) generated by the multiplication operators U,, V., for x € J.
By linearization, M(J) contains all the operators U, ,, for z,y € J, hence also the
operators V, , by (0.2)(iii).

0.4 (i) A Jordan algebra gives rise to a Jordan triple system by simply forgetting
the squaring and letting P = U. By doubling any Jordan triple system 7" one obtains
the double Jordan pair V(T) = (T,T) with products Q,y = P,y, for any z,y € T.
From a Jordan pair V = (V,V ™) one can get a (polarized) Jordan triple system
T(V)=V*t @V~ by defining Poig,- (y" Py~ ) = Qury™ & Q,-y™ [10, 1.13, 1.14].

(ii) An associative system R gives rise to a Jordan system R(*) by symmetriza-
tion: over the same ®-module (the same pair of ®-modules, in the pair case), we
define 2% = zz, U,y = xyz, for any z,y € R in the case of algebras, P,y = zyx in
the case of triple systems, and Q,-y~ 7 = 27y~ “x2°, 0 = £ in the pair case, where
juxtaposition denotes the associative product in R.

0.5 A Jordan system J is called special if it is a subsystem of R(t), for some
associative system R. Otherwise J is said to be exceptional.

0.6 Local algebras of Jordan systems are introduced in [16] generalizing the
corresponding notion for associative systems:

— Given an associative triple system R, the homotope R(*) of R at a € R is the
associative algebra over the same ®-module as R with product = -, y = xay, for any
z,y € R. The subset Kera = Kerga = {x € R | ara = 0} is an ideal of R(*) and the
quotient R, = R(“)/Kera is called the local algebra of R at a.

— Given an associative pair R = (R*, R™), the homotope R°(*) of R at a € R™°
(o0 = =) is the associative algebra over the same ®-module as R° with product
x4y = zay, for any x,y € R?. The subset Kera = Kerga = {z € R? | aza = 0} is
an ideal of R°(® and the quotient R = R°(@) /Kera is called the local algebra of R
at a.

— Given a Jordan triple system J, the homotope J® of J at a € J is the
Jordan algebra over the same ®-module as J with products z(3%) = z2 = P,aq,
Ux(a)y = U,y = P, P,y, for any x,y € J. The subset Kera = Kerja = {x € J | P,z =
P,P,a = 0} is an ideal of J(@ and the quotient J, = J(“)/Kera is called the local
algebra of J at a. When J is nondegenerate, Kera = {z € J | P, = 0}.

— Given a Jordan pair V, the homotope V(@ of V at a € V=7 (0 = %) is the
Jordan algebra over the same ®-module as V7 with products z(>% = 22 = Q,a,

Ué“)y = U,y = Q:Quy, for any z,y € J. The subset Kera = Kerya = {z €
Vo | Qur = QuQua = 0} is an ideal of V(%) and the quotient V7 = V(@ /Kera
is called the local algebra of V at a. When V is nondegenerate, Kera = {z €
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V77| Qux = 0}.

For an associative or Jordan algebra, local algebras are given by the above definitions
applied to its underlying triple system.

0.7 An absolute zero divisor of a Jordan algebra (resp., triple system) J is an
element = € J such that U,J = 0 (resp., P,J = 0). An absolute zero divisor in
a Jordan pair (VT V™) is any element x € V7 such that Q,V~7 = 0. A Jordan
system is said to be nondegenerate if it does not have nonzero absolute zero divisors.

0.8 We recall that the McCrimmon radical (also called small radical in [10, 4.5])
Mc(J) of a Jordan system .J is the smallest ideal of J which produces a nondegenerate
quotient. It can be obtained by a transfinite induction process as follows [10, 4.7]:
Let M;(J) be the span of absolute zero divisors of J, which is an ideal of J by [10,
4.6]. Once we have the ideals M, (J) for all ordinals o < (3, we define Mg(J) by

(1) Mp(J)/Mp—_1(J) = M1(J/Mpg_1(J)) when 3 is not a limit ordinal,
(ii) Mg(J) =Uq<pMq(J) when (3 is a limit ordinal.

Then Mc(J) = lim,, M, (J), so that for any Jordan system J, Mc(J) = M,(J) for
some ordinal « (such that M;(J/My(J)) =0, i.e., J/My(J) is nondegenerate).

1. Jordan Nil Algebras of Bounded Degree

We will follow the strategy of Section 2 of [18], introducing the necessary changes
to allow arbitrary rings of scalars, i.e., extending the results to arbitrary quadratic
Jordan algebras.

The following result can be found in [18] and its proof is valid for arbitrary
quadratic Jordan algebras.

1.1 LEmMMA [18, Lemma 15]. Let J be a Jordan algebra, J; be subalgebra of J,
and I be an ideal of Ji, and let M be the ideal of Jy such that M/I = Mc(J1/I).
If w,w* € M(J) satisfy w*(J) C Ji, w(I) € Mc(J), and Uy = wUaw*, for any
a € Jy, then w(M) C Mc(J). m

1.2 Recall the Jacobson Counterexample [6, ex. 3, p. 12] of a Jordan algebra J
over a ring of scalars ® of characteristic two, such that there exists an element a € J
with a? = 0, but a® # 0. Of course, this cannot happen in the linear case, and we
will see in the next result that it is also impossible in a nondegenerate atmosphere.

1.3 LEMMA. Given a Jordan algebra J, and an element x € J, if x™ € Mc(J)
then ™ € Mc(J) for any m > n. In particular, if J is nondegenerate and ™ = 0,
then ™ = 0 for any m > n.

PROOF: Notice that

UmmJ :(0.2)0): U;nJ - UgUaTZn_nJ g UgJ :(0.2)(1) Um'nJ g MC(J)
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implies " + Mc(J) is an absolute zero divisor of J/ Mc(J), hence 2™ + Mc(J) = 0,
ie., z™ € Mc(J). m

In the next lemma we obtain the main result of this section in the particular
case of degree two. Though this is trivial for linear Jordan algebras, it requires a
nontrivial proof if we are not assuming the existence of 1/2 in the ring of scalars.

1.4 LEMMA. If J is a Jordan algebra such that a®> = 0 for any a € J, then
J = Mc(J).
ProOOF: By factoring out Mc(J), we can assume that Mc(J) = 0, i.e., J is
nondegenerate, and we will show in that case that J = Mc(J) = 0.
By linearization,
aob=0, (1)
for any a,b € J. Using (1.3),
a® =0, (2)

for any a € J. Now, given any a,b,c € J, putting z = b,y = a,z = ¢ in (0.2)(iv)
yields
UpUsc = Upogc — {{b,a,c},b,a} +co U,b? — U,Uyc

= —{{b,a,c},b,a} — U,Uyc,
using (1). Let us write ¢ := {b, a,c}. We have,

(3)

Uv.vc =(0.2)Gi) UaUpUac =3y —Ua{t,b,a} — UUsUpc
=(0.2)(i) —Uy{t,b,a} — U,2Upc = —Uy{t,b,a}
—(0.2)(v) —{CL, t, b} © CL2 + {b7 L, a3} =0

by (2), hence U,b = 0 by nondegeneracy of J. We have shown that J is a trivial
algebra, hence J = Mc(J) =0. m

1.5 Let J be a special Jordan algebra, and let A be an associative algebra such
that J is a subalgebra of A(f). We will say that (J, A) satisfies the weak polynomial
identity f € FAss[X] if all evaluations of f in elements of J vanish: for any map
X — J C A, the induced associative algebra homomorphism ¢ : FAss[X] — A
satisfies p(f) = 0.

1.6 By the usual linearization process [17, 6.1.13], if (J, A) satisfies a monic
weak polynomial identity f of degree n, then it also satisfies a monic multilinear
polynomial identity

f=ame o + Z QoX5(1)To(2) """ LTo(n)s

where ¥, denotes the permutation group of {1,2,...,n}, and a, € @, for any o €

S\ {Id).
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1.7 Given an inner ideal K of a Jordan algebra J, the (linear) absorber abs(K)
of K is given by

abs(K) =abs;(K)={ke K | koJ C K},

which is an inner ideal of J and an ideal of K such that K/abs(K) is special [13, 2.1
and its proof; 19, Lemma 1(c)].

1.8 LEMMA. If J is a Jordan algebra, K is an inner ideal of J, and Ky =
abs;(K), then

(i) U;Ux, K C K,
(ii) UsKf C K,
(iil) U;Ug, K C K.
PrOOF: (i) For any z € J, a € Ky, and b € K,

U Usb =(0.2)(iv) Uzoab — {{37; a, b}a £, a’} +bo Ua372 - UUbe K
because, using the definition of K7, and the fact that K is an inner ideal,
Umoab € UJoKlK g UKK g K7

boUy? e KoUgJ C KoK CK,
UUpb € UgJ C K,

and
{z,a,b} =(0.2)¢i) bo (roa) —{bz,a} € Ko(JoK;)+UxJC KoK+ UgJCK,
hence
{{z,a,b},z,a} € UxJ C K.
(ii) For any = € J, a € K1,
Uga® =(0.2)(vi) (T 0 a)? —zxolUux —Uz? € K
because, using the definition of K7, and the fact that K is an inner ideal,
(ajoa)z e (JOK1)2 C K? CK,

Uya? €e UxJ C K,
1o UsZ =(0.2)(vii) 1T 0@, 7,0} —Uy(vox) €{Jo Ky, J,K} +UxJ CUgJ C K.
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(iii) Let € J, a,b € Ky. By (i), U,U,b € K, so we only have to check that
U,Uboy € K, for any y € J. Indeed,

UyUgb o Y =(0.2)(vii) {y °x, Uab7 CL'} - Um(y o Uab) e K

because, using the definition of K7, and the facts that K is an inner ideal of J and
K is an ideal of K,

{yox,Usb,x} € UyUk, K1 CU;Uk, K C3y K,

Uz (y © Uab) =(0.2)(vii) Uz{a, b,y 0 a} = UzUq(y o b)
=(0.2)(iii) Uz (a © (b o(yo a))) —Uz{b,yoa,a} —U,Uq(yob)
e U, <K1 o (Kyo(Jo Kl))> U Uk, (J o K1)
CUy(Kio(Ki0K))+UsUx, K CU;K} +UsUx, K Ciiiiy K. m

1.9 THEOREM. A Jordan nil algebra of bounded degree is McCrimmon radical,
hence locally nilpotent.

ProoF: Let J be a Jordan algebra such that P = 0, for any x € J, for some
positive integer p. We will show that J = Mc(J) by induction on p, so that J will

be locally nilpotent by [4, 2.11]. As it is customary, J will denote the unital hull of
J (see [11]).
In the case p =1, J = 0 = Mc(J). In the case p = 2, J = Mc(J) by (1.

4).
Assume that the result is true for all Jordan algebras satlsfymg the identity 2™ = 0,
for all m < p, and p > 3.

We will study first the case when J is special. Take any associative algebra such
that J is a subalgebra of A, Notice that the unital hull J is also special, indeed
it is a subalgebra of AM) . Since (J, A) satisfies the monic weak polynomial identity
2P =0, by (1.6) it also satisfies an identity given by a monic multilinear polynomial
of degree p which always can be expressed as

@y, mp) = 3122 2 +infi(xla~--$i—1yxi+1a S Tp)
i>2

P (1)

= infi<$1; L1, Tig s D),
=1

where the f;’s are multilinear polynomials of degree p — 1, in which the variable x;
is missing, and

filzg, ... xp) =22 - Tp. (2)
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Take arbitrary elements b € J, a,c € j, and let K = &b+ Ubjz db + bjb, which is
an inner ideal of J. For any ko, ..., k, € K, since bac + cab = {b,a,c} € J, we have
by (1) and (2) that

0 = b"~! f(bac + cab, ka, . ..  kp)
:bp—l(bac-l-cab)kz---kp+bp_1zk¢fi(--~) (3)

i>2

= bp_l(bac +cab)ky - - - ky = bW tcabks - - - k,

since bP~1k; € bP~1K C bP~1bA = bP A = 0. Let B be the subalgebra of A generated
by K. We have shown in (3) that

ky--ky=fi(ka,...,ky) € P:={z € B| ¥ 'JJbx = 0}. (4)

We claim that
(5) P is an ideal of B.

Indeed, we just need to show that K P+ PK C P, but PK C P is obvious, so we just
have to prove that, bP~ LTIbK y = 0 for any y € P, which, in view of the definition
of K, reduces to bP~1.JJbby = 0 and b»~1.J.Jbb.Jby = 0:

bP= T Jbby C 6P~ { T Jb}by + 6P~ b.J Tby
C BP L Tby + 6P T Tby gy WP T Tby = 0,

bP= LT TbbJby C 6P~ { T b2} Tby + bP~ 62T J Tby
C bP~ LT Tby + bPbT T by Cppwq) P~ T by = 0.

Now, the Jordan algebra (K + P)/P is a subalgebra of (B/P)™*), the pair
((K + P)/P, B/ P) satisfies the weak polynomial identity f; = 0, and, in particular,
(K + P)/P satisfies xP~! = 0. By the induction assumption, (K + P)/P = Mc((K +
P)/P). Notice that (K + P)/P = K/(K N P), hence

K/(K N P) =Mc(K/(KnP)). (6)

Let x an arbitrary element in J.
Notice that J; = K is a subalgebra of J, I := K N P is an ideal of K such that
M = K satisfies M/I = Mc(Jy/I). Moreover, w = Upp-1U,Up, w* = UpU,Upp—1
satisfy
w*(J) = UpUpUpp—1J CUpd C K = Jy,

w(I) = bP L ablbab?~! C WP~ abPbab?~! = 0 C Mc(J)
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since bP~1xbP C bP~LJbP C bP~LJJbP = 0 by the definition of P, and
Uw(k) = wUkw*,

for any k£ € K by (0.2)(ii). Thus (1.1) applies to obtain w(K) C Mc(J), so that
w(UpJ) C w(K) C Mc(J), which means

Upp—1 U UZJ C Mc(J). (7)
Since p >3, p—12> 2, and

Upr71$J =(0.2)(i1) Upr-1UzUpp-1J =(0.2)(1) Upr—1 Ufo_lJ
C Uy UyUJ 7y Me(J).

This means that Uyp-12+Mc(J) is an absolute zero divisor of J/ Mc(J), i.e, Upp-12+
Mc(J) = 0, for any = € J, ie, Up-1J C Mc(J), hence bP~1 € Mc(J). We have
shown that J/Mc(J) satisfies zP~1 = 0. By the induction assumption J/Mc(J) =
Mc(J/ Mc(J)) =0, i.e., J = Mc(J).

Let us take care now of the general case, when we do not assume that .J is
special. By factoring out Mc(J), we may assume that Mc(J) = 0. We will suppose
that J satisfies the identity =P = 0, and will show that J = 0.

Let b,z be arbitrary elements of J, and take K := ®b + Ubj which is an inner
ideal of J, in particular, a subalgebra of J. Let K; = abs;(K), and I = Uk, K;.
Notice that [ is an ideal of K by [12, Prop. 2]. Let w = Upp—1 U, Uy, w* = UpU,Upp-1,
so that Uy (q) = wU,w™, for any a € K (in fact, for any a € J) by (0.2)(ii). Also

w*(J) CUyJ C K,
and, using b € K and the fact that [ is an ideal of K,
'I.U(I) - prflUmUbI g prflUxI g prflUJUKlKl g(l_g)(iii) prflKl g prflK - 0

by (0.2)(i) and the form of K since b¥ = 0 (Upp—1b = 0 by (1.3), and Upp—1 Ubj C(0.2)(0)
UpJ = 0). Moreover, K/K; is special (1.7), satisfying 27 = 0, hence K/K; =
Mc(K/Ky). We have (K/I)/(K;y/I) =2 K/K; is McCrimmon radical, and K;/I is
also McCrimmon radical since it has zero cube. By the extension property, K/I
is also McCrimmon radical, i.e,, K/I = Mc(K/I). Thus, we can apply (1.1) with
J1 = M = K, to obtain w(K) C Mc(J) = 0. As a consequence, using p > 3,

Uu,, 12J =0.2)) Upr—1 Uz Upp-1J C(0.2)(1)
prflUxUbUbJ g prflUxUbK = w(K) = 0,
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hence Upp—12 = 0 by nondegeneracy of J. We have shown Uyy—1.J = 0, hence bP~1 =
0, again by nondegeneracy. Since this happens for any b € J, J = Mc(J) = 0 by the
induction assumption. m

1.10 COROLLARY. A finitely generated Jordan nil algebra of bounded degree is
nilpotent. m

2. Jordan Nil Algebras Satisfying a Polynomial Identity

2.1 Let X be an arbitrary set. A Jordan polynomial f € FJ[X] is said to
be essential if it has a monic image o(f) € FAss[X] by the Jordan homomorphism
o : FJ[X] — FAss[X|(") fixing the elements of X.

Following [15, 7.2], given an essential Jordan polynomial f, a Jordan algebra
is said to satisfy the polynomial identity f = 0, if the evaluations of f vanish in all
scalar extensions of J, equivalently, the evaluations of all linearizations of f vanish
in J. In this situation J is also said to be PL.

This is stronger than just saying f(J) = 0, i.e., all evaluations of f vanish in J.
We will study the behaviour of nilpotent elements in such an algebra J.

2.2 Given a Jordan algebra J, the sum Nil(J) of all nil ideals (ideals which are
nil as Jordan algebras) of J is the biggest nil ideal of J called the nil radical of J.
By [4, 2.11], Mc(J) is a nil ideal of J, hence Mc(J) C Nil(J).

The next result is the quadratic version of [18, Lemma 16].

2.3 LEMMA. Let J be a special Jordan algebra that is a subalgebra of A(F)
for an associative algebra A, and let us assume that (J, A) satisfies a weak monic
polynomial identity of degree p. If an element b € J satisfies b™ = 0 with m > 4P,
then b™=4 € Mc(J).

ProOF: If p = 1, then J = 0 = Mc(J) and everything is obvious, so we will
assume that p > 2.

As in the proof of (1.9), let .J denote the unital hull of .J (see [11]).

By (1.6), (J, A) also satisfies an identity given by a monic multilinear polynomial
of degree p which always can be expressed as

@y, mp) = 3122 T +infi(xla~--$i—1yxi+1a S Tp)
i>2

P
= Zmifi<$1; L1, il D),
i=1

(1)

where the f;’s are multilinear polynomials of degree p — 1 in which the variable x; is
missing, and
fi(zg, ... xp) =22 Tp. (2)
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Take arbitrary elements b € J, a,c € J, and let K = ®b*+UyaJ = ®b*+b*.Jb*, which
is an inner ideal of J. For any ko, ..., k, € K, since b*ac + cab* = {b*,a,c} € J, we
have by (1) and (2) that

0 = b f(b ac + cab*, ks, ..., ky)
= 0" (b ac + cab®)ky -k + 0™ kifil. ) (3)
i>2
= bm_4(b4ac + cab4)k2 cokp = b 4eabtky - - - ky

since b4k, € VUK C bm=4piA = pmA = 0. Let B be the subalgebra of A
generated by K. We have shown in (3) that

ko ky = fi(ka,... k) € P:={z € B| b *JJb*z = 0}. (4)

We claim that
(5) P is an ideal of B.
Indeed, we just need to show that K P+ PK C P, but PK C P is obvious, so we just
have to prove that bmfg Jb*Ky = 0 for any y € P, which, in view of the definition
of K, reduces to b™~*JJb*b*y = 0 and b™~*JJb*b* Jb*y = 0:
b AT Tb by C 0TIV bty + b T Tbty
C O™ty 4+ b TTby Cpmeg) b1 T TbYy = 0,

b A T I Thty C 6 T I3 bty + 668 T T TbYy
C o™ AT Tby + b6 T T TbYy Cpym—g) b™ 4T Tby = 0.

Now, the Jordan algebra (K + P)/P is a subalgebra of (B/P)™*), the pair
((K + P)/P, B/ P) satisfies the weak polynomial identity f; = 0, and, in particular,
(K + P)/P satisfies 2P~ = 0. By (1.9), (K + P)/P = Mc((K + P)/P). Notice that
(K+ P)/P = K/(KnNP), hence

K/(K N P) =Mc(K/(KnP)). (6)

Let x be an arbitrary element in J.
Notice that J; = K is a subalgebra of J, I := KNP is an ideal of of K such that
M = K satisfies M /I = Mc(J1/I). Moreover, w = Uyn-1U,Ups, w* = UpaUpUpm-1
satisfy
w*(J) = UpaUpUpym-aJ C UpaJ C K = Jy,

w(I) = b™ b Ibxb™ =4 C b bt P ab™ ™t = 0 C Mc(J)
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since b™4zbtP C bm—4Jp4P C b4 JJb4P = 0 by the definition of P, and
Uw() = wUpw",

for any £k € K by (0.2)(ii). Thus (1.1) applies to obtain w(K) C Mc(J), so that

~

w(UpaJ) C w(K) C Mc(J), which means
Uym—aU,UZJ C Mc(J). (7)
Since p > 2, m —4 > 4P — 4 > 12, and

Ut aad =(0.2)Git) Upn-2UpUpm—sJ =(0.2)) Upm-2 U U T
- me74UmU§J =(0.2)(i) Uym-aU,Ups J =(0.2)(i) me74Uxsz4J
2(7) MC(.])

This means that Uym-sx+Mc(J) is an absolute zero divisor of J/ Mc(J), i.e, Uym-ax+
Mc(J) = 0, for any = € J, i.e, Uym-aJ C Mc(J), hence b™~4 € Mc(J). m

2.4 LEMMA. Let J be a Jordan algebra. If a € J satisfies U,Ura = 0, for any
x € J, then a € Mc(J).

PrOOF: By factoring out Mc(.J), we can assume that Mc(J) = 0, and we will
show in that case that if a € J satisfies U,U,a = 0, then a = 0. Otherwise the local
algebra J, is nonzero, and nondegenerate by [3, 0.2], hence J, # Mc(J,) = 0: But
this contradicts (1.4) since, for any z + Kera € J,, (z + Kera)? = (3% + Kera =
Usa+Kera=0.m

2.5 THEOREM. If J is a Jordan algebra such that f(J) =0 for some essential
Jordan polynomial f, then Nil(J) = Mc(J), hence it is locally nilpotent. In particular,
this holds if J is PI.

PROOF: First, notice that local nilpotency of Nil(J) will be a consequence of
the desired equality by [4, 2.11].

Let p be the degree of the associative image o(f) of f asin (2.1). By factoring
out Mc(J) we can assume that Mc(J) = 0, and we then have to prove that Nil(J) = 0
(clearly Nil(J/Mc(J)) = Nil(J)/ Mc(J)), so that we just take J/Mc(J) in the place
of J).

If, for any element b € Nil(J), b*" = 0, then Nil(J) = Mc(Nil(J)) by (1.9).
But the McCrimmon radical is hereditary for ideals [10, 4.13], hence Mc(Nil(J)) =
Mc(J) N Nil(J) = 0, hence Nil(J) = 0 as desired. Otherwise, there exists b € Nil(J)
such that b*" # 0. Since b is nilpotent anyway, there exists a positive integer m such
that m > 4P, b™ = 0, and ™! £ 0.

Take K := &b+ Ubj which is an inner ideal of J, in particular, a subalgebra of
J. Let K7 = abs;(K), and I = Uk, K;. Notice that I is an ideal of K by [12, Prop.
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2]. Take an arbitrary element x € J, and let w = Uym—1U,Up, w* = UpUpUpm-1, S0
that Uy () = wU,w*, for any a € K (in fact, for any a € J) by (0.2)(ii). Also

w*(J) CUyJ C K,
and, using b € K and the fact that I is an ideal of K,

w([) = meflUxUbI g meflUwI g meflUJUKlKl
C(1.8) (i) Upm-1K1 C Upm—1 K =0

by (0.2)(i) and the form of K, since b™ = 0 (Uym-1b = 0 by (1.3), and also
Uprm—1 Uy J C(0.2)(1) Upm J = 0). Moreover, K/K; is special (1.7), so that, if A is
an associative algebra such that K/K) is a subalgebra of A(Y), then (K/Ki,A)
satisfies the weak identity given by o(f). The element b + K; € K/K; satisfies
(b+ K1)™ = 0, hence (2.3) applies to show b™ 4+ K; = (b+ K;)™* € Mc(K/K,).
As a consequence,

V"3 4 Ky = (b+ K)™? € Mc(K/K;) (1)
by (1.3). We claim
b + I € Mc(K/I). (2)

Indeed, if Mc(K/K;) = R/Ky, where R is an ideal of K such that K; C R, and
Mc(K/I) = M/I, where M is an ideal of K such that I C M, we have that b3 € R,
hence we just need to prove R C M. Now

((K1/T) + (M/1)) /(M[1) = (K1 + M)/T) /(M)

is an ideal of (K/I)/(M/I) which is nondegenerate, hence ((K1+M)/I)/(M/I) is at
the same time nodegenerate (using [10, 4.13]) and has zero cube because I = Uk, K3
and

(K1 /1) + (M/1)) /(M[1) = (K /1) /(K1 /T) 0 (M/T)).

Therefore ((Ky + M)/I)/(M/I) = 0, ie., Ky + M = M, ie., Ky C M. Thus
(K/K;y)/(M/K,) 2 K/M = (K/I)/(M/I) is nondegenerate, and, as a consequence,
R/Ky =Mc(K/K,) C M/K;,ie, RC M.

By (1.1) with J; = K, we obtain w(M) C Mc(J) = 0. In particular
Upm—1 U™ = Uy -1 U, Upb™ 2 = w(b™3) = 0.

Therefore, b™~1 € Mc(J) = 0 by (2.4), which is a contradiction. m

3. The Kurosh Problem for Jordan Nil Systems

3.1 Following [10, Sections 3 and 4], the nilpotency of elements in Jordan pairs
and triple system is given in terms of their homotope algebras :
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Let V be a Jordan pair. Given 2T € VT, 2= € V—, we will say that the pair
(zF,27) is nilpotent if zt is nilpotent in the homotope algebra V(™) of V at 2~
which is equivalent to £~ being nilpotent in the homotope algebra y—@") by [10, 3.8].
We will say that the Jordan pair V is nil if (z™,27) is nilpotent for any x* € VT,
- eV,

Let J be a Jordan triple system. Given x,y € J, we will say that the pair (z,y)
is nilpotent if it is nilpotent in the Jordan pair V(J). We will say that the Jordan
triple system J is nil if V(J) is nil as a Jordan pair.

An ideal I of V (resp. of J) is said to be a nil ideal if it is nil as a Jordan pair
(resp. as a Jordan triple system).

3.2 The nil radical Nil(J) of a Jordan pair or triple system J is the sum of all
nil ideals of J. It turns out to be the biggest nil ideal of J by [10, 4.14]. Since Mc(J)
is locally nilpotent by [4, 2.11], it is a nil ideal and, hence, Mc(J) C Nil(J).

3.3 A Jordan pair V will be said to be nil of bounded degree, if there exists
a positive integer n such that, 27 ) = 0, for any 2t € V*t, 2= € V~, where
(7)) denotes de n-th power of zF in the homotope V(7). Notice that, by [10,
3.8], = (+12") = 0 too. A Jordan triple system J will be said to be nil of bounded
degree if V (J) is nil of bounded degree.

3.4 Given an essential Jordan polynomial f € FJ[X], a Jordan system J is said
to satisfy the homotope polynomial identity f = 0, if all its homotope algebras satisfy
the polynomial identity f = 0, i.e, the linearizations of f vanish when evaluated in
all the homotopes of J. In this situation J is said to be homotope-PI.

As for algebras, we will study the behaviour of nilpotent elements in a class of
Jordan systems which includes those which are homotope-PI.

3.5 THEOREM. Let V be a Jordan pair such that, for every local algebra V7,
y € V77, 0 ==, there exists an essential polynomial f, € FJ[X] such that fy(Vy) =
0. Then Nil(V)) = Mc(V'), hence it is locally nilpotent. In particular, this holds if V
15 homotope-PI.

PROOF: As in the proof of (2.5), it is enough to prove the equality. Moreover,
we can assume that V' is nondegenerate, so that we have to prove that Nil(V') = 0.

Put Nil(V) = (N, N7). Since Nil(V) is an ideal of V, Nil(V) is nondegenerate
by [10, 4.13]. Hence, for any y € N7, 0 = &,

(1) N is nondegenerate

by (2, 3.1(i)]. It can be readily seen that the local algebras of Nil(V') are isomorphic
to ideals of the local algebras of V', hence, for any y € N7, 0 = &,

(2) fy(Ny) =0.
Since N, is nil, we can apply (2.5) to obtain NJ = Mc(N,) = 0 by (1). We have
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shown that all local algebras of Nil(V') are zero, i.e., Nil(V) is a trivial ideal of V.
But Nil(V') was also nondegenerate, hence Nil(V) = 0. m

By using the functor V( ), we have an analogue of the previous theorem for
Jordan triple systems.

3.6 COROLLARY. Let J be a Jordan triple system such that, for every local
algebra Jy, y € J, there exists an essential polynomial f, € FJ[X]| such that f,(J,) =
0. Then Nil(J) = Mc(J), hence it is locally nilpotent. In particular, this holds if J
1s homotope-PI. m

Notice that a Jordan pair or triple system which is nil of bounded degree is, in
particular, homotope-PI. Hence, we can apply [4, 2.11], (3.5) and (3.6) to obtain:

3.7 COROLLARY. If a Jordan pair or triple system is nil of bounded degree, then
it 1s McCrimmon radical, hence locally nilpotent. m

3.8 COROLLARY. If a finitely generated Jordan pair or triple system is nil of
bounded degree, then it is nilpotent. m
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