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HERBIE: A CUBIC LINEAR COUNTEREXAMPLE
TO THE DEPENDENCE PROBLEM

MICHIEL DE BONDT

ABSTRACT. We show that there exists a cubic linear counterexample to the
(Homogeneous) Dependence Problem in dimension 53. More generally, there
exists a power linear counterexample of degree d to the (H)DP (in sufficiently
large dimensions), if and only if there exists any counterexample of degree d
to the (H)DP.

1. INTRODUCTION

The study of power linear maps started in 1983, when L.M. Druzkowksi showed
that in order to prove the Jacobian Conjecture, one only needs to prove the cubic
linear case, see [6]. The Jacobian Conjecture asserts that for a polynomial map

F = (Fl, P, .. ,Fn) S (C[ZE]“
with Cl[z] = C[z1, z2, . . ., x,], the so-called Keller condition
det JF € C*

where JF is the Jacobian of F, implies that F' is invertible, i.e. there exists a
polynomial map

G =(G1,Ga....Gp)
such that
FG)=G(F)==x
where © = (21, 29, ..., x,) is the identity map.

Now Druzkowski showed that in order to prove this conjecture, one may assume
that F is of special cubic linear form, i.e.

(1.1) F=(x1+ L3 ao+ L3, 0y +L3) =2+ L

where L; = Aj1x1 + Ajpxo + - - - + Ajpy, 1s a linear form for each . On the other
hand, if the Jacobian Conjecture turns out not to be true, then one can find a
counterexample of the form (1.1) as well.
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A conjecture that is studied in connection to the JC is the so-called Linear De-
pendence Problem for (Homogeneous) Jacobians. This problem is the following;:
Assume H is a homogeneous map in dimension n of degree d > 2, such that JH
is nilpotent. Is there a vector v over C such that v* - 7H = 0. Or equivalently:
is there a vector v over C such that (v, H) = 0, where (-, ) is the usual bilinear
product. We call this problem HDP(n,d). We get a more general problem if H
does not need to be homogeneous, which we call GDP(n,d).

It is known that GDP(n,d) has an affirmative answer, if and only if either
n<2orn=3andd < 3, see eg. [8]. The homogeneous variant of this
conjecture has an affirmative answer for n < 3, see [1]. Also, HDP(4,2) and
HDP(4,3) have affirmative answers, see e.g. [8]. But in [2], it is shown that
HDP(5,d) has a negative answer for all even d > 6. Furthermore, HDP(n,d)
has a negative answer for all n > 6 and d > 4 and HDP(n,3) has a negative
answer for all n > 10.

So there exists a cubic counterexample to the homogeneous dependence prob-
lem in dimension 10. We show that there exists a counterexample of cubic lin-
ear form as well. The proof essentially uses the same reduction techniques as
Druzkowksi used for the JC, which were later refined by G. Gorni and G. Zampieri
to relate other problems to the special cubic linear case as well, see [9] or [8, §6.4].

In section 1, we show that there exists a counterexample to the power linear
dependence problem, i.e. a counterexample of cubic linear form to the homoge-
neous dependence problem. In section 2, we study a conjecture on power linear
maps of large degree, formulated by He Tong on the conference.

2. POWER LINEAR COUNTEREXAMPLES TO THE DEPENDENCE PROBLEM

The map

6z10(x9x1 — T10%2)
69 (r9r1 — T1072)
6210(T923 — T1074)
6x9(xor3 — T1024)
7 6210(T925 — T1076)
N 69 (xors — T10%6)

6xg(x124 — T223)

6x9(r306 — T4T5)
6(xg(z174 — T2T3) " x7(r3me — T4T5))

Ty

is a cubic homogeneous counterexample to the Linear Dependence Problem (J H
is nilpotent). One can verify that there are 53 cubic linear powers such that each
component of H can be written as a Z-linear combination of these powers:
Hy = (21+ 39+ 710)° — (114 29)° — (21 4+ 210)° + 2] —
(w9 + £E10)3 + :Eg + :E‘I)g — (w2 + £E10)3 — (@ — ZE10)3 + Q:Eg
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Hy = —(w3+x9+210)° + (22 + 39)° + (w2 + 210)° — 25 +

(zg + 210)® — 23 — 23 + (21 + 29)® + (21 — 19)> — 223
Hs = (x3+ 29+ 710)® — (23 + 29)" — (w3 + 210)° + 25 —

(zg + 710)" + 2§ + 23 — (24 + 210)® — (T4 — 210)° + 227}
Hy = —(z4+x9+210)° + (24 + 39)° + (x4 + 210)° — 2§ +

(g + £10)® — 28 — 23 + (23 + 29)® + (23 — 19)> — 223
Hs = (z5+ 29 +210)° — (w5 + 29)® — (w5 + 210)° + 23 —

(zg + 210)® + 23 + 235 — (w6 + 710)° — (26 — 710)> + 277
Hy = —(z6+x9+ x10)° + (26 + 29)> + (26 + 210)> — 25 +

(w9 4+ £10)® — 28 — 23 + (x5 + 29)® + (25 — 19)> — 223
H; = (z14+xz4+ ZE9)3 — (1 + ZE4)3 — (21 + ZE9)3 — (24 + ZE9)3 +

23+ 2] — (32 + 23 + 29)° + (22 + 23)% + (22 + 20)% +

(x3 + 29) — :17% — :Eg

Hy = (z3+x6+29)° — (w3 +26)" — (23 + 29)® — (w6 + 29)® +
a3+ — (x4 + x5 + 29)° + (w4 + 25)% + (24 + 20)% +
(x5 4 x9)° — x5 — 3

Hy = (5171 + x4 + 5178)3 — (:El + ZE4)3 — (:Eg + ZE1)3 — (:Eg + :E4)3 +

:E‘I5 + 2:Ei — (ZEQ + x3 + :Eg)g + (ZEQ + ZE3)3 + (:Eg + ZE2)3 +
(g + 23)3 — 23 — (x3+ w6 + 27)% + (23 + 26)° +
(z7 4 23)° + (z7 + 26)° — 2 — 205 + (24 + 25 + 27)° —

(x4 + 25)° — (w7 +24)° — (27 + 25)° + 23
H10 = $g
Furthermore, one can check that these 53 linear powers are linearly independent.
The number 53 is responsible for the dimension of the cubic linear counterexample
to the homogeneous dependence problem.

It is not known whether there exists a quadratic counterexample to the H D P.
But there does exist a quadratic counterexample to the GD P, namely the map

Z2
ZE% — X3
2:E1$2 — T4

3

H=

is a quadratic counterexample to GDP(4,2). Hence the map

€2
:E%—:Eg—l—l
2:E1:E2—$4—2
:E%—I—l

H =

is a quadratic counterexample to the GDP as well.
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Now H = B - G, where

(:Ez + 1)2
(22— 1)
(:El + 1)2
(1 +£E2)2
(221 + x3 + 1)?
(221 +x3 — 1)?
(3 + 24 + 1)2
(:Eg + T4 — 1)2

and

O =
o
= © <

N

N[
)
—
O = O O
|
=
= O

[enFUNIE
Ori— O O

1
3 0

N|—
o
o

Definition 2.1. We call a map quadratic affine, if and only if it is of the form
(L2,L3,...,L2) with deg L; < 1 for all i.

G = (L3, L3, ..., L3) is quadratic affine with

Ly To+ 1
L2 :L'g—l
L3 ZE1+1
I — Ly | _ 1+ T2
L5 2x1 +x3+1
Lg 2¢1+x3 — 1
Ly T3+ x4+ 1
Lg T3+ 24— 1

Theorem 2.1. If 7 (BG) is nilpotent, then J(G(Bz)) is nilpotent as well.

Proof. Assume (J(BG))™ = 0. Then

J(G(Bx)"™ = (JG)a=ps- B)""
= (JG)a=pe - (J(BG));=p, B
— 0
whence J(G(Bz)) is nilpotent. O

Since J(BG) = JH is nilpotent, so is J(G(Bzx)),

so G(Bx) is a candidate counterexample to the GDP.
The following properties of G = (L%, L3, ..., L%) and B hold:
e [2 L2 ... L2 are linearly independent over C,

o L; € Clxy,x9, w3, 24] for all 7,
o (11,9, 13, 14) — B(x1,x9,x3,24,0,0,0,0) is invertible,
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The above properties imply that G(Bx) is a quadratic affine counterexample to
the GDP.

The following properties of H hold for all 7: 1 <4 < 8:
n
H;=> ByL{
j=1

where B;; is the j-th entry of the i-th row of B.

Lemma 2.1. Let f be a homogeneous polynomial of degree d over C. Then f
can be written as a sum of d-th powers Lgl of linear forms.

Proof. Since each polynomial is a sum of monomials, we may assume that f
is a monomial. Assume first that f = :E{:Eg_T. We show that f can be writ-
ten as a sum of x¢, (v1 + z2)9, (z1 + 222)%, ..., (1 + dw2)?. So assume that
this is not the case. The space of homogeneous polynomials in z7 and zo of
degree d is (d + 1)-dimensional, for it is generated by the d + 1 polynomials
:L"‘f,:ncll_lzng, .. .,:Elzng_l,:ng. Since the d + 1 linear powers x¢, (x1 + z2)%, (x1 +
229)%, ..., (z1+dx2)? do not generate all homogeneous polynomials in 21 and

of degree d, they are linearly dependent, say that
(2.1) Mozl + M (@1 + 22)% + Na(@1 4 222)4 + -+ - + Na(@1 + daa)? = 0
with A\; # 0 for some i. We show by induction on d that this is impossible.
Differentiating (2.1) to zo gives

(@1 4 20) T 4 20 (@1 + 222)7 + -+ dAg(zy + dzp)?TE = 0.
Substituting 1 = z1 — x2 and writing A} := (i + 1) \;41 gives

08 N (g F o) N (A (d - Dap)?t =0

and \; = 0 for all ¢ follows by induction on d.

Assume next that f is a monomial in m > 2 indeterminates and that every
monomial of degree d in less than m indeterminates can be written as a sum of
linear d-th powers. Then f = gh, where ¢ is a bivariate monomial of degree ¢
and A is a monomial of degree d —t in m — 2 indeterminates. Since g is bivariate,
we can write g as a linear combination of ¢-th powers of linear forms, say that

g=L '+ L5+ - +LL

Then f = hL} +hL5+---+hLL, so it suffices to write hL! as a sum of linear d-th
powers. For that purpose, we first write hy’ as a sum of linear d-th powers. This
is possible, since hy' only has m —2+1 < m indeterminates. Next, we substitute
y = L. O

Corollary 2.1. For each degree d > 3, there exists a power linear counterexample
of degree d to the HDP.

Proof. Let H be a counterexample of degree d that is not necessarily power linear
(such H exist, see [2]). According to Lemma 2.1, there exists a set of, say, N linear
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forms L;, such that each component of H can be written as a linear combination
of the components of G := (L{, L4,..., L%), i.e. H= BG for some matrix B.

The construction of a power linear counterexample of degree d to the HDP is
similar as that of the quadratic affine map given above. O

Corollary 2.2. There exists a quadratic linear counterexample to the HDP, if
and only if there exists a quadratic counterexample to the HDP.

3. POWER LINEAR KELLER MAPS OF LARGE DEGREE
Definition 3.1. We write (Az)*? for the map ((A12)%, (A2)%, ..., (A,z)9).

On the conference “Polynomial automorphisms and related topics”, He Tong
formulated the following conjecture:

Conjecture 3.1 (He Tong). There exists a function E : N — N, such that for
special power linear Keller maps in dimension n of the form F = x + (Az)*¢, d >
E(corankA) implies that F' is “ditto triangularizable”, i.e. there is a T € GL,(C)
such that

1. J(T~YFT) is triangular (i.e. F is linearly triangularizable),
2. T7YFT is special power linear as well (i.e. T"'FT = x + (Bx)*® for some
matriz B).

The following theorem shows that this conjecture has an affirmative answer.

Theorem 3.1. Let F = x + (Ax)*? be a special power linear Keller map from
C™ to C" and ¢ = corankA. Assume that d > (2°' — 1)2. Then there is a
T € GL,(C) such that T~ FT is of the form

T7'FT =z + (Bx)*
such that B is a triangular matriz.
Before we prove this theorem, we need a lemma:

Lemma 3.1. Let R be a nonzero relation with deg,, R <1 such that
R<!Eila ad, . a2l Az + Aoz + o+ Agay)
(A2121 + Ao 4 - - - + Ao )%,
(3.1) Ceey (/\071:E1 + /\072:E2 —+ -4 /\C7T$T)d> = 0.
Ifd > 2611 (2¢41 —2) then two of the arguments of R above are linearly dependent.

Proof. Let m be the degree of R. Without loss of generality, we may assume
that Ry, # 0. Assume furthermore that Ay 1A21-- Ay #0and Apjq 1 =--- =
Aci1 = 0. Then there exists a relation R € K|z, 22, ..., 2¢+1] with deg R < m

and deg, R(z) <1 for all 4, such that

(3.2) R(:Ecll, (/\171:E1 —+ 4 /\17T$T)d, cey (/\0/71:E1 —+ o+ /\C/7T$T)d> =0
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where K = C(x9,x3,...,x,). Now let t1,ts,...,tx be the terms of R and define
gi 1= ti(lEl, /\171:E1 + -+ /\17T:ET, RN /\0/71:E1 S /\c’,r:ET)
for all 4. Then (3.2) comes down to
gitgs+-+gi=0.

Assume that d > 2¢71(2°t1 — 2). Since R has degree < 1 with respect to each of
its ¢’ + 1 arguments, it has

k g 26/—1—1 g 2C+1
terms, whence d > k(k — 2).
From [3, Cor. 3.2], using Lefschetz’ principle on the algebraic closure K of K,

it follows that there are i # j such that g; and g; are linearly dependent over K
and hence over K as well.

Since t; and t; are not linearly dependent over K (otherwise they would not
have been separated as individual terms), two arguments of R must be linearly
dependent over K. Since the leading coefficients with respect to x; of both
arguments of R are constants in C these arguments of R are linearly dependent

over C. The arguments of R are a subset of those of R, so the desired result
follows. O

Proof of Theorem 3.1. If there is a permutation P such that P~' AP is triangular,
then P~'FP is of the form x + (Bz)*? such that B is a triangular matrix and
we are done. So assume that a permutation P as above does not exist. Then it
follows from [7, lemma 1.2] (see also [8, prop. 6.3.9]) that A has a principal minor
determinant that does not vanish, say that some principal minor of size (m x m)
has a nonzero determinant.

Since J (Az)*? is nilpotent, the sum of the determinants of its principal minors
of size (m x m) is zero. It follows that

(3.3) > Miy g, i (A @) (Agy) - (A 2) T =0

1< <ig < <im <n
where A; is the j-th row of A and M;, 4, . ;,, is the principal minor determinant
of A that corresponds to the row and columns with indices iy, 9, . . ., im.

Since not all M;, ;, ;. are zero, it follows from (3.3) that

m

R = Z M, o, imYir Vi ** Yim

1<i1<ig < <im<n

is a nontrivial relation between (A;2)?~1, (Ayx)?=1 ... (A,2)?" 1. Clearly,
deg,, R < 1 for all 4. It follows from 3.1, noticing that d — 1 > 2¢+1 (29! — 2),
that

(A, 2)47t = N(45,2)
for some A € C and i, # j,, furthermore M;, ;, . ;. # 0 for certain i1 < iz <
e < im-
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Since M, 4. i, # 0, it follows that (Az-pzzs)d_1 # 0. Subtracting row j, of A
A times from row i, of A results in a matrix with more zero rows than A. So
if 77! is the elementary matrix that subtracts row Jq A times from row i,, then
T~FT is of the form z + (Bz)*? such that B has more zero rows than A. Now
the result follows by induction on the number of nonzero rows of A. O

At the very end, we present a table on what is known about the H D P for power
linear Keller maps of several degrees d in several dimensions n. We know that
the HDP has an affirmative answer for large degrees compared to the dimension
and a negative answer if the degree d > 3 is fixed and the dimension is sufficiently
large.

WV IivIivIivIivIiv]izl2 222272 xx
9l vIvVIVIVIVIVIZI 2222|7272 xx
sV ivIivIVIVIVI?2 2222272 oxx
TlVIVIVIVIVIVIZ 222 2] 7] axx
T 6 v ivIivIivivivizoizl2ola2l2| 22|
N VA VA RVE VA BV RV P I I BN R IR R s
4 lvivIivVIVIVIVI?2ZI 22227272 mxx
3|1V IVIVIVIVIVIVI?Z 22277 m»x
2l VIVIVIVIVIVI?oI2 222272 222
L{VIVIVIVIVIVIVIVIVIVIV|IVI]IV]W
112345 |6|7|s8|9]10]11]12]13

Power Linear Dependence Problem
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