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Abstract
Let V be a finite-dimensional vector space over IF,. We say that a multilinear form «: V* — ¥, in k vari-
ables is d-approximately symmetric if the partition rank of difference a(x,, . . ., %) — @ (Xzq)> - - - » X7 () IS at

most d for every permutation 7 € Sym,. In a work concerning the inverse theorem for the Gowers unifor-
mity ||-||y+ norm in the case of low characteristic, Tidor conjectured that any d-approximately symmetric
multilinear form o: V* — TF, differs from a symmetric multilinear form by a multilinear form of partition
rank at most O, (1) and proved this conjecture in the case of trilinear forms. In this paper, somewhat sur-
prisingly, we show that this conjecture is false. In fact, we show that approximately symmetric forms can
be quite far from the symmetric ones, by constructing a multilinear form o: F} x F7 x F} x 7 — ¥,
which is 3-approximately symmetric, while the difference between « and any symmetric multilinear form
is of partition rank at least (/).
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1. Introduction

For a function f: G— C on a finite abelian group G, the Gowers uniformity norms |-l .
introduced by Gowers in [6] are given by the formula

k
=B Ag.. 4f(),

Al5..0),XE

where A ; stands for the discrete multiplicative derivative operator defined by A ,f(x) = f(x + a)
f(x). Gowers introduced these norms in order to obtain a quantitative proof of Szemerédi’s
theorem on arithmetic progressions, and they serve as a measure of the higher order quasiran-
domness of functions defined on finite abelian groups. A basic illustration of this phenomenon is
given by the following fact: whenever A C Z/NZ is a set of size §N such that |14 — 8[| x = o(1),
then A has (1 + 0(1))8¥T'N? arithmetic progressions of length k + 1. This motivates the study
of functions which have large uniformity norms. The results which describe such functions
f: G=>D={zeC: |z| <1} are referred to as the inverse theorems for uniformity norms and
typically have the following form: given the group G and order k, there is some algebraically
structured family of functions Q, depending on G and k, such that whenever f: G— D is a
function with the norm bound ||f||jx > ¢, then one may find an obstruction function g € Q such

that |Eyegf (x)q(x)‘ > Q. x(1). One also requires that Q is roughly minimal in the sense that
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an approximate version of a converse holds; namely whenever ‘Exer (x)@’ > ¢ holds for a

function f: G — ID and obstruction g € Q, then we also have the norm bound ||f|| jx > . x(1).

The family of obstruction functions can be taken to be nilsequences (which we will not define
here) when G =Z/NZ, as shown by Green, Tao and Ziegler [5], and phases of non-classical poly-
nomials (which we shall define later) when G = FZ, which follows from results of Bergelson,
Tao and Ziegler [1] and Tao and Zielger [20]. Another approach to these questions is via the-
ory of nilspaces developed in papers by Szegedy [19], Camarena and Szegedy [2], and Candela,
Gonzélez-Sanchez and Szegedy [3]. (See also detailed treatments of this theory in [9, 10, 11].)

The inverse theorems mentioned above are either ineffective or give poor bounds and, given
the applications, it is of interest to make the proofs quantitative. For general k, this was achieved
by Manners [14] for the case when G = Z/NZ and by Gowers and the author in [8] for the case
when G =T}, provided p > k, which is known as the high-characteristic case, when the family of
obstruction functions reduces to polynomials in the usual sense. Previously, quantitative bounds
were obtained in the inverse question for |||, norm by Green and Tao [4] for abelian groups of
odd order and by Samorodnitsky when G = IF} in [18] (see also a very recent work of Jamneshan
and Tao [12]).

On the other hand, in the so-called low characteristic case, where p < k, the bounds are still
ineffective. However, even in that case [8] gives a strong partial result. In the theorem below w =

exp (2mi/p).

Theorem 1. (Gowers and Milic¢evi¢ [8]). Suppose that f : FZ — D is a function such that ||f]| jx > c.
Then there exists a multilinear form o: Ty x Fy x ... x Fy — IFy such that

k—1

-1
E  Ag ... Ag f(x)o®@r-%1) 2(exp(ok(1)) (ok,p(c—l))) . (1)

X015 k1

From now on, we focus on G =F}} in the rest of the introduction. Before proceeding with the
discussion, we need to recall the notion of the partition rank of a multilinear form introduced by
Naslund in [17]. It is defined to be the least number m such that a multilinear form a: G% — I,
can be expressed as

olxy, ... xg) = Z Bi(xj: j € L)yi(xj: j € [d]\ L),
ie[m]

where ;: G — IFp and y;: Gl IF, are multilinear maps for i € [m]. We denote the quantity
m by prank(«). We may think of partition rank as a measure of distance between two multilinear
forms; the smaller the partition rank of their difference is, the closer they are. As an illustration of
this principle in the context of Theorem 1, we have the following lemma.

Lemma 2. Suppose that a function f: G — D and a multilinear form a: G*~1 — IF, satisfy

E Ag... Aak,lf(x)a)a(“l ..... ap_1)

X501 50— 1

> C.

Let B: G-1 > IF, be another multilinear form such that prank(oc — B) <r. Then

> Cp—Zr.

B(ars...ak_1)
x,al,.]?ak,l Ay .. Ay fo

Returning to the discussion of the inverse theorems for uniformity norms in finite vector
spaces, the deduction of the inverse theorem when p > k proceeds by studying the multilinear
form o provided by the Theorem 1. The symmetry argument of Green and Tao [4] and the good
bounds for the analytic versus partition rank problem [13, 15] show that « is r-approximately
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symmetric for some r = exp(ok(l)) (Ok,p(c_l)), by which we mean that the partition rank of the
multilinear form (x1,...,xk—1) > a(x1,. .., X—1) — (X7 (1) - - - » X (k—1)) s at most r for all
m € Sym;_,. To finish the proof of the inverse theorem, at the very last step we invoke the

assumption p > k, which allows us to define the symmetric multilinear map o : G&~! — I, by

a(al,...,ak_l)zﬁ Z Oé(an(l),..~,an(k_1)))

" weSymy_,

which satisfies prank(o — o) < (k — 1)!r since « is r-approximately symmetric. Lemma 2 allows
us to replace « by 0. As it turns out, when p > k the polarization identity shows that all symmetric
forms are iterated discrete additive derivatives of polynomials (see the definition of non-classical
polynomials below for the definition of discrete additive derivatives), showing that the function
X f(x)w"‘(""“”‘) has large ||| x-1 norm, which completes the proof (we assume the inverse
theorem for the ||-|| jx-1 norm as inductive hypothesis).

Low characteristic obstacles. Let us now define non-classical polynomials which are the relevant
obstructions in the low characteristic case. Similarly to discrete multiplicative derivative, fora € G
we define discrete additive derivative operator A, by expression A,f(x) =f(x+ a) — f(x) for a
function f: G — H from G to another abelian group H. A function f: F; - T =R/Z is a non-
classical polynomial of degree at most d if Ag, ... Ag,, ,f(x) =0forallay,...,a4;1,x € Fp. (See
[20] for further details, including alternative description of non-classical polynomials.)

The first obvious question is, given that the family of obstruction functions is richer when p < k
due to emergence of non-classical polynomials, how could we get from multilinear forms in (1)
to a non-classical polynomial? It turns out that, as in the case of classical polynomials, the iterated
discrete additive derivative of a non-classical polynomial (applied the right number of times) is
a symmetric multilinear form and it is possible to give characterizations of the forms that arise
in this way. The following lemma of Tidor [21], building upon earlier work of Tao and Ziegler,
achieves this goal.

Lemma 3. (Tidor [21]). Let a: GF~1 — IF, be a multilinear form. Then « is the discrete additive
derivative of order k — 1 of a non-classical polynomial of degree k — 1 if and only if a is symmetric
and

(X 3% Vs Apt s oo s Of1) =X Vs o o3 Vs A2y e o o> A1) (2)
Y Ap+ k—1 Y Y Gp+ k—1
p p

holds for all x, y, ap12, . . . ar—1 € G.

We say that a multilinear form is strongly symmetric if it is symmetric and obeys the additional
condition (2), as in the lemma above. Therefore, we may again pass from a multilinear form « to
the desired obstruction, provided we can show some additional properties of w.

In fact, in his work on the inverse question for ||-||j« norm in the case of low characteristic
[21], Tidor first showed that one may assume that « is symmetric and then used that information
to prove strong symmetry. Given all this, Tidor formulated the following conjecture, which he
proved for the case of trilinear maps.

Conjecture 4. (Tidor [21]). Let a: G* — I, be an r-approximately symmetric multilinear form.

Then there exists a symmetric multilinear form o : Gk — IF, such that prank(oc — o) < O(roM)
(where the implicit constants may depend on p and k).

The main result of this paper is that, despite its formulation being rather natural, the conjecture
above is false.
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Theorem 5. Given a sufficiently large positive integer n there exists a multilinear form o« : % x
F) x FY x FY — IF, which is 3-approximately symmetric and prank(oc — ) > Q(J/n) for all
symmetric multilinear forms o.

Regarding the approach to a quantitative inverse theorem for uniformity norms in the case of
low characteristic, this means that one needs to work more closely with the assumption (1). In
fact, it is possible to overcome the additional difficulties identified in this paper, and to prove a
quantitative inverse theorem for uniformity norms U> and U® in the case of low characteristic.

Theorem 6. (Quantitative inverse theorem for U> and U® norms, Corollary 6 in [16]). Let k €
{5,6}. Suppose that f: I} — D is a function such that ||f||yx > c. Then there exists a non-classical
polynomial q: %5 — T of degree at most k — 1 such that

‘ ]gf(x) exp (briq(x))‘ > (exp(Ok(l)) (Ok,p(c_l)))_l

Counterexample overview. The multilinear forma: F) x F) x I} x I} — IF, that will serve us
as a counterexample will have the crucial properties that it is symmetric in the first three variables,
while satisfying the identity

alx, y,z,w) +a(w, y, z, x) = p(x, y)p(z, w) + p(x, 2) p(y, w)

for some bilinear map p of high rank.! It is easy to see that such a form « is necessarily 3-
approximately symmetric. On the other hand, to prove that & is far from symmetric multilinear
forms we use bilinear regularity method, used in [7], which consists of passing to subspaces where
the rank of bilinear maps is large and then relying on the high-rank property to obtain equidistri-
bution of values of the relevant bilinear maps. Using the usual graph-theoretic regularity method?
would give much worse bounds in Theorem 5.

2. Preliminaries

For the rest of the paper, fix a positive integer n and set G =IF'}. In this preliminary section we
setup the notation for an action of the symmetry group Sym, on G*, we recall the notion and
properties of the rank of bilinear maps and we discuss the bilinear regularity method needed for
the proof of Theorem 5.

Action of Sym,. We define a natural action of Sym, on G* given by permuting the coordinates,
which is similar to the left regular representation of the group Sym,. For a permutation 7 € Sym,
we misuse the notation and write 7 : G* — G* for the map defined by 7 (x1, x2, x3, x4) = (xn—1(1),
Xz-1(2)> X7-1(3)> Xz -1(4))- [t is easy to see that this defines an action on G*. Hence, given a multilin-
ear form a: G* — I, and a permutation 7 inducing the map 7 : G* — G*, we may compose the
two maps and the composition « o 7 would also be a multilinear form. For example if 7 = (1 2 3)
in the cycle notation, then o o 7 (x1, X2, x3, x4) = (%3, X1, X2, x4). With this notation, our main
result can be expressed as follows: there exists a multilinear form o: G* — T, such thata + @ o 7
is of low partition rank for all # € Sym, and « differs from any symmetric multilinear form by a
multilinear form of large partition rank.

Rank of bilinear maps. Let U, V be finite-dimensional vector spaces over . Let 8: U x V — [F
be a bilinear form. Fix a scalar product on V and let B: U — V be the map such that B(x, y) =

UIn the case of bilinear forms, the partition rank becomes just the usual notion of rank from linear algebra.

2Fora given bilinear map f: U x V — I} and a value A € IF/, where U and V are finite-dimensional vector spaces over IF';,
we may consider the bipartite graph with vertex classes U and V and edges uv for all pairs of vertices that satisfy S(u, v) = A.
To understand the regularity properties of this graph we may use Szemerédi’s regularity lemma and the graph counting lemma
which would roughly have the roles of Lemmas 10 and 11 respectively. This would require applying Szemerédi’s regularity
lemma with the error parameter & roughly p=".

https://doi.org/10.1017/50963548322000244 Published online by Cambridge University Press


https://doi.org/10.1017/S0963548322000244

Combinatorics, Probability and Computing 303

B(x) - yforall x € U and y € V. We define the rank of 8 to be the rank of B. The following lemma
gives a few other characterizations of the rank and shows that the rank is well-defined (this follows
from part (i)).

Lemma 7. (Alternative characterizations of rank). Let 8: U x V — I, be a bilinear form.

i. We have Exey,yev(—1)P0) = 27rankf,

ii. Whenever p(x,y)= Zie[s] ui(x)vi(y) for linear forms wuy,...,us: U—1TFy and
Vis...,Vs: V=T, such that uy,...,us are linearly independent and vy,...,vs are
linearly independent, then s = rankp.

iii. The rank of B is the least number s such that B(x,y) =Y
U, ... us: U—=TFrandvy,...,vs: V— TFs.

Proof. Proof of (i). If B(x, y) = B(x) - y forall x € U, y € V, then

icls) 4i(x)vi(y) for linear forms

E (-1)/®)= E (=1)!®Y=E 1(B(x)=0)= E 1(x € ker B) = | ker B|/|U]|.
xeU,yeV xeU,yeV xeU xeU

By the rank-nullity theorem | ker B|/|U| = 1/|ImB|. The rank of g is defined as the dimension
of the image space ImB, hence

E (_l)ﬁ(x,y) — 2—rank/3,
xeUyeV

as desired.

Proof of (ii). Let us define linear map u: U — I, by concatenating forms u;, namely u=
(u1, ..., us). We claim that u is surjective. If it was not surjective, the subspace Imu < I; would be
proper and there would exist a non-zero vector A € (Imu)*. But then Aju; + . . . + Asu; would be
identically zero, which would be in contradiction with the assumption that u, . .., u; are inde-
pendent. In particular, the linear map u: U — IF takes all values in I} an equal number of
times (namely | ker u| =27°|U]| times). Using the same property for v, ..., vs and claim (i) of
the lemma we conclude that

kb B (= B (e = B (—1)*P'= E 1(a=0)=2"",
xeUyeV xeUyeV a,belF, aclF,

proving that s = rankp.

Proof of (iii). Let d = dim U. Clearly, such a decomposition exists, as we may simply take a basis
e1,...,eq of U, giving coordinates x1, . . ., x4 of vectors x € U, and consider

Blxy) = xileiy).

ie[d]

On the other hand, if we have a decomposition with smallest possible s then uy, . . ., us need
to be linearly independent. To see that, note that if have linear dependence, then (after a possible

reordering of the forms) we have u; = Zje[z,s] Mjtj, SO

B(x,y) = Z ui () (vi(y) + wivi(y),

jel2,s]
which has s —1 terms in the sum, which is a contradiction. Hence uy, ..., us are linearly
independent, and analogously, so are vy, . . ., vs. The claim follows from the part (ii). U

Let us also record two very simple but useful facts about bilinear forms of low rank.
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Lemma8. Let 8: U x V — ¥, be a bilinear form of rank r. Then there exists a subspace U' < U of

codimension at most r in U such that B, =0.

Proof. By the definition of rank, r is the rank of the linear map B: U — V that satisfies 8(x, y) =
B(x) - yforallx € U, y € V for a given scalar product on V. By the rank-nullity theorem, the kernel
U’ =kerB < U has codimension r. Hence, when x € U, y € V we have B(x,y) =B(x) -y =0, as
desired. O

Lemma 9. Let 8: U x V— I, be a bilinear form of rank r. Let U <U be a subspace of
codimension d inside U. Then B| ., has rank at least r — d.

Proof. Let s be the rank of B| . By part (iii) of Lemma 7 we have linear forms
Uy, ..., us: U =T, and vy,...,vs: V— F, such that B(x,y) = Zie[s] ui(x)vi(y) holds for all
x € U and y € V. We may extend each u; to a linear form ii;: U — 5. Let 8/(x, y) = B(x, y) +
Zie[s] #4;(x)vi(y). The map B’ is a bilinear form on U x V which vanishes on U’ x V. We claim
that " has rank at most d. Since we also have that (x, y) = B'(x, y) + 3 (g #i(x)vi(y), it follows
that B can be written as a sum of at most s + d terms of the form u/(x)v'(y) for suitable linear
forms ¥': U— F, and v': V — TF, and so by part (iii) of Lemma 7 we have r < s+ d as desired.
We now return to showing that rankg’ < d.

Since U’ has codimension d inside U, we may find linearly independent elements ey, . .., e4 €
U such that U= (e}, ...,eg) ® U'. We thus obtain linear forms ¢y, ...,¢z: U— IF, and a lin-
ear map 7: U— U’ such that for each x€ U we have x= Zie[d] pi(x)e; + mw(x). Using this
decomposition, for arbitrary x € U, y € V we see that

By =8 (D ei@ei+7(0.7) =D 6B ) + B @@, =Y ¢ (e y).

ield] ie[d] ield]

Part (iii) of Lemma 7 implies that rank8’ < d. O

Bilinear regularity method. In the proof that our example has the desired properties we need the
algebraic regularity method for bilinear maps. This method was used in [7]. The following lemma,
in the spirit of Corollary 5.2 of [7], essentially shows that for a given bilinear map we may pass to a
subspace on which it behaves quasirandomly (which in the bilinear setting simply means that the
restriction of the bilinear map has high rank).

Lemma 10. (Bilinear regularity lemma). Let m>1 be a positive integer. Let U be a finite-
dimensional vector space over IF, and let p, B1, ..., Br: U x U— ¥, be bilinear forms such that
rankp > (4r + 1)m. Then there exist a subspace U’ < U of codimension at most 2rm and bilin-
ear forms ay, .. .,as: U x U — Ty, where s <r, such that every non-zero linear combination of
o, . .. 0 and '0|U/><U/ has rank at least m, while every bilinear map among B, . . ., Br equals a

linear combination of oy, . . . ,as and p on U’ x U'.

Proof. Let us first set s=r, U' = U and «; = B;. We shall modify the number s, subspace U’
and maps «y, . . . , o5 throughout the proof. At each step of the proof the number of forms s will
decrease by 1, while the codimension of U’ will increase by at most 2m. Note that every bilinear
map among B, . . ., By equals some a; on U’ x U’ so we just need to make sure that ranks of all
non-zero linear combinations of «; and p are sufficiently large. Suppose on the contrary that there
is a linear combination of maps «j, . . ., & and Ply v such that

rank(klal + .+ s+ /,L,O|U/><U/) < m.

Since by Lemma 9 we have rankp|U/XU/ > rankp — 2(dim U — dim U’) > m, there exists a
non-zero A;. Reordering «; if necessary, we may assume that A; = 1. Thus, by Lemma 7(iii) there
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exist linear forms vi, ..., Vm V'1,. ..,V m: U — IF, such that
os(x, y) = Ao (6 p) + .o+ A1 1(%, y) + e y) F vi)Vi() 4+ . v (O ().

We may replace U by U' N {x € U’: (Vi € [m])vi(x) =v/i(x) = 0} and remove the form o, from
the sequence. The property that every bilinear map among B, ..., B, equals a suitable linear
combination on U’ x U’ is preserved and the procedure must terminate after at most r steps. [

The next lemma is an algebraic counting lemma, similar to Lemma 5.3 of [7].

Lemma 11. (Bilinear counting lemma). Suppose that o: I} x 5 — 7 is a bilinear map with
the property that the form X -« has rank at least m for all non-zero vectors » € IF}. Let C be a
coset of a subspace of F% of codimension d. Let € > 0. If m > 4r + 8d + 4 log, ¢! then ot|cx ¢ takes
every value in I, at least (1 — €)27T|C|? times. In particular, if m > 4r 4 8d + 4 then o|cxc is
surjective.

The reason for calling this lemma an algebraic counting lemma is that it is closely related to the
more traditional counting results. For example, we can easily deduce that for any vy, vy, v3 € I}
the number of triples x, y, z € I} such that a(x, y) = v1, a(y, z) = v; and «a(z, x) = v3 is approx-
imately 2737 - 23" as long as « is sufficiently quasirandom. In the graph-theoretic language, this
corresponds to counting triangles. Similarly, Lemma 10 is related to Szemerédi’s regularity lemma.

Proof. Suppose that the restriction a|cxc takes the value u € I}, at most (1 —¢)27"|C |2 times.
Then we have

1—e27> B 1c@)lc)l@@y)=u)= E lcx)lc(y) E (=1)+@E)=1
xyelF} xyelF} relF]

=277 E leWlc()+27 > E, Le() 1) (=1 @) —w
xyel, AeIF;\{O}X’ye 5

=272 Y DT B e le() (- D,
eI\ {0) et
Using the triangle inequality, we see that

3>

reFs\0)  C

E , Le@lep)(=D"*| > 2277,

2

so by averaging we obtain a non-zero A such that

‘ E  1c(x)Lcp) (=)™ | > g272,
x,yelF%

Applying Cauchy-Schwarz inequality” we obtain

2 2
82272r74d§ E ]lc(x)( E lc(y)(_l))va(x,}’)>‘ < E E ]lc(y)(_l)A~a(X,)’)
xelF} yelF} xelF% | yelF)
= / raleyty)
=E E 1lc(pLlc(y)(=1) :
xery,y/e]Fg‘

3This and the next step can be replaced with a single application of the two-dimensional Gowers-Cauchy-Schwarz
inequality.
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Another application of Cauchy-Schwarz inequality gives

E (_1)A~a(x,y+y’) 2
xelF}

/ 2
ghatr=8d 1 | llc(y)llc()/)( E (—1)”“(’“’””) < E
vy €F! xely 7y €FY

/ ’
- E E (_1)A.a(x+x J+y) - E (_l)k-a(x,y)
x,x’eIF;’ y,y’e]Fg‘ xyely

which equals 2 —rank(i-a) by Lemma 7(i). Hence ghp—4r—8d <27™ so m <4r+8d +4log, gL,
which is a contradiction. O

3. Example

Recall that # is a fixed positive integer, which we think of as large, and that G=IF}. Let ey, .. ., ey,
be the standard basis of G. Our example will be the multilinear form ¢: G* — IF, defined as

d(x,y,z,w) = Z <xiijjWi+xj}/izjwi+xjyjziwi>>
1<i<j<n

where the coordinates of vectors are taken with the respect to the fixed basis e, . . . , e,. We first
show that ¢ is approximately symmetric.

Lemma 12. The multilinear form ¢ satisfies =¢p o (1 2), p =¢ o (1 3) and

oy, z,w) =¢ o (1 4)(x,y,2z,w) + p(x, y)p(z, w) + p(x, 2) p(y, w)
where
pley) =Y xiyi
ie[n]

Proof. For each i and j the expression x;yjzjw; + x;yizjw; + xjyjziw; is symmetric in x, y and z
and hence the equalities = ¢ o (1 2) and ¢ = ¢ o (1 3) follow immediately. For the remaining
transposition (1 4) we perform some algebraic manipulation

oy, 2, w) + oW, ¥, 2, x)
= Z ((xiijjWi + xjyiziwi + xjyjziwi) + (Wiyjzixi + wiyizjxi + wjyjzixi)>

1<i<j<n

= Z (xjy,-zjwi + xjyjziwi + Xiyiziwj + xiyjz,-wj>

1<i<j<n

= 2 (xjﬂzjwiﬂiyjziWJ)Jr ) (xfyfziw"“"yﬂfwf)

1<i<j<n 1<i<j<n
= ( Z xjy,-zjw,-) + ( Z xjyjziwi)
ijeln]: i%j ijeln]: i
= ( Z xjy,-zjw,-> + ( Z ijjZ,'W,') +2- ( Z xiin,'W,')
ijeln]: i ijeln]: i ie[n)
=< Z xjy,-zjw,-) +< Z ijjZ,'Wi)
i,je[n] i,je[n]
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(£ ) (Eom)+ (E)( Eow)
jeln] ie[n] jeln] ic[n]
= p(x,2)p(y, w) + p(x, y)p(z, w),
as desired. 0
Since the transpositions (1 2), (1 3) and (1 4) generate the whole symmetric group Sym, we
immediately deduce that ¢ is 3-approximately symmetric.
Corollary 13. For any permutation w € Sym, we have prank(¢ +¢o n) <3.

Proof. Let V be the vector space consisting of the multilinear forms on G* of the shape
Arp(x, y)p(z, w) + dap(x, 2) p(y, w) + A3 p(x, w)p(y, z) for some scalars A1, Ay, Az € IF,. Since p is
a symmetric bilinear form it follows that V is invariant under the action of Sym,. The lemma above
shows in particular that ¢ + ¢ o 7 € V whenever 7 is one of the transpositions (1 2), (1 3) and
(1 4). Let w € Sym, now be an arbitrary permutation. The transpositions (1 2), (1 3) and (1 4)
generate Sym, so we can write 7 =Tj0T20...07 for some 7,...,7- € {(1 2),(1 3),(1 4)}.
Then we have

qbon—l—qbzz<¢o'[,-o‘[,-+1o...o‘L’r—I—gborH_loti+20...o‘fr>

ie[r]
ZZ (q&o‘r,--l—qﬁ)otiﬂo...otr
ie[r]

which is a sum of r forms, each of which is a member of V. Hence ¢ + ¢ om € V forall w € Sym,.
Since the partition rank of forms in V' is at most 3, the proof is complete.

In the rest of this section, we show that the map ¢ is necessarily far from any symmetric
multilinear form.

Theorem 14. Let r>1 be a positive integer. Assume that n > (1000r)>. For any symmetric
multilinear form o : G* — T, we have prank(¢ + o) > .

Proof. Let o : G* — T, be a symmetric multilinear form. Suppose on the contrary that prank(¢ +

o) <r. Then we may find linear forms u}, ..., ul,...,u},.. ., u}, bilinear forms y!,. .., y}, ...,
3 ~1 ~ ~3 ~ e 1 4
)/1,...,)/r3 and yl,...,yrl,...,yl,...,yf, and trilinear forms 6 ,...,9,1,...,91,...,9;1 (we

set some of the forms to be 0 to have a single parameter r instead of a separate count for each
sequence of forms) on the space G such that

o(x,y,z,w)=0(x,y,2z,w) + Z u,l (x)@il (y,z, w) + Z uiz(y)Qiz(x, zZ, W)

ie[r] ie[r]
+ Y (@6 (%, w)+ Y uf (Wb (x,y,2)
ie[r] ie[r]
+ Y e Em+ Y e R m + Y v wi,2)
ielr] ielr] ielr]

holds for all x, y, z, w € G. Let us pass to the subspace U= {x € G: (Vd € [4])(Vie [r])ufl(x) =0}
which has codimension at most 4. When x, y, z, w € U then

Py w) =0y w+ Y ¥ @I EW+ Y v w) + > v 6w, 2).

ie[r] ie[r] ie[r]
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In the rest of proof we deal with bilinear forms primarily so we simply use the word rank instead
of partition rank as the usual notion of rank is equivalent to the partition rank, as remarked earlier.
We now gather all 67 bilinear forms y/, . . ., 7> above into a single sequence and apply the bilinear
regularity lemma. Let m > 1 be an integer to be chosen later. Provided that

n>24rm+8r+m (3)

is satisfied, we may assume that rankp|yxy > 24rm + m (recall that rankp = n). Lemma 10 allows
us to find a subspace U’ < U of codimension at most 12rm inside U, a positive integer s < 67,
bilinear forms a1, ...,as: U x U’ — IF, such that every map among ¥/, ..., 7’ equals a lin-
ear combination of 1, ..., o and Ply on U’ x U’ and all non-zero linear combinations of
«o1,...,0sand 'OlU’xU’ have rank at least m.

Expressing maps ;,..., 7, in terms of these bilinear forms, we conclude that whenever
xy,z,wel

Pz w) =0y zw) + Y Ajeiln Yoz w) + Y N jeilx, 2)a(y, w)
i,j€[s] i,j€[s]

+ Z )\Nijai(-x> W)“](}’) Z) + ,O(X, }’),31 (Z, W) + P(x> Z)IBZ(}/> W) + /O(x> W)ﬁs()’, Z)

i,je[s]
+ P(}’> Z)ﬁ4(X, W) + P(}’> W),Bs(x> Z) + lo(zs W)IB6(-x’ )’) (4)
where Aj, A';j, A"';j € F are suitable coefficients and f,...,Bs: U x U' — IF, are suitable

bilinear forms.

We now use the approximate symmetry properties of ¢ in order to deduce that the coefficients
Aij» Mij, A" jj are symmetric in i and j and that forms «; are essentially symmetric. This will eventu-
ally allow us to simplify the expression in (4). The identity ¢ 4+ ¢ o (1 2) = 0 will be used to prove
the following claim.

Claim 15. Assume m > 40(s + 1).

i. There exists a subspace V! < U’ such that dim V! > dim U’ — 2s*> — 4s and for each j € [s]
the bilinear form )_;.(q Mijeti is symmetric on V' x V',

ii. Foralli,je [s], Mij=1"}.
Proof. Using the fact that ¢ + ¢ o (1 2) =0 and (4) we get

0=y ( D hijleilx )+ aily, x)))a,-(z, w)+ Y Wi+ 2 peilx, ey, w)

jels]  iels) ijels]
+ Z ai(x, W)( Z i+ Xy, Z))
ie[s] jels]
+ p(x, 2)(B2(y, w) + Baly, w)) + p(x, w)(B3(y; 2) + Bs(y, 2)) + p(y, 2)(Balx, w) + Ba(x, w))
+ p(y, w)(Bs(x, 2) + B3(x, 2)) + p(z, w)(Bs(x, ) + Bs(y, X)) (5)

forallx,y,z,we U'.

Proof of (i). Let j € [s] be given. Since any non-zero linear combination of p| U sy @l w5 Os has
rank at least m > 4(s 4+ 2) by Lemma 11 we can find z, w € U’ such that p(z, w) =0, o;(z, w) =0
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for all i # j and aj(z, w) = 1. Using this choice of z, w in (5) we obtain

D hijlei(n y) + iy, x) = il Z)( D 0+ M W))

i€[s] ie[s] Le(s]

+ > aiww)( X 0+ M e 2)) + o6 (B2 w)

i€[s] Lels]
+ Baly, w)) + p(x, w)(B3(y, 2) + B5(y, 2)) + p(y, 2)(Ba(x, w)
+ B2(x, w)) + p(y, w)(Bs(x, 2) + B3(x, 2))

for all x, y € U'. By Lemma 7(iii) we conclude that Zie[s] Aij(ai(x, y) + a;i(y, x)) has rank at most
25+ 4, s0 by Lemma 8 we may find a subspace U’; < U’ with dim U’; > dim U’ — 2s — 4 such that
> icls) Mijl@i(x, y) + iy, x)) = 0 when x, y € U’j. We may take Vvli= Njes) U'j-

Proof of (ii). Let i, j € [s] be given. This time we find elements x, y, z, w € U’ such that a1, . . . , &
and p are equal to 0 at all 6 points in the set {(x, y), (x, 2), (x, w), (, 2), (y, w), (2, )}, with the two
exceptions being o;(x, z) = a;(y, w) = 1. Once we have such elements x, y, z, w we use them in (5)
which reduces to just A’;; + 1”'j; = 0, proving that A";; = 1"j;, which is what we are after. To obtain
such a quadruple of elements x, y, z, w, provided m > 4(s + 2), we first apply Lemma 11 to obtain
(x,2z) € U x U’ such that p(x,z) =0, ay(x,z) = 0 when £ # i and «;(x, z) = 1. Then we define a
subspace

U={uecU: p(x,u)=p(z,u) =0 A (V€ € [s])ae(x, u) = ag(u, x) = ate(z, u) = e (14, z) = 0}.

Provided m > 4(s + 2) + 8(4s + 2), we may use Lemma 11 one more time to find (y, w) € U x
U such that p(y, w) =0, ag(y, w) = 0 when £ # j and ;j(y, w) = 1, completing the proof. O

Next, we use the second symmetry condition ¢ + ¢ o (1 3) =0 in a similar manner to prove
the following claim. We remark that we make use of Claim 15 in the proof.

Claim 16. Assume m > 100(s® + s + 1).
i. There exists a subspace V> < V! such that dim V? > dim V! — 2s® — 4s and D i Mijai is
symmetric for all j € [s] on V? x V2.
ii. Foralli,je [s], hj=A"ji.
Proof. The identity ¢ + ¢ o (1 3) =0 coupled with (4) gives

0= > (hjeti(x, Yz, w) + X jieei(y, M)tz w)) + Y Wijleri(x, 2) + iz, x))atj(y, w)
ije[s] i,je[s]

+ Y 0 el wa(y, 2) + Ajicti(x, whe(2, 7))

i,j€[s]
+ p(x, ¥)(B1(z, w) + Balz, w)) + p(x, w)(B3(y; 2) + Bs(z, y)) + p(y, 2)(Balx, w) + B1(x, w))
+ p(y, w)(Bs(x, 2) + Bs(z, x)) + p(z, w)(Bs(x, y) + B3(y, X)) (6)
forallx,y,z,we U

Proof of (i). Let j € [s] be given. Similarly to the previous claim, we apply Lemma 11 to find
y,we V1 such that p(y, w) =0, aj(y, w) = 0 for i # j and a;(y, w) = 1. Identity (6) for this choice

of y,w and Lemma 7(iii) show that the rank of the bilinear map (Zie[s] )\/ij(ai|levl (x,2) +
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ailyi (2, x))) is at most 2s + 4. Lemma 8 provides us with a subspace ij < V! with dim ij >

V! —2s— 4 onwhich )~ A/ is symmetric.* To finish the proof, take V? = Nje[q ij.
Proof of (ii). Using the part (i) of Claim 15 we see that whenever x, y, z, w € V!

D Ojei(, )iz, w) + 1 jic(y, x)atj(z, w))
i,j€[s]

= Z (Z Aijai(x,y))aj(z, w) + Z Vjiati(y, X)etj(z, w)

jels]  iels] ij€(s]

= Z (Z Aijeti(y, x))aj(z, w) + Z 1 jioti(y, x)tj(z, w)

jels]  iels] ijels]
= Z (Xij + M)y, 0)aj(z, w).
ije[s]

From (6) we obtain

0= O+ 1" ai(y, D)z w) + Y Vijleri(x, 2) + eti(z, x))atj(y, w)
ije[s] ije(s]

+ Y O el way(y, 2) + Ajicti(x, W)y (2, 7))

i,j€[s]
+ p(x, ¥)(B1(z, w) + Ba(z, w)) + p(x, w)(B3(y; 2) + Bs(z, y)) + p(y, 2)(Balx, w) + B1(x, w))
+ p(y, w)(Bs(x, 2) + Bs(z, x)) + p(z, w)(Bs(x, ) + B3 (¥, x)) (7)

for all x, y, z, w € V1. We now proceed as in the proof of Claim 15(ii). Let i, j € [s] be given. Since
m > 100(s? + s + 1), we may find elements x, y, z, w € V! such that a1, . . ., &s and p are equal to
0 at all 6 points in the set {(y, x), (x, 2), (x, w), (, 2), (¥, w), (z, w)}, with the two exceptions being
ai(y, x) = aj(z, w) = 1. (Note that this time we use the point (y, x) instead of (x, y).) Evaluating (7)
at (x, y, z, w) gives Aj; = 1. U

It remains to use the third symmetry condition ¢(x, y, z, w) + ¢ (w, y, z,x) = p(x, y) p(z, w) +
p(x, 2) p(y, w).

Claim 17. Assume m > 200(s* + s+ 1). Then Aij = )Jj,-for alli,j € [s].
Proof. The identity ¢(x, y, z, w) + ¢(w, y, 2, x) = p(x, y) p(z, w) + p(x, 2) p(y, w) implies that

0= Z (Mijai(x, y)ej(z, w) 4+ X jioi(y, x)ej(w, 2)) + Z (W ijei(x, 2)ej(y, w) + Ajicti(z, x)aj(w, y))

i,jels] i,je[s]

+ ) Wil w) + ai(w, x))etj(p, 2)
i,je[s]

+ p(x, y)(p(z, w) + B1(z, w) + Bs(w, 2)) + p(x, 2)(p(y, w) + B2(y, w) + Bs(w, ¥))

+ p(y, 2)(Ba(x, w) + Ba(w, x)) + p(y, w)(B5(x, 2) + B1(z, x)) + p(z, w)(Bs(x, y) + B2(y, x))
(8)

4The same argument could have been carried out inside the subspace U’ instead of V!, but we opted to pass immediately to
V1 so that V2 becomes a subspace of V1. This simplifies the notation slightly later in the proof.

https://doi.org/10.1017/50963548322000244 Published online by Cambridge University Press


https://doi.org/10.1017/S0963548322000244

Combinatorics, Probability and Computing 311

forall x, y, z, w € U'. Using Claims 15(i) and 16(i) we see that whenever x, y,z, w € V?

> ujei(, y)aj(z, w)+ 2 jieri(y, x)otj(w, 2))
ije[s]

= Z ( Z Aijoti(x, y))aj(z, w) + Z ai(y, x)( Z N jiatj(w, Z))

jelsl  iels] i€[s] jels]
=Y ( > ey, x))aj(z, w)+ Y iy, x)( > Mz, W)>
jels] iels] ie[s] jels]

= Z (Aij + X jdai(y, x)aj(z, w).

i,je[s]

Using this identity twice, once with the same choice of variables and once with y, z swapped,
the expression in (8) becomes

0= (j+ Ny, ez w)+ > (Vi + Ajp)ei(z, x)etj(y, w)
i,je[s] i,je[s]

+ > W le(x w) + ei(w, X))y, 2)

i,j€[s]

+ p(x, y)(p(2, w) + B1(z, w) + Bs(w, 2)) + p(x, 2)(p(y, w) + Ba2(y, w) + Bs(w, y))

+ (> 2)(Ba(x, W) + Ba(w, x)) + p(y, w)(Bs(x, 2) + B1(2, X)) + p(z, w)(Bo(x, y) + B2(y, X))
for all x,y,z,we V2. Let i,j € [s] be fixed now. We complete the argument as in the proofs
of the previous two claims. Since m is sufficiently large, using Lemma 11 we may find ele-
ments X, y,z, W€ V? such that «y,...,o and p are equal to 0 at all 6 points in the set

{(y> x), (2, %), (W, x), (3, 2), (y, w), (2, w)}, with the two exceptions being a;(y, x) = aj(z, w) = 1. It
follows that A;; = 1';;, as required. O

It follows from Claims 15(ii), 16(ii) and 17 that
)\.ij = A./ji = )\.//ij = )\.]','
so Ajj=A";;=2"j; and A is symmetric. Thus, returning to equality (4) we see that whenever
x, 9,2z, w € U’ then
¢(x:)’) Z, W) = 0(%)’7 Z, W) + W(x,}’, z, W) + ,O(x,)’),Bl(Zs W) + p(xx Z).BZ()/! W) + ,o(x, W)IB3()/’ Z)
+ (> 2)Balx, w) + p(y, w)Bs(x, 2) + p(z, ) Bs(x, )

where ¥ : U’ x U’ x U’ x U — IF, is the multilinear form defined as

v(x,y,z,w)= Z Aijeei(x, y)aj(z, w) + Z Aijoi(x, Z)o(y, w) + Z Aijoei(x, whe(y, z).

ijels] ije[s] ije(s]
Claim 18. Multilinear form |1, yix vyt IS Symmetric.

Proof. Before we proceed with the proof, we observe a few useful identities that hold for any
a,b,c,de V1% Using Claim 15(ii) and the fact that A is symmetric we have
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ZiJE[S]Aijai(a, b)aj(c, d) = Zje[s] (Zie[s]kijai(a, b)) gl d) =Y | 3 rjit.a) | o d)

jels] \i€ls]

= ZiJe[s]xijai(b, aaj(c,d) (9)
and

Z Aijai(a, ba(c, d) = Z Aiiaj(a, b)ai(c, d) = Z rijeei(c, d)atj(a, b). (10)
ije(s] jiils] ije(s]
Additionally, from these two identities we deduce

> hjeila, Dajle,d) = Y deile, d)oj(a,b) = Y Ayei(d, A)aj(a, b)

i,j€[s] i,j€[s] i,j€[s]

= > Jjei(a, bey(d, ). (11)

i,je[s]

Returning to the claim, it suffices to prove ¥ =¥ o (1 2)=v% o (1 3)=v% o (1 4) on V! x
Vi x V1 x V96 Fix X025, We 143 Using the identities (9), (10) and (11) above we obtain

vy, x, 2, w) = Z Aijeei(y, x)etj(z, w) + Z Aijeei(y, Z)atj(x, w) + Z Aijeei(y, wej(x, z)

ijels] ije(s] ijels]

=) hieilo Yeylzw) + Y i wey(3,2) + Y Agjeri(x, )iy, w)
i,je[s] i,je[s] i,je[s]

= Z Aijei (%, y)aj(z, w) + Z Aijoi(x, 2)aj(y, w) + Z Aijeei(x, w)a(y, z)
ije[s] ije[s] ij€ls]

=Y (x,y,2,w).

Next, we have

Yz, y, %, w) = Z Lijati(z, y)ej(x, w) + Z rijati(z, )iy, w) + Z Lijoti(z, w)ej(ys x)

ijels] ije[s] ije[s]

= Z )»lel,'(y, z)aj(x, w) + Z kijai(x, Z)(Xj(y, w) + Z )»,'j()li(z, W)Olj(x,)/)
ijels] ijels] ijels]

=D hieilo W 2) + Y et ey w) + Y Agjeri(x, y)atj(z, w)
i,je(s] i,je[s] i,je[s]

=Y M ez w) + Y hjailn e, w) + ) kel wiay(y, 2)
ijels] ijels] ijels]

=Y (x, ¥, 2, w).
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Finally, we have

v(w, v, 2,x) = Z Aijoei(w, y)aj(z, x) + Z Lijai(w, 2)e(y, x) + Z Lijai(w, x)aj(y, )

ije[s] ije[s] ije[s]

= Z Aijoi(y, whej(x, z) + Z Lijeei(z, whei(x, y) + Z Aijoti (o6, w)at(y, 2)
ije[s] ije[s] ij€ls]

=Y M e w) + Y hjailn yajlz w) + ) hjeilx wiay(y, 2)
ijels] ije[s] ijels]

= Z Aijoti(x, y)aj(z, w) + Z Aijoei(x, 2)aj(y, w) + Z Aijoei (o6, w)at(y, 2)
ije[s] ije[s] ij€ls]

=Y (x ¥, 2, w). =

Thus, we may consume v into o and without loss of generality ¢ takes the shape
¢(x.y, 2, W) =0 (%, 3,2, w) + p(x, y)B1(z, w) + p(x, 2) B2(y, w) + p(x, w)B3(y, 2)

+ o, 2)Ba(x, w) + p(y, w)Bs(x, 2) + p(z, w)Be(x, y) (12)

for x,y,z,we V1%
We use the symmetry properties of ¢ for the second time in order to elucidate the structure of
forms B, . . ., Bs. Equality ¢ = ¢ o (1 2) implies that

0 :¢(xay’ z, W) +¢(y>x’ 2, W)
= p(x, 2)(B2(y, w) + Baly, w)) + p(x, w)(B3(y 2) + B5 (¥, 2)) + p(y, 2)(Ba(x, w) + Ba(x, w))

+ p(y, w)(Bs(x, 2) + B3(x, 2)) + p(2, w)(Bs(x, y) + Bs(y, x))

for x,y,z,we VL If we fix (z,w) € V! x V! such that p(z, w) =1 (such a point exists by
Lemma 11 if m > 100(s> + s + 1)), we see that the rank of the map (2, ¥) = Be(x, ¥) + Bos(y, x)
on V! x V! is at most 4. Similarly, if we fix (x,z) € V! x V! such that p(x,z) =1 (respec-
tively (x, w) € V! x V1 such that p(x, w) = 1), we obtain that the rank of 8, + B4 + 110 for scalar
w = Bs(x,z) + Bs(x, z) (respectively B3 + Bs + w'p for scalar ' = B,(x, w) + Ba(x, w)) is at most
3on V! x V1% Using Lemma 8 we find a suitable subspace w! < V! of dim W! > dim V! — 10
such that Bs| 1, w1 is symmetric and

Balwixwr + Balwicwts B3lwiswt + Bslwiwt € (plwixcw)- (13)
Proceeding further, equality ¢ = ¢ o (1 3) and the fact that S¢| 11 is symmetric imply that
for x, y, z, w € W! we have

0=0(x, 5,2, w) + (2, ¥, x, w)
= p(xy)(B1(z, w) + Ba(z, w)) + p(x, w)(B3(y> 2) + Be(2, ) + (1> 2)(Ba(x, w) + Bi1(x, w))
+ p(y, w)(Bs(x, 2) + Bs(z, x)) + p(z, w)(Bes(x, y) + B3(y, x))
= p(x% y)(B1(z, w) + Ba(z, w)) + p(x, w)(B3(y 2) + Bs(y> 2)) + (3> 2)(Balx, w) + B1(x, w))
+ Py, w)(Bs(x, 2) + Bs(z, %)) + p(z, w)(Bs(x, y) + B3(y, x)).

Again, fixing suitable pairs of x,y,z,we€ W! with p=1 (using Lemma 11, assuming m >
200(s> 4 s + 1)), we see that the ranks of (x, z) — B5(x, z) + B5(2, x), B1 + Ba + pp and B3 + B +
w'p for suitable scalars u, u’ € F, are at most 4,3 and 3 respectively. After passing to a suit-
able subspace W? < W' of dim W? > dim W! — 10 using Lemma 8, we obtain that Bs|y2 2

https://doi.org/10.1017/50963548322000244 Published online by Cambridge University Press


https://doi.org/10.1017/S0963548322000244

314 L. Miliéevié

is symmetric and
Bilw2xw? + Balw2 w2, B3lw2 w2 + Bslw2 w2 € (Plwzxw2)- (14)

Finally, equality ¢(x, y, z, w) = ¢(w, y, 2, x) + p(x, ¥) p(z, w) + p(x, 2) p(y, w) and symmetry of
maps Belw2 w2 and Bs|y2 w2 give

p(x, y)p(z, w) + p(x, 2)p(y, w) = ¢(x, , 2, w) + p(w, y, 2, x)

= p(x, y)(B1(z, w) + Bs(w, 2)) + p(x, 2)(B2(y, w) + Bs(w, ) + p(y, 2)(Ba(x, w) + Ba(w, x))

+ p(y, w)(Bs(x, 2) + Bi(z, x)) + p(z, w)(Be(x, y) + Ba(y, x))

= p(x, y)(B1(z, w) + Bs(z, w)) + p(x, 2)(B2(y, w) + Bs(y, w)) + p(y, 2)(Ba(x, w) + Ba(w, x))

+ p(y, w)(Bs(z, x) + B1(z, x)) + p(z, w)(Bs(y, x) + Ba(y, x))

for all x, y, z, w € W2. Applying the same argument for the third time, after fixing suitable pairs of
XY, 2, WE Wlwithp=1 (using Lemma 11, this time assuming m > 300(s® 4 s + 1)) we see that
the ranks of (x, w) = Ba(x, w) + Ba(w, x), B1 + Bs + up and B + Bs + 1/ p for suitable scalars
, 1’ € IFy are at most 6,4 and 4 respectively. We thus find a subspace W? < W? of dim W?> >
dim W? — 14 using Lemma 8, such that 4|3, 3 is symmetric and

Bilwsxws + Bslwsx w3 Balwsxws + Bslwsxws € (0lwsxws)- (15)

Using facts (13), (14) and (15), writing 8 = B¢ and restricting all maps to the product W3 x W3,
we obtain f;, B3 € B + (p), from which we further get 84 € B2 + (p) =8+ (p) and Bs € B3 +
(p) = B + (p), which finally implies 8; € B4+ + (p) = 8 + (p). Hence, all §; belong to 8 + (p). In
conclusion, we obtain scalars A1, A2, A3 € I, such that

¢(x: ) 2X ) W) = U(xs Y.z, W)+P(x>}’),3(z, W) + ,O(X, Z),B()’, W) + ,O(X, W)IB()/’ Z)
+o(y, 2)B(x, w) + p(y, w)B(x, 2) + p(z, w)B(x, y)
+Ar10(x, y)p(2, w) + Aap(x, 2) p(y, w) + A3 p(x, w)p(y, 2)
holds for all x, y, z, w € Ww3.
Since p and B are symmetric on W3 x W3, the multilinear form
p(x, y)B(z, w) + p(x, 2) By, w) + p(x, w)B(y, 2) + p(y, 2) B(x, w) + p(y, w)B(x, 2) + p(z, w)B(x, y)
is readily seen to be symmetric, so it can be consumed into o, and on W3 x W3 x W3 x W3 we
may assume that
d(x, p, 2, w) =0 (%, y, 2, W) + A1p(x, ¥) p(2, W) + Aap(x, 2) p(y, w) + A3 p(x, w)p(y, 2).  (16)

Let us use the symmetry conditions for ¢ for the final time in order to understand the relation-
ship between scalars A1, A, and A3. Note that the codimension of the subspace W* inside U’ is at
most 2s% + 5s + 30, so by Lemma 9 we have rankp|ys, s > 2 (assuming m > 100(s? + s+ 1)).
The equality ¢ =¢ o (1 2) gives

(A2 +23)(p(x, 2)p(y, w) + p(x, w)p(y, 2)) =0
for all x,y,z, we W>. Since rankp| s, y3 > 2, the map p|ys, s is non-zero, so we can find
(y, w) € W3 x W3 such that p(, w) = 1. The equality above then shows that (A2 + A3)p|w3 w3
has rank at most 1. However, using the fact that the rank of p|y3,yy3 is at least 2 again, we deduce
Ay = A3

Similarly, the condition ¢ = ¢ o (1 3) implies

(A +23)(p(x, y)p(z, w) + p(x, w)p(y, 2)) =0

for all x, y, z, w € W3, Using the same rank bound rankp| 33 > 2 allows us to deduce A; = A3.
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Putting these equalities together we see that A; = A, = A3 and equality (16) then becomes
oy, z,w) =0(x,y,2,w) + A (,o(x,y),o(z, w) + p(x, 2)p(y, w) + p(x, w)p(y, Z))

s0¢=¢ o (1 4)on W* x W3, The third symmetry condition tells us that

p(x, y)p(z, w) + p(x, 2)p(y, w) =0
for all x, y, z, w € W3, which is a contradiction as the rank of p|y3 3 is at least 2. To complete
the proof of the theorem it remains to choose m = 20, 000(r* + r + 1) (recall that s < 6r) so that

all conditions on m are satisfied. The assumption n > (1000r)? in the statement of the theorem
then implies the condition (3). U
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