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Abstract

We give an elementary proof, only using linear algebra, of a result due to Helton,
Mccullough and Vinnikov, which says that any polynomial can be written as the
determinant of a symmetric affine linear pencil.
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Introduction

In [HMV, Theorem 14.1], it is stated that any polynomial p(xy,...,z,) in n variables
with real coefficients, has a symmetric determinantal representation. Namely, there are
symmetric matrices Ag, A1, ..., A, with real coefficients such that

p(z) = det <A0 + Z Aixi)
i=1

In fact, this result is established in a much more general setting, using the theory
of systems realizations of noncommutative rational functions. Roughly speaking, the
use of the theory of noncommutative rational series is sensible since there is a kind
of homomorphism between the product of noncommutative rationnal series and the
multiplication of matrices.

If n = 2, even much stronger results than the determinantal mentioned above has been
obtained using tools of algebraic geometry (see [HV] for instance and confer to [HMV] for
an exhaustive list of references on the subject). But these do not seem to generalize to
higher dimension n.

In this paper, we inspire ourselves of several key steps performed in [HMV] to give
a new proof of the result, dealing only with linear algebra and more precisely matrix



computations. Moreover, the determinantal representation of polynomials we obtained in
Theorem 3.4, can be realized by explicit formulas.

We also mention some variations : Theorem 4.1 for polynomial with coefficients over
a ring, and Theorem 4.2 for noncommutative symmetric polynomials over the reals which
can just be seen as a version of [HMV, Theorem 14.1].

1 Notations

Let R be a ring which shall be viewed as a ground ring of coefficients (it will often be the
field of real numbers R).

Denote by R[z] the ring of all polynomials in n variables (z) = (z1,...,x,) with
coefficients in R. A polynomial p(xz) € R[z] can be written as a finite sum p(z) =
Y aenn Gax®, where a, € R and ploteon) = g% o x p%. For any n-tuple

a = (a,...,a,) € N", we define the weight of a by |a] = Y7 | o;. We also consider
the lexicographic ordering on monomials, meaning that z® > 2% if there is an integer
iop € {1,...,n} such that a;, > ;, and o; = f3; for all i = 1,... ig — 1.

We denote by SRY*N the set of all symmetric matrices of size N x N with entries in
R. The identity and the null matrix of size N will be repectively denoted by Idy, Oy.
A matrix J is called a signature matriz if it is a diagonal matrix with entries £1 onto the
diagonal. Beware that there is a slight difference with [HMV], where a signature matrix
J only satisfies J = J! and J'J = Id.

An p x q linear pencil Ly, in the n indeterminates (x) is an expression of the form
Ly(z) = Myzy + ...+ Mz, where My, ..., M, are p X ¢ matrices with coefficients in R.
Likewise, a p X q affine linear pencil Ly is an expression of the form My + Ly (x) where
My is an p X ¢ matrix and Ly, is a p X ¢ linear pencil. Moreover, the linear pencil will be
said symmetric if all the matrices My, M, ..., M, are symmetric.

Note also that, if we multiply the pencil L; by two matrices P and (), then we get a
new pencil PLy Q) = Lpuyg.

We say that the polynomial p(z) has a linear description, if there are a linear pencil
L4, a N x N signature matrix J, a 1 x N line matrix L, a 1 X N column matrix C, such
that :

p(x) = L(J = La(x))"'C

A linear description is called symmetric if L, is symmetric and if C' = L*. Tt is called
unitary if J = Idy.



2 From linear description to determinantal represen-
tation

2.1 Symmetrizable linear description

Roughly speaking, the idea of the proof of [HMV, Theorem 14.1] is the following. A
classical theorem due to Schutzenberger [S] shows the existence, for any given polynomial
q(x), of a linear description ¢(z) = L( Id — L s(z))~*C which is minimal (we do not enter
the detail of this minimality condition, confer to [HMV]). Then, one may derive another
minimal linear description by transposition : g(z) = C*(J — La¢(x))"'L'. By minimality,
the result of Schutzenberger says that these two descriptions are similar, namely there is
a unique invertible symmetric matrix S such that SC = L' and SLs = (L4)"'S. Note
that SLs = (L4)" S is equivalent to SA; = AlS foralli=1...n.

Then, by a formal process that we describe below, these properties allows one to
derive a symmetric linear description of ¢(x). It motivates our introduction of the notion
of symmetrizable linear description.

Definition 2.1 Let q(x) be a polynomial together with a unitary linear description :
a(2) = L(1d — Ly(x))"'C

where A has size N x N, C' has size N x1 and L has size 1 X N. Let also S be a symmetric
wvertible matriz of size N x N with entries in R.

Then, the linear description of q(x) is said S-symmetrizable if SLa = (La)'S and
SC = L.

Under these assumptions, one may “symmetrize” the linear description of ¢(z).

Proposition 2.2 If a polynomial q(x) has an S-symmetrizable linear description, for a
gwen invertible and symmetric matrixz S, then it has a symmetric linear description.

Proof :  'We know that there is a matrix U and a signature matrix .J, both of size N x N,
such that S = UJU". Then, we set L = L(U™1)!, and Lz(z) = JU'La(z)(U1)".
It remains to check that

a) ¢(x) = L(J — L(x)) (L)
b) Lz(x) is a symmetric linear pencil.
Assertion a) comes from the identity

J— L(X) = JU'(1d — La(2))(U") !

and hence
(Id — La(x))™" = (U)(J = Lz(x))"tJU*



Indeed, it is enough to remark that
JU'C =U'L = I
Now, to check assertion b), it is enough to compute

(L)'U' = UM La)!'S =U"'SLa=UUJU' Ly =UUJU'Ly = L3U"

We end this section with an important remark for the following :

Remark 2.3 With the notations of the previous proof, note that if the matriz L, is
nilpotent, then so is the matriz JL ;.

2.2 Schur complement and unipotent linear description

Again, we refer to [HMV] and more particularly to the proof of Theorem 14.1. One
Technical key tool is Schur Complement, it appears in the “LDU decomposition” and the
computation of the determinant.

We recall what will be needed in the following :

Proposition 2.4 Schur Complement
A B

Let the matriz M = where A, B, C, D are matrices with entries in a general

C D
ring R and of size (p X p), (p X q), (¢ Xp), (g% q) respectively. If A and D are invertible,
then we have the identity :

det(M) = det(D) det(A — BD'C) = det(A) det(D — CA™'B)
Proof :  Since D is invertible, the Schur Complement of M relative to the (2,2) entry is

A — BD7'C. We can write
B ~1 —1
VI — A—BD*C BD
0, 1d,

_ Idp Oq
L= ( _pc D )

det(M) = det(D) det(A — BD'C)

where

Then,

Symmetrically, if A is invertible, considering the Schur complement relative to the
(1,1) entry, we get
det(M) = det(A) det(D — CA™'B)

O

Before stating the result, we introduce the notion of unipotent linear description, to
deal with a new hypothesis needed in the following.
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Definition 2.5 The linear description q(x) = L(J — La(x))™'C is said to be unipotent
if the matrixz JL 4 1s nilpotent.

In the proof of [HMV, Theorem 14.1.], the minimality condition of a linear description
of ¢(x) implies that L, is nilpotent and hence JL  is also nilpotent (cf. remark 2.3).

All our results about determinantal representation of polynomials are based on the
following

Proposition 2.6 Assume that the polynomial q(x) admits a symmetric linear unipotent
description. Namely, q(z) = C'(J — L(z))"'C where J is a signature matriz and A is
symmetric. Then, we have the identity

1 —q(x) = det(J) det(J — CC* — L4(z))

Proof :  Consider the following matrix of size (N +1) x (N +1) :

oo (78 5)

The Schur complement relative to the entry (1, 1) gives
det(G) = det(1 — C'(J — La(x)) 'C) det(J — La(x))
The Schur complement relative to the entry (2,2) gives
det(G) = det(J — CC" — La(x)) det((1))

But
det(J — La(z)) = det(J) det( Id — Lya(z)) = det(J)

since JA is nilpotent. And hence, we deduce that

det(1 — C'(J — La(2))"C) = det(J) det(J — CCt — La(x)) = 1 — q(x)

3 Symmetric determinantal representation

Having in mind the results of the previous sections, we naturally focus on the existence
of linear symmetrizable unipotent descriptions.



3.1 Naive linear description

Let Q(x) = > 4 =qbax® be a homogeneous polynomial of degree d. Let my, be the
n—1+k

o ) Sometimes we will

number of monomials of degree k in n variables : my, = (
forget the number of variables n and simply write my.

Let us define some linear pencils Ly4,, ..., L, given by :
I
LAl = )
x”’l
X1 Idn

I‘Q( 01 | Idn—l)
La, = .

(0,1 | 1dy))

and more generally for k =1...dand ¢t =1...n we set

.771( Oamc | Idﬁ1,k)
LAk = )
a:n( Oan,k | Idﬁn,k))

—itk—1
where Bk = mp_1p—i01 = ("0 and aup 4 Bip = My_1p

Notice that the pencil Ly, has size my X my;_; and that the product X; = L, X
Ly, ,...x Ly, is a my x 1 matrix whose entries are all the monomials of degree £ in n
variables which appear ordered with respect to the lexicographic ordering.

Example 3.1 Forn = 3, we have

2
. 0 21 O T1X9
1
0 0 T T1X3
La, =1 22 La, = La,La, =
) 0 zp 0 |2 AT 73
3
0 0 i) Tol3
0 0 xIs3 (L’%

In the following we will use some sub-diagonal (and hence nilpotent) linear pencils of
the form :



0 0 0 0 0 0
Ly, 00 0 0

0 Ly, O 0 0 0

Ly(x) =SD(Lagys - Lag) =1 0 0 Ly 0 0 0

0 0 0 ! Ly, 0 0

0 0 0 ¢ 0 Ly 0

where the Lj;,’s are themselves linear pencils.

With the choice Ly, = Lj,,, an elementary computation gives the following linear
description for a given polynomial ¢(z) :

g(2) = (@, a . ...a)(Id — La(z))"(1,0,...,0)"

where @; = (@)= is the list of coefficients of the homogeneous component of Q(x) of
degree i, ordered with respect to the lexicographic ordering on the variables (x1, ..., z,).

Then, copying the proof of Proposition 2.6, we get that any polynomial of degree d in
n variables has a determinantal but not symmetric representation of size 1 +my, + ...+

Mgn = Mdn+1 = (nzd)-

Ifn=1and p(x) = Z?:o a;xt, it yields the description

0 0
- 1
0
p(z) = (ag,...,aq) | Idgs1 — | 0 :
. 0
0 0 =z O
Note that the matrix
0 ... 0 1
S = 0
o .-~ .
1 0 ... 0

of size (d+1) x (d+1) is symmetric invertible and such that SLa = (L4)"S. Despite the
fact that the condition SC' = L' is not satisfied, we may conjecture that our naive linear
description of p(x) is not far from being symmetrizable.

But, in the case of several variables (n > 1), for this naive linear description is not
any more a symmetric invertible matrix S such that SLy = (L4)'S.
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For these reasons we change a bit this naive description to get a symmetrizable one.
Our strategy will be to fix, a priori, particular matrices Ly, Cy and S which fulfill some
wanted conditions.

3.2 Symmetrizable unipotent linear description

Now and in all the following, we consider a polynomial Q(x) homogeneous of odd degree
d=2e+1landset N=2%_ my, = 2(”:6).
Let (Lg) = (0,...,0,1) and (Cp)* = (1,0,...,0) and

0 0 Id,,,
: Id,, O
Sy = Id,,,
Id,,, '
0 Id,,, :
Idm0 0 0

Let also Lg(x) = SD(By,...,By) for some linear pencils By, ..., B; to be determined
such that
Q(x) = Lo(Id — Lp(x)) ™' Co

Such a linear description will be called of type (LoSnCp). It obviously satisfies :

1) Sy is symmetric and invertible,

2) Lp is nilpotent,

)
)

3) SnCo = (Lo)",
)

4) The condition SyLp = (Lp)'Sy is equivalent to Lp, ,,, = L foralli=1...d.

In all the following by symmetrizable descriptions, we always mean Sy-symmetrizable,
i.e. with respect to the fixed matrix Sy. A linear description of type (LySyCy) satisfying
condition 4) is clearly unipotent and symmetrizable. The following proposition establishes
the existence of such a description.

Proposition 3.2 Any homogeneous polynomial Q(z) of degree d = 2e + 1 admits an
Sn-symmetrizable unipotent linear description of type (LoSnCo) and of size N = 2("“).

n

Proof: Weset Lp, = La, and Lp,,,, = La for i =1...e. It remains to define Lp, , as
a symmetric linear pencil satisfying Q(z) = 3, _; baz® = (Xe)'Lg,,, (Xc)



We index our matrices by the set of all n-tuples o = (v, ..., ;) such that |a| = k
which we order with respect to the lexicographic ordering. Let Lp ,, = (¢a’ﬁ)‘a|:| e’

with ¢ = E:.L:l )\g?ﬂba 44480 Ti, Where 5@ is the n-tuple defined by (5§i) = 0;; and the

)\(ai’)ﬂ’s are scalars to be determined.
We compute

(XY Lpea(Xe) = Tjajme)sime 200,52
- |v]=2e z” Za+5:7 ¢a,6
= (@)
- Z"Y‘:Z€+1 (ZiESupp('y) Za+ﬂ:7,5(i) )\a,,@) b’yfﬂw

where Supp(7) is the subset of the indexes i € {1,...,n} such that ; # 0.

Let AY) = _ AP We are reduced to find \”.’s such that, for all v of weight
Y a+pB=y "o, a,f
2e 4+ 1, we have
@ _
> Al =1
i€Supp(y)

At this point, we shall say that there are a lot of possible choices for the linear pencil
B.y1. One solution can be obtained by setting, for each ~ :

(i) If @ > Supp(7y), then set Ag,i) = 0 with for instance Ag?ﬁ = 0 for all «, 5’s such that
a+ B =r.

(ii) If i < Supp(7), let o be the highest (for the lexicographic ordering) n-tuple such
that there is By with ag + By = 7. If ag = By, then set /\Sg,ﬂo = 1, otherwise set
/\SO)”B0 = )\(ﬁigm = % And the other /\S,)g’S are set equal to 0. Then by construction,

we get AEYZ) =1

In conclusion, with this choice of Lp,  , we get a symmetrizable unipotent linear
description q(x) = Lo( Id — Lg(z))~'Cy. O

We give here some examples :

Example 3.3

i) If Q(z) is a homogeneous polynomial of degree d = 2e + 1 in n = 2 variables, then
our choice of the )\S,)ﬁ leads to

Daeye — ZhbB | Netzeont Betrenynt
b(%:l’l_)m 0 0 b(e,e)T1
2 S :
LBe+1 -
b<6+2,672>x1 b(2’25,2>aj1
blet1,e-1)%1 b(e’(;)):ln o b<272£2)11 b 2
2 2 oo = bage- 11+ bo,2e) T2



But, for instance, another choice could also lead to the diagonal matrix

b(a,0)1 + ba—1,1)72 0 . 0

I = 0 bla—2,2)T1 + b(a—3,3)2 :

Be+1 - . .
0 e 0 baa-1)T1 + bo,a)T2

i) If Q(z) = Z‘ =3 bgx” is a homogeneous polynomial of degree 3 in 3 variables, then
our construction gives

b(2,1,0)$1 6(2,0,1)1’1
5(3,0,0)171 9 T2
_ b2,1,0)%1 b1,1,1)T1+b(0,2,1)%2
Lp, = | 5= bu2onzi + b0 ;
b T b x1+b, T
(2,0,1)*1 (1,1,1)*179(0,2,1)2
5 3 b1,02)71 + bo,1,2)%2 + b0,03)23

Note that if our linear descriptions are obtained by explicit formulas, on the other hand
their sizes are fixed a priori. To compare with the proof of [HMV, Theorem 14.1] which
deals with minimal linear description (for symmetric non-commutative polynomials)
although they are not given by explicit formulas.

3.3 Symmetric determinantal representation

Let us state the main result over the reals :

Theorem 3.4 Let p(x) be a polynomial of degree d in n wvariables over R such that
p(0) # 0. Then, p(x) admits a symmetric determinantal representation, namely there
are a signature matriz J € SRNN and a N x N symmetric linear pencil La(x) such that

p(z) = p(0) det(J) det(J — La(z))
where N = 2("+$%J).

Proof : = Set q(z) = 1 —p(z) = >, <q@r”. If the degree d of p(z) is odd, then let

Q(@, Tnt1) = 3 41<d aaxaxf;lla‘ be the homogenization of the polynomial ¢(z) obtained by

introducing the extra variable z,,41. Then, Q(z, x,,1) admits a symmetrizable unipotent
linear description as shown in Proposition 3.2 :

Q(x,2p11) = Lo(Id — Lp(x)) ™' Cy

where SNCO = Lg and SNLB = (LB)tSN.
Set (z) = (x,z,41). By symmetrization, we get the linear unipotent symmetric
description

Q@) =C'"(J - Ly 'C
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where J is a signature matrix, A;,...,A,;; are symmetric matrices and Lj;(z) =

" A = La(z) + Apy1@nyr. Then, we deduce by Proposition 2.6 the following

determinantal representation

1—Q(F) = det(J) det(J — CC* — L1(%))

If do the substitution x, 1 = 1, we get
px) =1—q(x) =1—Q(z,1) = det(J) det(J — CC* — Apsy — La(z))

Since p(0) # 0, the matrix J — CCt— A, 11 is symmetric invertible, so there is another
signature matrix J’ and a symmetric invertible matrix V' such that

J—CCt— Ay =V IT (VY

If we set A’ = VAV! we get det(J — CC' — La(x)) = det(V)"2 det(J' — Ly (z)) and we
obtain the wanted identity

p(z) = det(J) det(V) "2 det(J — L (z))

Now, if the degree d of p(z) is even, then let Q(z, Zni1) = 3| ,<q aaxaxflj{x‘ﬂ which is

the homogenization of the polynomial ¢(x) times the extra variable x, 1. Then, Q(z, ;1)
is a homogeneous polynomial of odd degree d + 1 such that ¢(z) = Q(x,1). Thus, we
reduce to the proof of the previous case. O

We shall emphasis that this proof gives explicit determinantal formulas for families of
polynomials of given degree. Here is an example of such formulas when n =2 and d = 3 :

Example 3.5

Let p(z1,xq) = ZMSB a,r® be a generic polynomial of degree 3 in 2 variables. Let
Q(z1,2,73) = D53 2” be the homogenization of 1 — p(z1,75). We construct the
unipotent symmetrizable linear description of @) given in example 3.3 ii). We obtain
a linear pencil L which we specialize by setting b(; ;o) = —a(i, j) for all (7, j) # (0,0) and
b,0,3y = —a(0,0) + 1. Then, the polynomial p(z1,x2) = 1 — Q(x1, 2, 1) has a symmetric
determinantal representation

p(x1,x2) = det(Ag + La(z))

11



where L4 (x) is the matrix

_ T2 _T1 Ty T2
0 2 2 2 2 0
a(1’0)$1+a(011)]"2 a(171)$1+a(0’2)$2 0(2’0)1'1 a(270)ac1 a(1’1)$1+a(0’2)$2 a(170)$1+a<0’1)l‘2
4 4 4 2
aa,nTitae®2  91,2)%11+e03)%2 42Tl GenTl  41,2)T110(0,3)%2  4(1,1)T114(0,2)%2
4 2 1
a(g’o)fﬁl (1(2»1).7}1 a(3yo>$‘1 a(3’0>x1 0/(271)I1 a(gyo)l’l
1 1 2 2 1
a(2,0)%1 a,nr1 23,001 4(3,00%1 2,11 42,001
1
aanTitae2  01,2T1+a03T2 42Tt 41Tl 01,2)T1+0(0,3)T2  4(1,1)T11+a(0,2)T2
1 2 1 2 1
ag.0itaen®2  ea,nT1taenT2  A420%1 420T1  01,1)T1+00,2)T2  4(1,0)T11+a(0,1)T2
2 4 4 1 1 2
_x2 _z1 1 T2
0 2 2 2 2 0
and
1 1 1 1
2 —3 00 0 0 2 2
_1 1, %0 _1 4, %0 _1
5 51T =3 0 0 O 0 51T =5 5
0 0 1 0 O 0 0 0
0 0 01 0 0 0 0
Ay =
0 0 0 0 -1 0 0 0
0 0 0o 0 0 -1 0 0
11, %00 _3 4 %0 1
5 5+ =35 0 0 O 0 51T =5 5
1 1 1
5 -3 0 0 O 0 5 —

To get a determinantal representation as given in Theorem 3.4, it remains to compute
Of course, this

a decomposition Ag

4 Extensions

4.0.1 Over a ring

V-1J(V~Y) where J is a signature matrix.
decomposition (and for instance the eigenvalues of Aj) depends on the value of a(q ).

12

First, we construct a slightly different linear description as in section 3.2, which will be
more convenient to handle point 2) of the forthcoming Theorem 4.1.




We still consider a polynomial Q(z), homogeneous of degree d = 2e + 1, and set
Lg(z) =SD(Lp,,...,Lp,) and Sy exactly as in section 3.2. The change is that we now
set (Do)' = (1,0,...,0,1). We obviously have Sy Dy = Do.

With the choice of the Lp,’s as in Proposition 3.2, we still get a symmetrizable
unipotent linear description, but for the polynomial Q(z) + 2 :

Q) +2=> boz” = (X.)'Lp,,,(X.) +2=Dj(Id - Ly(x))"' Do
|a|=d
Such a linear description will be said of type (DySyDy).

Theorem 4.1 Let p(x) be a polynomial of degree d in n wvariables over a ring R of
characteristic different from 2. Let N = 2(”+TE%J). Then,

1) There is a symmetric N X N affine linear pencil Ag+ La(x) with entries in R such
that

p(x) = det(Ag + La(z)).

2) If p(z) = P(x) + p(0) where P(z) is a homogeneous polynomial of odd degree and
p(0) is invertible in R, then there is a symmetric determinantal representation as
in Theorem 3.4. Namely, there are a signature matriz J € SRN*Y  and a N x N
symmetric linear pencil La(z) with coefficients in R such that

p(x) = p(0) det(J) det(J — La(x))

Proof :  'We follow the proof of Theorem 3.4. We just have to check that we are dealing
with matrices with coefficients in the ring R.

First, we assume that the degree d of p(z) is odd : d = 2e + 1.
Set q(x) = (1 —p(x)) —2 = —1 — p(x) and let Q(z,x,.1) be the homogenization of

q(x).

The polynomial Q(z, x,1) admits a linear description of type (DoSyDy) :
Q(z,2ns1) = Do(1d — Lp(x)) ™ Dy

We must be careful at the symmetrization step. Indeed, over the reals, the existence of a
matrix U and a signature matrix J such that Sy = UJU! is given by the diagonalization
theorem for real symmetric matrices. For instance, if N = 2 we have the following identity

over the reals e’ (1)):( )(é _01)( )

In order to work over R, we will prefer to write the following

()= Gy

To perform this slight transformation for general N, we need to introduce some new
matrices :

Sl

sl
SlLsl-
Sl

13



e The signature matrix

Id,, 0 0 0 0 0
0 . 0 0 0 0
,_| 0o 0o 1, 0o 0 0
0 0 0 Id,, 0 0
0 0 0 0 0
0 0 0 0 0 —Idg,

e The anti-diagonal matrix of size k x k

0 0 1
Ady = 0
0 o
10 ... 0
e The permutation matrix
Ad,, O 0 0 0 0
0 .. 0 0 0 0
p_ 0 0 Ad,, 0 0 0
0 0 0 Id,,, 0 0
0 0 0 0 0
0 0 0 0 0 Id,,
e And the matrix
Id,,, O 0 0 0 Ad,,
0 - 0 0 o 0
v 0 0 Id,, Ad,, O 0
0 Ad,, -Id, O 0
0 o 0 0 - 0
Ad,, O 0 0 0 -—1d,,

Then, we only check that Sy = %WJWt where W = PY.

All the considered matrices have entries in R, and this property hold also for the
following matrices

1 1
Wt = 5(JVWSN) = §Wt
and

1
Lg = §JWt LA<W71)t

14



Now, if we set formally Do(Do)t = 2W 1Dy D4(W 1)t (the right side of the equality
has entries in R although Dy has not), then we are able to deduce from Proposition 2.6
the following determinantal representation with coefficients in R :

1 - (Q(Z) +2) = det(J) det( — DoDy — Lz(7))
If do the substitution x,,1 = 1, we get
pa) =1 (g(x) +2) = 1~ (Q(x,1) +2) = det(J) det( = DyDy — Aypr — La(x))

This conclude the proof of the first point when the degree of p(x) is odd. We do the same
trick as in the proof of Theorem 3.4 if the degree of p(z) is even.

Now, to prove point 2), we first observe that p(z) = —p(0) (1 — (1;((3)) + 2)), which

has sense since p(0) is invertible. Next, we copy the proof of point 1) with the polynomial
Q(x) = 1; ((g)), except that we do not need to add any extra-variable z, ;. In fact we have

1 - (Q(x) +2) = det(J) det(J — DDy — Li(x))

And we compute

2 0 ... 0
~ ~, O ... ... 0
Doy(Dy)" =
O ... ... 0
Hence,
., —1 0 0
J - D()DO - O Idm1+---+me O
0 0 - Idmo+m1+...+me

which is a signature matrix, and we are done.

Note that linear descriptions of type (DoSnyDg) play a crucial role in order to find a
signature matrix at this step. O

4.1 Noncommutative symmetric polynomials

The aim of this section is to adapt the construction of section 3.2 to the setting of
noncommutative polynomials (in short NC-polynomials).

We denote by I'), the free semi-group on the n symbols {&,...,&,}. Let xq,..., 2,
be n noncommutating formal variables and for a word o = &, ...¢&;, € ', we define
x“ = x;, ... ;. For instance we have the identity xoxh = xoB.

Then, a general NC-polynomials is a finite sum of the form Zaern a,x®, with a, € R.
We write R[z] = R[zy,. .., z,] for the ring of all NC-polynomials over the reals.

On R[z], we define a transposition involution *. Tt is R-linear and such that, if
T =Ty Ty .. Ty, then (%) = x; .. xpx, .
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Then, a NC-polynomial p(z) will be called symmetric if p(x)" = p(x) (we implicitly
assumed that the variables z; are symmetric).

In this setting, we still may define the weight of a monomial x*, as the weight of the
word w. Furthermore, we will still consider the lexicographic ordering on monomials as
the lexicographic ordering on the words corresponding to the exponents. So, it appears
possible to adapt the construction to NC-polynomial, and we get :

Theorem 4.2 Let p(x) be a symmetric NC-polynomial of degree d in n variables over R
such that p(0) # 0. Then, p(z) admits a symmetric determinantal representation, namely
there are a signature matriz J € SRYN and a N x N symmetric linear pencil La(z)
such that

p(x) = p(0) det(J) det(J — La(x))

n—1

141_4
where N = 2 ("—)

Proof : First of all, as in Proposition 3.2, we show the existence of a unipotent symmetric
linear description for Q(x), a given NC homogeneous symmetric polynomial of odd degree
d=2e+1. We write Q(z) = >, s @az”.

Let pr = pr(n) = n* be the number of NC-monomials of degree k in the n variables
(x1,...,2,) and denote by X} the column matrix of all NC-monomials of degree k, ordered
with the lexicographic ordering.

We still consider a linear pencil of the form Lg(z) = SD(Lp,, ..., Lg,) where the Lp,’s
are given as follows. For 1 =1...¢, let

Lp, = (xl Idpz'—17x2 Idpz'—u e In Idpi—l)t and LBe-H-‘rl = (LBi)t

We shall note that B; = B,_1 Q) Id,, , for i =1...¢, and also that X, = L, X Lp,_, X
... X Lp,.

Then, it remains to define Lp,,,, which appears to be even more canonical than
in the commutative setting. Indeed, we may simply set Lp, , = (¢a,8)|a|=e,|gj=c Where
Pap = D im1 Aai,B)Ti-

Since Q(z) is symmetric we have relations a, = a,t, which lead to the equality
®a,8 = 93,o- Thus, the matrix Lp_,, is symmetric and such that

Q(r) = Z bax® = (Xe)tLBeH(Xe)
|ar|=2e+1

It corresponds to an unipotent symmetrizable linear description of @Q(z) of size

N=25H
Q(z) = Lo(Id — Lg(z)) ' Cy

with Ly = (0,...,0,1) and Cy = (1,0, ...,0)".
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Then, the only thing we have to change in the proof of Theorem 3.4, is that we shall
consider the symmetric-homogenization Q(x,x,1) of our polynomial ¢(z). Namely

5

Qg a _d—|a d—la| o
Q(x,an) = Z ? (l’ xn+1 +xn+1 xT

lo|<d

Some questions

e It would be very interesting to find polynomials which have a unitary determinantal

representation (i.e. Ay = Id in the formulation of Theorem 4.1). Indeed, this
polynomials are of great interest for instance in optimization (see [HV] for properties
of such polynomials and references on the subject).

Unfortunately, our construction (with the choices of Sy, Lo, Cy and Lp,,,) gives
representations which has no chance to be unitary. Indeed, the signature of the
matrix Sy has as many +1 than —1.

For a given NC-polynomial, there are several criterions to say if a linear description
is minimal. For instance, there is an interesting one by the rank of the so-called
Hankel matrix (see [BR, Theorem II.1.5]).

In fact, we may note that the integer N = 237 _ py which appears in Theorem
4.2 is equal to the rank of the Hankel matrix associated to a generic symmetric
homogeneous NC-polynomial of degree 2e + 1.

In the commutative setting, if p(x) is a given polynomial, we may consider a NC-
symmetric lifting of p(z) and compute the rank of its Hankel matrix. So, the minimal
size of a linear description of a given commutative polynomial can be obviously
bounded by the minimum size of all linear descriptions associated to all possible
NC-symmetric lifting of the polynomial. Although, it is not clear how to get a
criterion.
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