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336 SERGEY FOMIN AND ANDREI ZELEVINSKY

0. INTRODUCTION

This paper continues the algebraic study of total positivity in semisimple alge-
braic groups undertaken in [3, 4]. Traditional theory of total positivity, pioneered
in the 1930s by Gantmacher, Krein, and Schoenberg, studies matrices whose all mi-
nors are nonnegative. Recently, G. Lusztig [18] extended this classical subject by
introducing the totally nonnegative variety G>¢ in an arbitrary reductive group G.
(Lusztig’s study was motivated by surprising connections he discovered between
total positivity and his theory of canonical bases for quantum groups.) The main
object of study in [3, 4] was the structure of the intersection G>o N N, where N is
a maximal unipotent subgroup in G. In this paper we extend the results of [3, 4]
to the whole variety G'>o.

It turns out that the natural geometric framework for the study of G'>¢ is pro-
vided by the decomposition of G into the disjoint union of double Bruhat cells
G“Y = BuB N B_vB_; here B and B_ are two opposite Borel subgroups in G,
and u and v belong to the Weyl group W of G. We believe these double cells to
be a very interesting object of study in their own right. The term “cells” might be
misleading: in fact, the topology of G*" is in general quite nontrivial. (In some
special cases, the “real part” of G*V was studied in [21, 22]. V. Deodhar [9] stud-
ied the intersections BuB N B_vB whose properties are very different from those
of G*V.)

We study a family of birational parametrizations of G**¥, one for each reduced
expression i of the element (u,v) in the Coxeter group W x W. Every such
parametrization can be thought of as a system of local coordinates in G**. We
call these coordinates the factorization parameters associated to i. They are ob-
tained by expressing a generic element x € G"™" as an element of the maximal
torus H = BN B_ multiplied by the product of elements of various one-parameter
subgroups in G associated with simple roots and their negatives; the reduced ex-
pression i prescribes the order of factors in this product. The main technical result
of this paper (Theorem 1.9) is an explicit formula for these factorization parameters
as rational functions on the double Bruhat cell G**.

Theorem 1.9 is formulated in terms of a special family of regular functions A, 5
on the group G. These functions are suitably normalized matrix coefficients cor-
responding to pairs of extremal weights (7, ) in some fundamental representation
of G. We believe these functions are very interesting subjects that merit further
study. For the type A, they specialize to the minors of a matrix, and their proper-
ties are of course developed in great detail. It would be very interesting to extend
the main body of the classical theory of determinantal identities to the family of
functions A, 5. In this paper, we make the first steps in this direction (see especially
Theorems 1.16 and 1.17 below).

As in [3, 4], the main algebraic relations involving factorization parameters and
generalized minors A, s can be written in a “subtraction-free” form, and thus the
theory can be developed over an arbitrary semifield. The readers familiar with [3, 4]
will have no trouble extending the corresponding results there (cf. [3, Section 2])
to the more general context of this paper. We do not pursue this path here since
at the moment we have not developed applications of this more general setup.

Returning to total positivity, our explicit formulas for factorization parameters
allow us to obtain a family of total positivity criteria, each of which efficiently tests
whether a given element z from an arbitrary double Bruhat cell G*" is totally
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nonnegative. More specifically, each of our criteria consists in verifying whether
x satisfies a system of inequalities of the form A, s(x) > 0, the number of these
inequalities being equal to the dimension of G**¥ (see Theorem 1.11).

In Section 1 we give precise formulations of our main results. Their proofs are
given in Sections 2 and 3.

The last Section 4 contains applications of our theory to the case of the general
linear group. The case G = GL,, is treated separately for a number of reasons. First,
GL,, is not a semisimple group (although everything reduces easily to SL,,). Fur-
thermore, the questions that we consider become some very natural linear-algebraic
questions whose understanding does not require any Lie-theoretic background. For
instance, the factorization parameters become the parameters in factorizations of a
square matrix into the smallest possible number of elementary Jacobi matrices. Our
main results seem to be new even in this case. In Section 4, we tried to present them
in an elementary form, making this section as self-contained as possible. Last but
not least, our results in the GL,, case have a particularly transparent formulation
in the language of pseudoline arrangements.

The criteria of Theorem 1.11 lead us to new solutions of the classical problem
of efficiently testing whether a given n X n matrix is totally positive, i.e., has all
minors > 0. This problem has a long history. The ground was broken in 1912
by M. Fekete [10] who proved that positivity of all solid minors, i.e., those formed
by several consecutive rows and several consecutive columns, is sufficient for total
positivity. It took a while before it was realized that Fekete’s criterion was far from
optimal: as shown in [13], it is enough to check the positivity of those solid minors
that involve the first row or the first column of the matrix (this result can also
be derived from [8]). Note that the number of such minors is n? while the total
number of minors is (*”) —1. One can show that at least n? minors are needed
to characterize total positivity; thus the criterion reproduced above is “minimal”.
Theorem 4.13 (a specialization of Theorem 1.11) includes this criterion into a family
of minimal total positivity criteria associated to shuffles of two reduced words for
the permutation w, =n n—1---2 1. For example, for n = 3 we obtain 34 different
criteria shown in Figure 8 at the end of the paper.

1. MAIN RESULTS

1.1. Semisimple groups. We begin by introducing general terminology and no-
tation (mostly standard) for semisimple Lie groups and algebras (cf., e.g., [23]).
Let g be a semisimple complex Lie algebra of rank r with the Cartan decomposition
g=n_@&h®n. Lete,hy fi, fori =1,...,r, be the standard generators of g,
and let A = (a;;) be the Cartan matriz. Thus a;; = o (h;), where o, ..., € b*
are the simple roots of g. Let G be a simply connected complex Lie group with
the Lie algebra g. Let N_, H and N be closed subgroups of G with Lie algebras
n_, b and n, respectively. Thus H is a maximal torus, and N and N_ are two
opposite mazimal unipotent subgroups of G. Let B = HN_ and B = HN be

the corresponding pair of opposite Borel subgroups. For i =1,...,r and t € C, we
write
(1.1) x;(t) = exp(te;) , x:(t) = exp(tfi) ,

so that ¢ — x;(t) (resp. t — x7(t)) is a one-parameter subgroup in N (resp. in N_).
We prefer the notation z3(t) to the usual y;(t), for reasons that will become clear
later. It will be convenient to denote [1,r] = {1,... ,r} and [1,7] = {1,... ,T}.
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338 SERGEY FOMIN AND ANDREI ZELEVINSKY

The weight lattice P is the set of all weights v € h* such that y(h;) € Z for all s.
The group P has a Z-basis formed by the fundamental weights w1, ... ,w, defined
by wi(h;) = d;;. Every weight v € P gives rise to a multiplicative character a — a”
of the maximal torus H; this character is given by exp(h)Y = e?™ (h € p).

The Weyl group W of G is defined by W = Normg(H)/H. The action of W
on H by conjugation gives rise to the action of W on the weight lattice P given by

(1.2) 0" = (wtaw)? (weW,a€ H,veP).

As usual, we identify W with the corresponding group of linear transformations
of h*. The group W is a Coxeter group generated by simple reflections s1,... S,
given by s;(y) = v — v(hi)a;, for v € h*.

A reduced word for w € W is a sequence of indices i = (i1,... , 4, ) of shortest
possible length m such that w = s;, ---s;,, . The number m is denoted by ¢(w)
and is called the length of w. The set of reduced words for w will be denoted
by R(w). The Weyl group W has the unique element w, of maximal length, and
l(we) = L(w) + £(w™tw,) for any w € W.

1.2. Factorization problem. Recall that the group G has two Bruhat decompo-
sittons, with respect to opposite Borel subgroups B and B_:

G = U BuB = U B_vB_ .

ueW veWw
The double Bruhat cells G*V are defined by

G’ = BuBN B_vB_ ;
thus G is the disjoint union of all G*¥ for (u,v) € W x W.

Theorem 1.1. The variety G*V is biregularly isomorphic to a Zariski open subset
of an affine space of dimension r + £(u) + £(v).

We will study a family of birational parametrizations of G**. To describe these
parametrizations, we will need the following combinatorial notion.

A double reduced word for the elements u, v € W is a reduced word for an element
(u,v) of the Coxeter group W x W. To avoid confusion, we will use the indices
1,2,...,7 for the simple reflections in the first copy of W, and 1,2,... ,r for the
second copy. A double reduced word for (u,v) is nothing but a shuffle of a reduced
word for u written in the alphabet [1,7] and a reduced word for v written in the
alphabet [1,r]. We denote the set of double reduced words for (u,v) by R(u,v).

For any sequence i = (i1,...,i,) of indices from the alphabet [1,7] U [1,7],
consider the map z; : H x C"™ — G defined by
(13) a:i(a,;tl,... ,tm):ailiil(tl)"'liim(tm) y

where we use the notation of (1.1).
Let C+o denote the set of nonzero complex numbers.

Theorem 1.2. For any u,v € W and i = (i1,... ,im) € R(u,v), the map x;
restricts to a biregular isomorphism between H x CT, and a Zariski open subset of
the double Bruhat cell G*V.

Thus z; gives rise to a birational isomorphism between H x C™ and G**. We
remark that this property holds if and only if i is a double reduced word for (u,v).
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Theorem 1.2 tells us that for a generic element z € G* and any i = (i1,... ,im)
€ R(u,v), there are uniquely defined factorization parameters a,t1, ..., tm such that
(1.4) x=ax(t1) - x;, (tm) -

One of our main results is the solution of the following factorization problem: find
explicit formulas for the inverse birational isomorphism z; ! between G™? and
H x C™. In other words, we express the factorization parameters in terms of
the element x and the double reduced word i underlying the factorization. Our
solution of the factorization problem generalizes Theorems 1.4 and 6.2 in [4] (the
case of x € N), which in turn generalize Theorems 1.4 and 5.4.2 in [3] (same, for
type A).

1.3. Total positivity. We will apply our solution of the factorization problem
to the study of total positivity. Following G. Lusztig [18], let us define totally
nonnegative elements in G. Let Hs( be the subgroup of H consisting of all a €
H such that a¥ € Ry for any weight v € P. (We denote by R the set of
positive reals.) The set G>¢ of totally nonnegative elements is, by definition, the
multiplicative semigroup in G generated by Hs( and the elements z;(¢) and zz(t),
for i € [1,7] and t € Rsg. It is easy to see that a totally nonnegative element
x € G can be represented as © = z;(a;t1,... ,tn), for some sequence i, with all
the ti positive and a@ € Hso. For the type A, (i.e., for G = SL,(C), n = r + 1),
a theorem in [17], based on a result by A. Whitney [24], tells us that the above
definition of total nonnegativity coincides with the usual one [2, 16]: a matrix (with
determinant 1) is totally nonnegative if and only if all its minors are nonnegative.

The set G>¢ is the disjoint union of the subsets G¥) obtained by intersecting it
with double Bruhat cells:

u, v _ U,V
So = GZO NG .

We call the Gy totally positive varieties; they will be one of the main objects
of study in this paper. The terminology is justified by the following observation
made by Lusztig [18]: in the special case G = SL,(C) and u = v = w,, the
variety GL is the set of all nxn-matrices (with determinant 1) which are (strictly)
totally positive in the usual sense, i.e., all their minors are positive. We note that
the decomposition G>o = |J G appeared in [18] (without explicit mentioning of
double Bruhat cells). The following theorem can be derived from the results in [18].

Theorem 1.3. For any u,v € W and any double reduced word i € R(u,v), the
map x; restricts to a bijection Hso x RZy — Gy

Informally speaking, Theorem 1.3 asserts that an element x € G*" is totally
nonnegative if and only if for some (equivalently, any) double reduced word i €
R(u,v), the factorization parameters a, t1, . . ., t,, appearing in (1.4) are well defined
and positive. Thus the solution of the factorization problem will lead to a family
of total positivity criteria—one for each double reduced word.

1.4. Generalized minors. The main ingredients of our answer to the factorization

problem are similar to those in [4]: a family of regular functions on G generalizing
-1
K

minors of a square matrix, and a biregular “twist” G“v — G*
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340 SERGEY FOMIN AND ANDREI ZELEVINSKY

We will denote by Gg = N_HN the set of elements x € G that have Gaussian
decomposition; this decomposition will be written as
(1.5) z = [z]-[zo[z]+ .

Following [4], for any fundamental weight w; , let A“# denote the regular function
on G whose restriction to the open set Gy is given by
(1.6) A% () = [als .
For the type A, , the A¥i(z) are the principal minors of a matrix . We will use
the same terminology in the general case as well.

To define the analogues of arbitrary minors, we will need two special represen-
tatives w,w € G for any element w € W. For a simple reflection s; , set

— 0 -1 = 0 1
Si=¢ilqy o) Si=wil_1 o)~

where @; : SLa — G is the group homomorphism given by

(1.7 oo 1) = wi(y ]) =m0

Alternatively, we could define
(1.8) 5 =xi(—D)z;(Vai(—1) , 5 =zi(Dzz(—1)x;(1) .

It is known (and easy to check) that the families {5;} and {s;} satisfy the braid
relations in W. It follows that the representatives @ and W can be uniquely and
unambiguously defined for any w € W by the condition that

(1.9)

w
whenever £(w'w”) = £(w') + £(w").

W' = w' - w’

g

' =W, w

Definition 1.4. For u,v € W, define a regular function Ay, v.; on G by setting
(1.10) Ao v () = A% (ﬁw) .

One has to check that this is well defined, i.e., the right-hand side of (1.10) only
depends on the weights uw; and vw;, not on the particular choice of v and v. This
is done in Section 2.3 (cf. Proposition 2.3).

For the type A,, the functions Ay, vw,; () are the minors of a matrix z. In the
general case, we will refer to them as generalized minors, or simply as minors if
there will be no danger of confusion.

1.5. The twist maps. To define the twist maps, we will need the involutive au-
tomorphism z — ¥ of the group G which is uniquely determined by

(1.11) d=a' (acH), zt)0=z:t), x:(t)°=zi(t) .

K2

Notice that the involution 6 preserves total nonnegativity. For the type A, , if =
is a matrix with determinant 1, then the matrix 2% is formed by signless cofactors
of z; in other words, the (i,7)-entry of 2 is simply the minor of z obtained by
deleting the ¢th row and the jth column.

Definition 1.5. For any u,v € W, the twist map (%" : z — 2’ is defined by

(1.12) = ([ﬁx]_lﬁ x F[xvj]j_l)e .
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Theorem 1.6. The right-hand side of (1.12) is well defined for any x € G*", and
the twist map (™Y establishes a bireqular isomorphism between G*“ and Gu 't
The inverse isomorphism is (%

The specific choice of representatives for v and v in (1.12) is essential for the
following important property.

-1
,U

—1
Theorem 1.7. The twist map (" restricts to a bijection GLi — G<,

Example 1.8. Let G = SLy(C). Then W = Sy consists of two permutations: e
and w, ; thus G is partitioned into four double Bruhat cells. Table 1 shows the
11 L12
T21  X22
each of these cells, or to the corresponding totally positive variety G<j . The table
also shows the formulas defining each twist map ¢*".

conditions under which a matrix x = with determinant 1 belongs to

TABLE 1. Double Bruhat decomposition and the twist maps for SLq

u=-ce u=-ce€ U= W, U = W
v=e V= W, v=e V= W,
G z12 =0 z12 70 212 =0 z12 # 0
21 =0 21 =0 221 #0 w21 # 0
x11 >0 x11 >0 x11 >0 x11 >0
1;78) z19 =0 z19 >0 x12 =0 z19 > 0
To1 =0 zo1 =0 To1 >0 To1 >0
1 -1 -1 —1 —1,.—1 —1
Cuv(z) L11 0 Tio T11 17211 0 1711171211721 Loy
0 zn 0 2 T, T21 Ty 22

1.6. Formulas for factorization parameters. To give explicit formulas for fac-
torization parameters, we will need some more notation. First, we will write

(1.13) il =il =, ) =1, () = -1,
for any i € [1,7]. Let us fix a pair (u,v) € W x W and a double reduced word
i=(i1,...,9m) € R(u,v). Recall that i is a shuffle of a reduced word for u written

in the alphabet [1,7] and a reduced word for v written in the alphabet [1,7]. In
particular, the length m of i is equal to £(u) 4+ £(v). We will add r additional entries
Im—+1s- - - > tm+r at the end of i by setting

(1.14) imas =7 G eLr).
For k € [1,m + r], let us denote
(1.15) U>k = H Sliy| » U<k = H Sla| -

l=m,... k 1=1,... k—1
el ivelLr]

This notation means that in the first (resp. second) product in (1.15), the index [
is decreasing (resp. increasing); by convention, we also have u>, = e and v = v
for k > m. (For example, if i =2 1332121 1, then, say, us7 = s;s2 and
V<7 = 818352 .) Let us define a regular function Ay = Ay ; on G by

(1.16) Ap=Api=A

U> kWi [ V<kW]ig| *
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342 SERGEY FOMIN AND ANDREI ZELEVINSKY

For k € [1,m + ], we denote
k™ =max{l:1l <k, l|i| = |ir|}

unless |i;]| # |ix| for all I < k, in which case we set k= = 0. For k € [1,m + r] and
le[0,m+r], let

1 it k <lande(iy) =eli);
(1.17) k) =14 1/2 itk=1;
0 if k> 1ore(iy) #e(iy).

With all this notation in mind, we now formulate our first main result: a solution
to the factorization problem of Section 1.2.

Theorem 1.9. Leti= (i1,...,im) be a double reduced word for (u,v), and suppose
an element x € GV can be factored as x = ax;, (t1) - @i, (tm), with a € H and
all ty, nonzero complex numbers. Then the factorization parameters are determined
by the following formulas:

m—+r

(1.18) tp = H Al)i(x/)(x(k,l’)—X(k,l))amMik‘ :
=1

(1.19) a = H A i(a!)F0)
1<k<m+r
lie|=i, e(ir)#e(iy-)

where ' = (Y (x), and we use the convention e(ig) = 1.

Formulas (1.19) can be restated as the following closed expression for the ele-
ment a:

e E(Zk)
(1.20) a= ] [ugix/@} :

1<k<m+1 0
e(ir)#e(in-1)

Since (1.18) and (1.19) express the m +r independent parameters ¢y, ..., t,, and
a®',...,a*" as Laurent monomials in the m+r minors Ay ;(2'),. .., Apgri(2), we
obtain the following important corollary.

Theorem 1.10. Under the assumptions of Theorem 1.9, the parameters ty, ..., tm
and a*',...,a%" are related to the minors Ay ;(x'), ..., Apiri(x) by an invertible
monomial transformation.

The inverse of this monomial transformation can be computed explicitly: one
can show that it is given by

1 —1
, - ; usyuz kWi (hi) Vi1 V<k @iy (Bpig))
(121)  Ags(a) = a7ezemr g == I g SR
1<k 1>k
i €[1,7] i1 €[1,7]

Since we will not use this formula, we will not prove it in this paper.
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1.7. Total positivity criteria. Theorem 1.9 implies a family of criteria for total
positivity that generalize the ones in [3, 4]. Each of these criteria asserts that a
point z € G* belongs to the totally positive variety G¥; if and only if a particular
collection of #(u) + £(v) + r minors evaluated at x are all positive.

For every double reduced word i = (i1,... ,4m) € R(u,v), let F(i) denote the

following collection of m + r minors:
(1.22) F@i)={Aki- : ke [l,m+r]}
(cf. (1.16)), where i* = (i, ...,i1) € R(u™!,v7!) is i written backwards.

Theorem 1.11. Let i € R(u,v). An element x € G*™" is totally nonnegative if
and only if A(x) > 0 for any minor A € F(i).

As a consequence, for any two double reduced words i,i’ € R(u,v), the positivity
of all minors from F(i) at a given € G*? is equivalent to the positivity of all
minors from F(i’). This phenomenon has the following algebraic explanation. Let

(1.23) Fuv)= |J FQ).

i€ R(u,v)
This can be restated as
(1.24) F(u,v) = {Awws vrws 2 1 € [L7], 0/ <u, v <07t}
where u/ < u stands for £(u) = £(u') + ¢(u'~'u) (the weak order on W).

Theorem 1.12. For any i € R(u,v), the collection F(i) is a transcendence basis
for the field of rational functions C(G*"). Furthermore, every minor in F(u,v)
can be expressed as a ratio of two polynomials in the variables A € F(i) with
nonnegative integer coefficients.

Combining Theorems 1.2, 1.6, and 1.10 yields the following result.

Theorem 1.13. For any i € R(u,v), every minor in F(u,v) is a Laurent polyno-
mial with integer coefficients in the variables A € F(i).

We suggest the following common refinement of Theorems 1.12 and 1.13.

Conjecture 1.14. For any i € R(u,v), every minor in F(u,v) is a Laurent poly-
nomial in the variables A € F (i) with nonnegative integer coefficients.

Note that Theorems 1.12 and 1.13 do not automatically imply Conjecture 1.14,
since there do exist subtraction-free rational expressions that are Laurent polyno-
mials although not with nonnegative coefficients (for example, think of (p + ¢%)/
(p+4q) =p* = pg+ ).

It is not hard to derive the following special case of Conjecture 1.14 from [3,
Theorem 3.7.4].

Theorem 1.15. Conjecture 1.14 holds for G = SL,41, when either u or v is the
identity element e.

1.8. Fundamental determinantal identities. The subtraction-free rational ex-
pressions in Theorem 1.12 can be computed by an explicitly described algorithm.
This algorithm is based on repeated application of the following generalized deter-
minantal identities.

The first group of identities follows from [4, Corollary 6.6]. They correspond to
pairs of simple roots that generate a root subsystem of type As or Bs. There are
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344 SERGEY FOMIN AND ANDREI ZELEVINSKY

similar identities for subsystems of type Ga (see [4, (4.8)—(4.11)]) although we will
not reproduce them here.

Theorem 1.16. Let u,v € W and i,j € [1,r].
(1) If a;j=aj;=—1 and l(vs;sjs;) = L(v) + 3, then

Auwi,vsiwiAuwj,vsJ-wj == Auwi,vwiAuc,uj,vsiSjo + Auwi,USjsiwiAuwj,ij .

(2) If a;j=—2, aji=—1, and L(vs;s;s;sj) = L(v) + 4, then

A A? A
UW;,VS;SjWj UW;,VS; SiW; UW;,VS;W;
- UW;,VS;8;SjWy; UW;,VS; SiW; UW;,VWj

2
+ (Auwi , VWi Auwj ;USj8iSjWj + Auwi sUSiSj8iWq Auwj ZUSj Wy )

and

Auwi ,US; Wi Auwi ,2US;5S;Ws Auw]~ ,USjWy
— A2
- A Auw]~ ,VWj

UW;,VSjS;W;

+Auwi,vwi (Auwi,vwi Auw]~,vs]~sis]~wj + A’LLUJI’,’USI‘S]‘SI‘UJI’A’LLWJ',’US]‘W]‘) .
(3) Fach of the above identities has a companion identity, obtained by “trans-
posing” all participating minors, i.e., by replacing every Ay s by As - .
We also make use of the following new identity.

Theorem 1.17. Suppose u,v € W and i € [1,r] are such that {(us;) = £(u) + 1
and ((vs;) = £(v) + 1. Then
(125) A'U,w.i,'l)w.i A'U,S.L’Wi,’USiUJi == AUSiWi,Uu)iA’LLu)i,USiWi + H A'l;ﬁj?'yw] N
J#i
The proof of Theorem 1.17 is given in Section 2.3.
For the type A, , the identities of Theorems 1.16 and 1.17 become certain 3-

term determinantal identities known since the early 19th century. We discuss their
attribution in Section 4.6.

2. PRELIMINARIES

In what follows, we retain the notation and terminology introduced in Section 1.

2.1. Involutions. Following [4], we define involutive anti-automorphisms z + z7

(the “transpose”) and z — ' of the group G by setting

(2.1) al'=a (acH), z;t)" =a:(t), x:()T =z:(t)
and
(2.2) at=a"' (aeH), z(t) =wz(t), xz;:(t)" =25t .

These two involutive anti-automorphisms commute with each other and with the
involutive anti-automorphism = + x~! of G. Hence these three maps generate
the group isomorphic to (Z/2Z)3; in particular, any composition of them is again
an involution. Notice that the involutions z — 7 and = — 2z preserve total
nonnegativity, while z — 2! does not. Informally, 2* is a “totally nonnegative
version” of z71.

In the notation just introduced, the involution x +— 2 that was defined by (1.11)
is given by % = (2)T = (2T)".
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The involutions z +— (z71)* and x +— T obviously preserve Go = N_HN, and
we have

(2.3) (") = [2"]o = [2]o -

1 1

All three involutions z +— z~!, z +— 27 and x — 2* act on W by w — w™!.
The relations between these involutions and the special representatives introduced
in Section 1.4 are summarized in the following proposition.

Proposition 2.1. We have
(2.4) T l=wl=wl=0" wl=w'=T = .

gl|

Proof. Since all three involutions are anti-automorphisms, it is enough to check
(2.4) for w = s;, in which case it follows by a calculation in SLs. O

2.2. Commutation relations. For convenience of exposition, we collect here
some known commutation relations in G that will be used in our proofs. Recall

that x;(t) and z;(t) are defined by (1.1), and aq, ... ,a, are the simple roots of g.
First of all, for every a € H, we have
(2.5) ax;(t) = zi(a®t)a , azr;(t) = x7(a”t)a .

The following relations between the elements x;(t) can be found, e.g., in [4,
Section 3] (some of them appeared earlier in [19]). If a;; = aj; = 0, then

(2.6) zi(t1)w;(te) = z;(t2)i(t)
for any ¢; and ty. If a;; = aj; = —1, then

t2t3 t1t2
(2.7) zi(tr)zj(t2)zi(ts) = (t1+t3)x(1+ 3)2; <t1+t3>

whenever t; +t3 # 0. If a;; = —2 and aj; = —1, then
(2.8)  @i(t1)w;(ta)wi(t3)w; (ts) = ;(tatitaq™ i (qp™ a; (PPq~ ) wi(tatatsp™) |
where

p=tita + (t1 +t3)ta, q = tita + (t1 +t3)ts ;

this relation holds whenever p # 0 and ¢ # 0. In the case when a;; = —3, aj; =
—1 (i.e., when «; and a; generate a root subsystem of type G2), there is also a
relation similar to (2.7) and (2.8). This relation is given in [4, (3.6)—(3.10)]; we
will not reproduce it here. Each of the relations (2.6)—(2.8) has a counterpart for
the elements 7(t); it can be obtained by applying the anti-automorphism x — 27
(cf. (2.1)).

In conclusion, let us describe the commutation relations between the elements
z;(t) and 5(t'). If i # j, then [e;, f;] = 0 in g, hence
(29) l'i(t)l'j—-(t/) = :’Ej(t/)wi(t) 5

for any t and #’. To handle the case i = 7, we will need the following notation. For
a nonzero t € C and ¢ € [1,r], we denote

he [t 0
(2.10) t —%(0 t_l),
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where ¢; : SLy — G is defined by (1.7); alternatively, t" is an element of H
uniquely determined by the condition that (%)Y = t7(*) for any weight v € P.
Then we have

(2.11) xi(t):v;-(t’):xz‘-( - )“‘Ltt,)hixi( : )

14t 14t

whenever 1+ tt' # 0. This relation can be first checked for SLs by a simple matrix
calculation, and then extended to G by applying the homomorphism ;. By the
same method, we verify the relations
(2.12) zi (s (—t1) = a;(t~HthiF
and
(2.13) 25 = it )y ()

| San(t) = a(—t M (7).

2.3. Generalized determinantal identities. We start with some identities for
the “principal minors” A“i. The definition (1.6) implies that, for any = € G,
2~ € N_, 2T € N, and a € H, we have

A¥ (27 x) = A¥ (zzT) = A¥ (x) |
A% (ax) = A¥ (za) = a* A% (z) .
In view of (2.3), we also have

(2.15) A% (271" = A% (2T) = A% (z) .

The following property is less obvious.

(2.14)

Proposition 2.2. For any x € G, j #1i, and t € C, we have

(2.16) A% (za5(t)) = A% (2;(t)r) = A% () .

Proof. Tt is possible to deduce the proposition from the commutation relations given
in Section 2.2 but we prefer another proof based on representation theory. The
group G acts by right translations in the space C[G] of regular functions on G. It
is well known that every f € C[G] generates a finite-dimensional subrepresentation
of C[G]. In view of (2.14), the function A% is a highest weight vector of weight
w; in C[G]. Since w;i(h;) = 0 for j # ¢, it follows that A“* has weight 0 with
respect to the subgroup ¢;(SLs) of G (cf. (1.7)). Therefore, A¥* generates a trivial
representation of ¢;(SL2). In particular, A% (zz3(t)) = A% (z), as desired. The
equality A% (z;(t)x) = A% (z) now follows from (2.15). O

Our next proposition justifies the validity of Definition 1.4.
Proposition 2.3. For any z € G and any j # i, we have
(2.17) A¥i(255) = A% (55z) = A% (z) .
Proof. Follows from (2.14), (2.16), and (1.8). |

The extension of principal minors from the open subset Gy to the whole of G is
given as follows. The Bruhat decomposition theorem implies that every x € G can
be written as

(2.18) r =z awz’,

for some = € N_,a € H, w € W, and 7 € N; moreover, the elements a € H
and w € W are uniquely determined by x.
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Proposition 2.4. If x € G is expressed in the form (2.18), then

wir s |oa¥ if ww; = wg
(2.19) A¥i(z) = { 0, otherwise.

Proof. By (2.14), we have

A (z~awx™) = a¥ A (W) .
Thus, to prove (2.19) we only need to show that

wir— ) 1 ifww; = wg;
(2.20) A% (w) = { 0, otherwise.

The formula is obvious for w = e, the identity element of W. Hence we can assume
that ¢/(w) > 1 and write w as us; for some u € W and j € [1,7] with £(u) = £(w)—1.
Since A% is a regular function on G, we have

(2.21) A% () = A% (W) = lim A (@;(1)55) -

Substituting into (2.21) the expression for z;(t)s; given by (2.13) and using (2.14),
we obtain

A% () = lim ") A (Taz(t1))

Since £(u) = £(w) — 1, the root u(a;) is positive, implying that wz5(t~")u~" € N_.
Again using (2.14), we obtain
A (W) = lim t°9 A¥ (T) .

t—0
It follows that

A% (w) = { 0, otherwise .

This implies (2.20) by induction on £(w). O
As a corollary, we obtain the following useful characterization of the set Gy .

Corollary 2.5. An element x € G has Gaussian decomposition if and only if
A¥i(z) # 0 for any i € [1,7].

In subsequent proofs, we will also make use of the following identities.

Proposition 2.6. For any x = [z]_[z]o[z]+ € Go and any w € W, we have

(2:22) Aw; e, ([2]4) = ALX:??:E()x) )
(223) Buaynlo]-) = ).

Proof. Using (1.10) and (2.14), we obtain:
A uw; (1) = A (a) = [a]g" A% ([2]4 W) = A% (2) Aw, wer ([2]4)
which proves (2.22). The proof of (2.23) is similar. O

The transformation (—w,) permutes fundamental weights. We will use the no-
tation ¢ +— ¢* for the induced permutation of the index set [1,r], so that

(2.24) wix = —wo(w;) (i € [1,7]) .
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Proposition 2.7. For any x € G and any u,v € W, we have
(225) Aquy7quy ((E) - Avwi,uwi (xT) - Avwowi*,uwowi* (xb) .
Proof. Using (2.15) and (2.4), we obtain:

Ay vw; () = A% (u ~120) = A% ((u _1x5)T) =A% (v _1xTU) = Apw; uw; (xT) ,

which proves the first equality in (2.25).

To prove the second equality, let us introduce the anti-automorphism 7 of G by
n(x) = Wex'w, . Since n preserves H and interchanges N_ and N, it follows that n
preserves Gy , and [1(z)]o = 1([x]o) = Wo|z]; 'Ws for any z € Gy . Using (1.2) and
(2.24), we conclude that A“i(n(z)) = A%~ (x). Hence

A, vw; () = A% (u ~120) = A¥* (n(u ~tav)) = A¥* (w:c)%_l xtu~l W)

= A% (wov _11;Luwo) == Avwowi*,uwowi* ($L> )

as claimed. O

Proof of Theorem 1.17. First of all, since s;u—! = s:lﬁ and Us; = U5, the defi-
nition (1.10) implies that it is enough to prove (1.25) in the case when u = v = e,
the identity element. Thus, we only need to show that

(2.26) Aoiwi Dsiwi,siw; = Dsiwnw; Dug,siw; = H A;;l,ﬁj .

J#i
As in the case of Proposition 2.2, our proof of (2.26) will rely on representation
theory. Consider the representation p of the group G x G in C[G] given by

p(zr,z2) f(x) = fz] zzs) .

Let us denote the left- and right-hand sides of (2.26) by f1 and fa, respectively. We
first verify that the function fy € C[G] has the following properties:
(1) fo is a highest weight vector in the representation p, i.e., it is invariant under
the subgroup N x N C G x G,
(2) f2 has weight (v,7), where v = 2w; — ay; that is, p(a1, az2)fa = (a1a2)7 f2 for
any aj,as € H;
(3) fa(e) =1 (here e stands for the identity element of G).
Property (3) is trivial, while (1) follows from (2.14). Also by (2.14), fo has
weight (=20, ajiwj, —> ;4 aziwj). To prove (2), it is enough to show that
— Z#i aj;wj = y; but this follows from the equality

(227) Z QWi = QG
jell.r]
which can be taken as a definition of the Cartan matrix.
Properties (1)—(3) uniquely determine the restriction of fo to Go. Since Gy is
dense in G, and fs is regular, these properties uniquely determine fy. It remains
to show that f; satisfies (1)—(3).

The normalization condition (3) follows from Proposition 2.4; indeed, in view of
(2.19),

Awi,wi (6) = Asiwi,siwi (e) =1, Asiwi>wi (6) = Awi,siwi (6) =0.
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To prove that f; satisfies (2), notice that for any u, v € W, the function Ay, vw;
has weight (uw;,vw;) (this follows from (1.10) and (1.2)). Hence both summands
in f1 have weight (w; + s;w;, wi + s;w;) = (7,7)-

To prove that f; satisfies (1), we first notice that, in view of (2.25), we have
f1(2T) = fi(z) for any = € G, hence p(z1,22)f1 = p(x2, 1) f1 for any z1, 20 € G.
Therefore, it suffices to show that f; is invariant under the action of N by right
translations. Let Ey,. .. , F, be the infinitesimal right translation operators on C[G]
defined by

By (1)) = 5@ () im0 ;

each E; is a derivation of the ring C[G]. It is enough to show that E;f; = 0 for
all j. If j # 4, then E; annihilates all four minors that appear in f; (this follows
from the fact that 5;2;(t)s; ~' € N), hence E;f; = 0. It remains to prove that
E; f1 = 0. Clearly, we have

(228) EiAwhwi = EiASiqu,qu =0.
We claim that
(2.29) Eilu; s = Do wis Bilsiwisi0; = Dsjwsw; -

Combining (2.28) and (2.29) and using the Leibniz rule, we obtain
Eifi=E; (AwiqwiASiWhSiwi - Asiwi>wi Awiqsiwi)
= AwhwiAsiwqy,qu - Aqu,qu Asiwwwi =0 ’

as required. We will deduce (2.29) from the following lemma which is a standard
fact in the representation theory of SLs.

Lemma 2.8. Suppose f € C[G] is such that E;f = 0 and f(xt") = t* f(x) for
some k > 0. Let f' € C[G] be given by f'(z) = f(23;). Then EF(f') = k!f.

The first equality in (2.29) follows by applying this lemma to f = A, ., (in this
case, k =1 and f' = Ay, s;w;). Similarly, the second equality in (2.29) follows by
applying Lemma 2.8 to f = Ag,u, o, (in this case, k =1 and ' = Ay, 550, )- This
completes the proof of Theorem 1.17. O

2.4. Affine coordinates in Schubert cells. For every w € W, the corresponding
Schubert cell (BwB)/B C G/B is the image of the Bruhat cell BwB under the
natural projection of G onto the flag variety G/B.

Let the subgroups N4 (w) C N and N_(w) C N_ be defined by

(2.30) Ni(w)=NNaN_o ', N_(w)=N_nuw 'Na,

where w is any representative of w in G; since H normalizes N and N_, these
subgroups do not depend on the choice of w. The following proposition is essentially
well known (cf. [11, Corollary 23.60]).

Proposition 2.9. An element x € G lies in the Bruhat cell BwB if and only if,
for some (equivalently, any) representative w € G of w, we have W 'x € Gy and
[w=1z]_ € N_(w). Furthermore, the element

1

(2.31) y, =7y () =W tr]_ vt € Ny(w)

does not depend on the choice of W, and the correspondence 74 : x +— yy induces a
biregular isomorphism between the Schubert cell (BwB)/B and Ni(w).
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Using the transpose map = — z”, one obtains a counterpart of Proposition 2.9

for the opposite Bruhat cell B_wB_.

Proposition 2.10. An element x € G lies in B_wB_ if and only if, for some
(equivalently, any) representative w € G of w, we have xw~! € G and [z 1], €
Ni(w). Furthermore, the element

(2.32) y =7n_(z) =0 zd 4w € N_(w)

does not depend on the choice of w, and the correspondence m_ : x — y_ induces
a biregular isomorphism between the “opposite Schubert cell” B_\(B_wB_) and
N_(w).

The group N_(w) is a unipotent Lie group of dimension ¢ = ¢(w), hence it is
isomorphic to the affine space C’ as an algebraic variety. We will associate with
any i = (1,...,%) € R(w) the following system of affine coordinates on N_(w).
For (p1,...,pe) € Ct, we set

=_1 pr— pr—
(2.33) Yi(p1, - pe) =W S a(p1) S (pe) -

Also, let us define
(2.34) Wk = Whi = Si,Si,_, " Si,
for k € [1,£+ 1], so that w; = w™! and weyq = e.

Proposition 2.11. The map (p1,...,pe) — vy = vi(p1,... ,pe) is a biregular iso-
morphism between C* and N_(w). The inverse map is given by

(235) pk = Awkwik,wk+lwik (y) °

Proof. We can rewrite (2.33) as
¢

vi(p1, . pe) = | [ Weraes ()@t~
k=1

Each factor W17 (pk)Wk+1 ~! belongs to the root subgroup in G corresponding
to the root —wy41(ey, ), and these are all the root subgroups in N_(w) (cf. [5,
VI, 1.6]). This implies the first statement in Proposition 2.11. To prove (2.35),
we set i’ = (i1,...,i5-1) and i’ = (ig41,...,0¢) so that i = (i/,4x,i”). Let ¢/ =
yv (p1, -+ ype—1) and ¥ = vy (Pr+1,- - ,pe). In view of (2.33), we have

(2.36) wk_lywkﬂ =y (ﬁxa(pk)) (wkﬁy”wkﬂ) :
In this decomposition, the first factor y’ belongs to N_(s;, ---s;,_,) C N_, while

the last factor w,1y"Wrs1 belongs to wi ), N_(w ;) wryr C N. Using (2.14)
and (2.13), we conclude that

Awkwik>’wk+1wik (y) :hAwik (wk_lym) = A% (ﬁx;(pk))
= A%k (w7 (=py oy " o, (0 1)) = pic s
as claimed. i

Note for future use that a similar argument allows us to prove that, for any
€ [LTL ke [17€+ 1]7 and [URS N—('UJ), we have

(237) Awkwi,wkwi (y) = 1 :

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



DOUBLE BRUHAT CELLS AND TOTAL POSITIVITY 351

This follows from a decomposition similar to (2.36):
wr, ywy =y (wr " ly"wy)
where y' € N_(s;, -84, ,) C N, and @y, ~'y"wy, € wy ' N_(wy') wy C N.

As a corollary of Proposition 2.11, we obtain defining equations for N_(w) as a
subvariety in N_. Notice that N_ = N_(w,). Hence, for every j = (j1,... ,jn) €
R(w,), any element y € N_ can be uniquely written as y = yj(p1,... ,pn) for
some (p1,...,pn) € C" (here n = £(w,)). Let us choose j so that its first n — ¢
indices form a reduced word j; for wow ™!, while the last £ indices form a reduced
word jo for w. Then write (wo)r = 8,8, _, - - 8;, for k € [1,n+ 1], in agreement
with (2.34). Finally, let us denote

N’ (w)=N_nw 'N_w,

where @ is any representative of w in G (cf. (2.30)). The following proposition is
an immediate consequence of Proposition 2.11 and the definition (2.33).

Proposition 2.12. Fveryy € N_ is uniquely written as y = y1y2 withy; € N’ (w)
and y2 € N_(w). In the above notation, if y = y;(p1, ... ,on), then
——1 —
Yy1=0 Y, (P, ,Pn-0)W ;, Y2 = Yjo(Pn—t415- - s Pn) -
Hence y lies in N_(w) if and only if
(2.38) A (wo)kwsy - (wo)k iy, (¥) =0
fork=1,... n—{.

2.5. y-coordinates in double Bruhat cells. Let us fix a pair (u,v) € W x W
and consider the open subset G = G** N Gy consisting of the elements z in
the double Bruhat cell G* that admit Gaussian decomposition (1.5). In view of
Propositions 2.9 and 2.10, the restrictions 7y : G** — Ny (u) and 7_ : G*? —
N_(v) are well defined. Let us also introduce the map m : G5* — H by

(2.39) Yo = mo(z) = [z]o ,
thus obtaining the map
7 = (my,mo, ) Gy’ — Ny(u) x H x N_(v) .

For z € Gy", we will write 7“"(z) = (y+,%0,y—) and call this triple the y-
coordinates of x.

Example 2.13. Let G = SL2(C), and let v = v = w, (cf. Example 1.8). A matrix

r = ( 211 ?2 ) with determinant 1 belongs to Gy* if and only if z1; # 0,
21 T22

212 # 0, o1 # 0. Using formulas (2.31), (2.32), and (2.39), we see that the

y-coordinates of x are given by

(1 apay) A TR _ 1 0
(240) y+_( 0 1 , Yo= 0 xl—ll , Y-= 33111171_21 1 .

Our use of the term “coordinates” for the triple (y+,%0,y—) is justified by the
following statement.

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



352 SERGEY FOMIN AND ANDREI ZELEVINSKY

Proposition 2.14. The map ™Y is a bireqular isomorphism
Gy — (Ny(u)NGou™') x H x (N_(v) Nv'Gy) .
The inverse isomorphism (y+, Yo, y—) — x is given by

(2.41) [z]- = [y+a]-, [zlo = wo, [x]+ = [0y-]+ ,
where 4 and ¥ are arbitrary representatives of u and v.

Proof. By Proposition 2.9, any € BuB can be written as * = y,ub, where
y+ = 74 (z) and b € B. It follows that = € Gy if and only if y, @ € Gy, and if this
is the case, then [z]_ = [y, @]—. Similarly, an element x € B_vB_ lies in Gy if and
only if 0y_ € Gy, and then [z]; = [oy_]+. It follows that 7%V is an embedding
of G§"¥ into (N4 (u) N Gou™t) x H x (N_(v) Nv™1Gp), and that the inverse map
is given by (2.41). The same argument shows that if the triple (y+,yo,y—) lies in
(N4 (u)NGou™t) x H x (N_(v) Nv~1Gy), then the element x given by (2.41) lies
in Gy'’, and we are done. O

The following proposition is immediate from the definitions.

Proposition 2.15. We have Ny(u)T = N_(u™t) and (G5")T = Ggil’uil. If
z € Gy has y-coordinates (y4,yo,y—), then xT has y-coordinates (y*,yo,yL).

This proposition shows that the transpose map “interchanges” the coordinates
y+ and y_, so that any statement about y_ has a counterpart for y,. For instance,
Proposition 2.9 is a counterpart of Proposition 2.10 in this sense.

Proposition 2.16. Suppose x € Gy'" has the y-coordinates (y+,yo,y—). Then

(2.42) [w=tz]o" = lys@oyo ' s [2v 5" = wo '[Oy-Jo -
Proof. By Proposition 2.9, z =y ub for some b € B. It follows that yo = [y,]o[b]o.
On the other hand, u=1z = u 'y, ub € N_b, hence

[u=Ta]o = [blo = yoly+uly "

This proves the first equality in (2.42); the second one follows by Proposition 2.15.
O

It will be of special importance for us to specialize Proposition 2.14 to the case
when (u,v) = (e, w), where e is the identity element of W, and w € W is arbitrary.
Then we have G5 = G = HN"™ where

(2.43) NY=NnNnB_wB_ .
Specializing Proposition 2.14 to this case, we obtain the following statement.

Proposition 2.17. For anyw € W, the map 7— : B_wB_ — N_(w) restricts to a
biregular isomorphism N¥ — N_(w)Nw~1Gy. The inverse isomorphism N_(w) N
w™tGo — NY is given by y — [Wy]+, where W is an arbitrary representative of w.

Using Proposition 2.15, we see that Proposition 2.14 is equivalent to its special
case given by Proposition 2.17 combined with the following decomposition:

(2.44) GUY = (N* )THN" .
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2.6. Factorization problem in Schubert cells. In this section we recall some
results from [4] concerning a version of the factorization problem for the variety
N* = NNB_wB_ (cf. (2.43)). We will need the following analogue of Theorem 1.2
which is essentially due to G. Lusztig [18] (cf. also [4, Proposition 1.1]).

Proposition 2.18. For any w € W and any reduced word i = (i1, ... ,ip) € R(w),
the map (t1,...,te) — x5 (t1) i, (te) is a biregular isomorphism between (Cio
and a Zariski open subset of N™.

We will give explicit formulas for the inverse of the product map in Proposi-
tion 2.18.

Theorem 2.19. Let i = (i1,...,i) € R(w), and let © = x;, (t1) -~ x4, (te) € N*
with all t nonzero complex numbers. Then the ty are recovered from x by

1 s
) H Awk+1w]-,wj' (y) Itk b

Awkwik Wiy, (y)Awk+1wik>wik (y ]761k
where wy, is given by (2.34), and y = n_(x) € N_(w) (cf. (2.32)).

(2.45) ty =

This theorem is a reformulation of [4, Theorems 1.4, 6.2]. Here we present a new
proof which is in some sense more elementary than the one in [4], and also provides
additional information that we will need later on.

Proof. There is nothing to prove if w = e, so we will assume that {(w) = £ > 1.
Let y = m_(z) and z = wy. By Proposition 2.17, z € Gy and = = [z]4+. Let us

write i; = ¢, and denote w' = s;w, i’ = (ia,... i) € R(w_’), 2= zi(—t)x =
Tiy(t2) -+ -2i, (b)) € N¥', y = 7_(2/) € N_(w'), and 2z’ = w'y’. Here is the key
lemma.

Lemma 2.20. In the notation just introduced, let us write y' = vy (p2,... ,pe), n
accordance with Proposition 2.11. Then y = y;(p1, P2, ... ,pe), where p1 is given by
(246) b1 = Asiqu,wi (xz_'([zl]o_aitl_l)[zl]zl) :

Furthermore, we have

(2.47) tr =[5 Y 2] .

Proof. Let us temporarily denote § = y;(p1,p2,--. ,p¢) and Z = Wy, where p; is
given by (2.46); our goal is to show that § = y and Z = 2. By Proposition 2.17, it
suffices to show that [Z], = x, or equivalently that Zz—! € B_.

By Proposition 2.12 (applied to w = s;), formula (2.46) implies that

(2.48) zi([2'lg T = 5y"s (o)
where y” € N_. Using (2.5) and (2.12), we can rewrite the left-hand side of (2.48)
as follows:

(S L o o Rl A R E CO
= [lowz(ty ai(—t1)a(z') 7 = []osity ar(—ty ()
Substituting this expression into (2.48) and using the fact that Z = 5, 'a7(p1)z
we can rewrite (2.48) as follows:

(2.49) 2ot = () s [ sty (1Y)

!
)
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It follows that Zz~! € B_, hence §j = y and Z = z. Since the left-hand side of
(2.49) is equal to [z]_[2]o, it follows that

(2.50) (2o =57 ~M[&)om t

Finally, (2.47) follows from (2.50) by applying the character a — a“* to both sides
and using (1.2). |

Note that (2.46) can be simplified as follows:
(2.51) 1= Bt (@) By, (@)
since we will not need this formula, the proof is left to the reader.
Continuing with the proof of Theorem 2.19, let us define, for k =1,...,¢:
e = 2y (1) @i, (t) € NV | y® = 1_(@®) | 20 = Ty ®)
Applying (2.47) with x replaced by z*) yields
(2.52) ty = [2FFD] T (R T

On the other hand, combining the definition (1.10) with (2.27), we can rewrite
(2.45) as follows:

—wiy,

(2.53) te = lwhylo™ " lwy Ml

Comparing (2.53) with (2.52), we see that Theorem 2.19 would follow from the

equality [w; 'ylo = [¢®]o. The latter is obtained by observing that w; 'y =

z = §2%) where § = Y(irsosin_1)(P1,- -, Pr—1) € N_ (this § was denoted
by " in (2.36)). |

2.7. Totally positive bases for N_(w). Although most of the results in this
section were obtained in [4], we prefer to give independent proofs here; in some
cases, this will allow us to refine the statements in [4].

We start with the following general definition.

Definition 2.21. Let F' be a finite collection of functions on a set X. A subset
B C F is called a totally positive base for F if B is a minimal (with respect to
inclusion) subset of F' with the property that every f € F is a subtraction-free
expression (i.e., a ratio of two polynomials with nonnegative integer coefficients) in
the elements of 5.

For every w € W, let us denote

(2.54) F(w) = {Awrw; wrw: (y) 1 i€ [1,r], v 2w’ 2wt}
(As earlier in (1.23), w’ < w” stands for £(w") = {(w') + £(w'~'w”).) To every
reduced word i = (é1,...,%n) € R(w) we associate three collections of regular
functions on the group N_(w):

Fl(i) = {Awkwikqwik 1<k < m} )
(255)  Fo() = {Au-twn e, P 2Sk<m+1},

F@i) = {Avwiww; 1 1€[Lr],1<k<I<m-+1},

where wy, = s;,, -+ 84, (cf. (2.34)).
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Theorem 2.22. For any reduced word i = (i1,... ,im) € R(w), each of the col-
lections Fy (i) and Fa(i) of regular functions on N_(w) is a transcendence basis for
C(N_(w)) and a totally positive base for F(w).

Proof. Let us first deal with F(i). The most important part of the proof is to show
that every minor in F(w) is a subtraction-free expression in the minors from F(i).
Since we obviously have

ieR(w)

this statement will directly follow from Lemmas 2.23 and 2.24 below.

Lemma 2.23. For any two reduced words i,i’ € R(w), every minor in F1(1') is a
subtraction-free expression in the minors from Fy(i).

Proof. This is an immediate corollary of [4, Corollary 6.7]. The proof in [4] is based
on repeated applications of determinantal identities of Theorem 1.16. O

Lemma 2.24. Every minor in F(i) is a subtraction-free expression in the minors
from Fy(i).

Proof. We need to show that every minor Ay, u; ww;, for @ € [1,r] and 1 < k <
I <m+1, is a subtraction-free expression in the minors A, ., ;.- Recall that, by
convention, wy,+1 = e, so the statement is trivial for [ = m + 1. By (2.37), it also
holds for k = [, since the corresponding minor equals 1. Thus we may assume that
1 <k <l < m; increasing k and [ if necessary, we can also assume without loss of
generality that i, = i; = 1.

Let us arrange all the pairs (k,!) with 1 <k <! <m+ 1 in the following order:
(K1) < (k,1) if either I > I, or I’ = I, k' > k. Using induction with respect to
this linear order, it is enough to show that for every (k,1) such that 1 <k <l <m
and iy, = i; = 4, the minor A, o, w0, IS a subtraction-free expression in the minors
A,y wjwyw; With j € [1,r] and (K',1") < (k,1). The latter follows from the identity
(1.25) applied to v = wg11 and v = w41 . Indeed, this identity can be rewritten as

—aj;
A _ Awkw'hlerlUJi Awaeri;wlwi + Hj;éi Awk+1wj>wl+1wj
WEWi,Wiw; — ’
Awk+1wi>wl+1wi
providing a desired subtraction-free expression. O

Lemma 2.24 implies in particular that each minor Ay,w,, wyyyw;, (¥) is a rational
function of the minors from Fi(i). By Proposition 2.11, it follows that Fi(i) is a
transcendence basis for C(IN_(w)), hence it is a totally positive base for F(w).

To prove that F5(i) has the same properties, we will apply the anti-automorphism
Ty of G given by

(2.56) Tw(y) =w(y™)'w 7,

where 6 was defined in (1.11). In view of (2.4), if 7, (y) = ¢/, then
(2.57) y=mo ). Ty =y

A straightforward check shows that

(2.58) Fuet (N3 () = Ny (™), i (N- (w)) = N_(w™?) .
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Lemma 2.25. Lety € G, and lety’ = 7,,(y) for somew € W. For anyw',w" € W
such that w' < w™! and w"’ < w™, we have

(259) Aw”wmw’qu (y) = Aww’wq;,ww”wi (y/) :
Proof. In view of (1.9) and (2.4), the conditions v’ < w~! and w” < w~! imply
that

(ww') —1 —w w, w = .

Combining this with (2.15), we obtain:
(2.60)

—_— — 1 -

Awwro; wwrw; (Y') = A% (ww') ~ly'ww”) = A% (v’  w 'y w w”)

— —1

=A@ (Y W) = A ) = A, (1) |
as claimed. =

By Lemma 2.25, the anti-automorphism 7,, transforms F(w) into F(w~1!), and
Fy(i) into F(i*), where i* = (i, ... ,i1) € R(w™!) is i written backwards. Thus
the fact that Fy(i) is a transcendence basis for C(N_(w)) and a totally positive
base for F'(w), follows from the same properties for Fj(i) that we already proved.
This completes the proof of Theorem 2.22. O

2.8. Total positivity in y-coordinates. Let N>q C N denote the multiplicative
semigroup generated by the elements x;(t) for ¢ € [1,7] and ¢t > 0. For every w € W,
let us denote (cf. [4])

(261) N;UO:NZQQNw:NZQQB_wB_ .

The following analogue of Theorem 1.3 is due to G. Lusztig [18] (cf. Proposi-
tion 2.18).

Proposition 2.26. For any w € W and any reduced word i = (i1, ... ,i¢) € R(w),
the map (t1,... ,te) — xi, (t1) - - xi, (te) restricts to a bijection RE ; — NY,.

We will use Theorem 2.22 to obtain the following criteria for total positivity.

Theorem 2.27. Let © € N¥, let y = m_(x) € N_(w), and let i = (i1,... ,ip) €
R(w). Then the following conditions are equivalent:

(1) S N;UO ;

(2) A(y) >0 for any A € F(w);

(3) A(y) >0 for any A € Fy(i);
(4) A(y) > 0 for any A € Fy(i).

Proof. The equivalence of (2), (3) and (4) is immediate from Theorem 2.22. Let
us show the equivalence of (1) and (3). By Proposition 2.26, every z € NY is

of the form « = z;, (t1) - - - x4, (t¢) for some t1,... ,t; > 0. By Theorem 2.19, each
t;, is a monomial in ¢ variables {A(y) : A € Fi(i)}. It follows that the monomial
transformation from {A(y) : A € Fi(i)} to {t1,...,t¢} is invertible (an explicit

expression for the inverse transformation was given in [4, Theorem 4.3] but we will
not need it here). Thus every A(y) with A € Fi(i) is a Laurent monomial in
t1,...,te. Hence A(y) > 0, and (1) = (3) is proved.

To prove (3) = (1), suppose that A(y) > 0 for A € Fy(i). Let us define t1,... , t;
via (2.45), and let & = w;, (t1) - -~ 24, (tr) € N¥,. Setting § = 7_(&), we see that
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A(y) = A(g) for any A € Fi(i). By Lemma 2.24, we have A(y) = A(g) for any
A € F(l) In partiCUIaru A’wkwik,wk+1wik (y) = Awkquk,wk+1wik (g) for k = 17 cee aﬂ-
Using (2.35), we conclude that y = § and so = & € N¥,, proving (3) = (1). O

Corollary 2.28. The map 7, : N_(w) — N_(w™') (cf (2.58)) restricts to a
bijection _ (N¥y) — m_(N%, ).

Proof. We have already observed that by Lemma 2.25, 7, transforms F(w) into
F(w™!). The corollary then follows from Theorem 2.27. |

We will now show that using y-coordinates (i.e., passing from a double Bruhat
cell G*¥ to the open subset G*") will not create problems in the study of totally
positive varieties. The following proposition is due to G. Lusztig [18]; for the
convenience of the reader, we provide a proof.

Proposition 2.29. We have N>o = N N G>¢, NI, = N_ N G>o and G>9 =
NgOH>0N20, In particular, G>o C Gy, i.e., any totally nonnegative element in
G admits the Gaussian decomposition. Furthermore, for any u,v € W, the totally
positive variety G decomposes as

U,V u ! v
(2.62) Gly = (NYo )T HooNY
in the notation of (2.61).

Proof. By the definition of G>¢, every totally nonnegative element = € G has the
form (cf. (1.3)) = = zi(ast1,... ,tm), where i = (i1,... ,%m) is some word in the
alphabet [1,7] U [1,7], the t; are positive real numbers, and a € Hso. We say
that i is unmized if all the indices from [1,7] precede those from [1,7]. By repeated
application of the commutation relations (2.5), (2.9) and (2.11), we can transform x
to the form « = zy (a5 t, ... ,t],) for an unmixed word i, @’ € Hs, and all t}, > 0.
This proves the decomposition G>¢ = N;FOH>0N20. The equalities N>o = NNG>g
and NI, = N_ N G> follow from this decomposition of G>¢ and the uniqueness

of the Gaussian decomposition. Finally, (2.62) is proved by the same argument
combined with (2.44). O

Combining Propositions 2.29 and 2.15 with Theorem 2.27, we obtain the follow-

ing description of the totally positive variety G%j in terms of y-coordinates.

Theorem 2.30. An element z € Gy lies in G if and only if its y-coordinates
(y+, Yo, y—) satisfy the following properties:

e A(y_) >0 for any A € F(v);
o A(yL) >0 for any A € F(u™');
® yo € Hyy.

3. PROOFS OF THE MAIN RESULTS
This section contains proofs of the main results in Section 1.
3.1. Proofs of Theorems 1.1, 1.2, and 1.3.

Proof of Theorem 1.1. We will explicitly construct a desired biregular isomorphism
of G"" with a Zariski open subset of C"H(W+(v) with the help of a “twisted”
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version of y-coordinates (cf. Section 2.5). We fix a representative @ of u, and
associate to any € G*"" a triple (y(4),%(0), ¥(-)) given by

(3.1) Y =+ (2), yoy =m-(a7h), yoy) = [ 2o ;
in view of Propositions 2.9 and 2.10, this triple is well defined and belongs to
Ny (u) x H x N_(v™1t). Our statement is a consequence of the following.

Proposition 3.1. The correspondence x +— (Y, Y(0),Y(—)) given by (3.1) is a
biregular isomorphism of G with the Zariski open subset of Ny (u)x Hx N_(v™1)
consisting of triples such that y_yy) € vGout.

Proof. The proof is essentially the same as that of Proposition 2.14; the inverse of
the correspondence (3.1) is given by

T =yl Yyl Yo

where v is any representative of v. O

Proof of Theorem 1.2. By Theorem 1.1, every double cell G*V is smooth, and
dim(G™") = dim(H x C™). It follows from the Grothendieck-Zariski factorization
theorem [14, Theorem 8.12.6] that if X and Y are irreducible algebraic varieties
over C of the same dimension, and Y is smooth, then any injective morphism from
X to Y is an open embedding. Therefore, Theorem 1.2 is implied by the follow-
ing proposition. (We thank Michel Brion for explaining this implication to us and
providing the reference [14].)

Proposition 3.2. For every u,v € W and i = (i1,... ,im) € R(u,v), the map x;
restricts to an injective regular map H % (ngo — G™".

Proof. First let us show that z;(H x C};) C G*. We will show that x;(H x CZ;) C
B_vB_; the inclusion z;(H x CI;) C BuB is proved similarly (or deduced from
the previous one with the help of the transpose map). Let

{kl <--- < kg} = {k S [Lm] D € [177‘]} ,

so that (ig,,...,ir,) € R(v). Let us use the fact that, for every i € [1,7] and
nonzero t € C, we have z;(t) € B_s;B_ and x;(t) € B_ (cf. (2.12)). It follows that
if (a;t1,... ,tm) € H x C, then

zi(asty,... ,tm) € B--B_s; B_-B_---B_-B_s; B_-B_=DB vB_,
as desired; the last equality follows from the well-known fact that
B w'B_-B w'B_=B_wuw'B_

whenever {(w'w”) = f(w') + £(w") (ct. [5, IV.2.4]).

It remains to show that the map x; : H X (C;ZO — G™" is injective. There is
nothing to prove if u = v = e, so we can assume that m = ¢(u)+£(v) > 1. Suppose
that 4,, =i € [1,7] (the case when i,, € [1,7] is treated in the same way). Denote

v’ =ws; so that i = (i1,... ,im-1) € R(u,v"). Now suppose
zi(asty, ... tm) =xi(a’;ty, ... ),

where (a;t1,... ,tp) and (a’;ty, ... ,17,) belong to H x CZ,. Multiplying both sides
of the last equality on the right by x;(—t,,), we obtain:

(3.2) zi(asty, ... s tm_1,tm —t,) = zv(a’;ty, ...t 1) .
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If t,, # t,, , then the left-hand side of (3.2) lies in G*¥, while the right-hand side lies
in G*¥". But this is impossible because the double Bruhat cells are disjoint. Thus
tm =t , and the desired injectivity follows by induction on m. This completes the
proof of Proposition 3.2 and Theorem 1.2. O

Proof of Theorem 1.3. If a double reduced word i € R(u,v) is unmixed, i.e., all
the indices from [1, 7] precede those from [1,7], then our statement follows by com-
bining (2.62) with Proposition 2.26. The statement for an arbitrary i € R(u,v)
can be reduced to the case of an unmixed i by the argument used in the proof of
Proposition 2.29, i.e., by repeated application of the commutation relations (2.5),
(2.9) and (2.11). 0

3.2. Proofs of Theorems 1.6 and 1.7.

Proof of Theorem 1.6. The fact that the right-hand side of (1.12) is well defined
for any © € G™" follows from Propositions 2.9 and 2.10. Let us show that 2’ =
¢w(z) € Gv 0. Using (2.31), we can rewrite #/ as

;__=—1 1, =1 =1 o
=7 (y+ [z~ _[zv ]0) ;
where y, = 7, (x). It follows that w2z’ € Gy, and

(3.3) [a']- = (y:")? .

Hence [uz']- € Ni(u)? = N_(u"1), and we conclude from Proposition 2.9 that
2’ € Bu~!B. The inclusion 2’ € B_v~!B_ is proved in a similar way (or by using
the transpose map); the counterpart of (3.3) is given by

(3.4) [2'0)4 = (y=1)?
where y_ = 7_(x) (cf. (2.32)).

We have proved that =’ € Gv ' To complete the proof of Theorem 1.6, it
suffices to show that ¢* " (¢%?(z)) = x for any = € G*?. Notice that (3.3) and
(3.4) can be rewritten as

a5 @)=7 (@) T =t () v

The desired equality (%" (z') = z follows by substituting these expressions into
1

the expression for (%~ ¥ (2') obtained from (1.12). O

The following proposition shows that the twist map respects the Gaussian de-
composition.

Proposition 3.3. The twist map (*" : x — 2’ sends the open subset Gy'* to

-1, -1
Gy Y, and we have
p—— — 1

(3.6) [2]o = [u=alg  [a]olzv="]5

Proof. To show that x and 2z’ belong to Gy simultaneously, it suffices to rewrite
(1.12) as

= ([ﬁx]o[ﬁxh ! [xv_l]_[xv_l]o)e :

In view of (2.3), this also implies (3.6). O
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Let us now describe the twist map in terms of y-coordinates. Recall the definition
(2.56) of the anti-automorphism 7,, of the group G.

Proposition 3.4. Suppose x € Gy’ has y-coordinates (y+,yo,y—). Then the y-
coordinates (y',,y,y") of x' = (¥ (x) are given by

Y =11 (y4)

(3.7) v = Iy vy Py-lo
y/— = Tv(y—) .

Proof. The desired expressions for ¢/, and y’ follow from (3.5); the expression for
y(, follows from (3.6) combined with (2.42). |

Proof of Theorem 1.7. Let € G, and let 2’ = ("Y(z). By Proposition 2.29,
x € Gy so x has well-defined y-coordinates (y+,yo,y—). By Proposition 3.4,
the y-coordinates (y/,,yo,y" ) of a’ are given by (3.7). By Theorem 2.30, the
triple (y+,yo,y—) satisfies the properties given there, and it suffices to check that
(¥'.,y0,y_) satisfies the same properties with (u,v) replaced by (u=*,v~'). In
view of (3.7) and (2.59), if A(y_) > 0 for any A € F(v), then A(y") > 0 for
any A € F(v™'). Similarly, using (2.57) we obtain that if A(y?) > 0 for any
A € F(u™!), then A(y;T) > 0 for any A € F'(u).

It remains to show that y{, € H-o. Applying the character a — a*i to both sides
of the equality v} = [y+@lo ¥5 * [0y—]o in (3.7), we obtain

(y(/J)WI = Auwi,wi (yz) yO_Wi AU71Wi,wi (y—) .

Since A,-1,, ., € F(v) and Ay, o, € F(u™t), it follows that (y))< > 0 for any
€ [1,7]. Therefore, y,, € Hso, as desired. O

3.3. Proof of Theorem 1.9. First notice that the equivalence of (1.19) and (1.20)
follows by applying the character a — a“i to both sides of (1.20) and simplifying
the result. In proving (1.18) and (1.20), we will follow the same strategy that was
used in the proof of Theorem 1.3: first treat the case when i is unmixed, and then
extend the result to the general case with the help of commutation relations (2.5),
(2.9) and (2.11).

Let us first assume that i € R(u,v) is unmixed, i.e., all the indices from [1,7]
precede those from [1,7]. Repeatedly using (2.5), we conclude that in this case
x =xi(a;t1, ..., tm) € Gy'*, and the components in the Gaussian decomposition of
x are given by

(3.8) [2]- = @iy (a7 lt) gy, (@700 )
[1?]() =a, [$]+ = Liguy+1 (té(u)-l-l) T Ty, (tm) :

Since by Theorem 1.6, z = ¢* **" ('), formula (3.6) implies that
(3.9) a = [a]o = [u'ly ' [«'lolz'7lg " -

This proves (1.20) since a simple inspection shows that the right-hand side of (3.9)
is equal to that of (1.20) when i is unmixed.

Turning to the proof of (1.18), let us first consider the case £(u) < k < m. Let
(Y+,Y0,y—) be the y-coordinates of x, and (v/,,yg,y") be the y-coordinates of .
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By (2.45), we have

(3.10)
1
ty = Ay-1y wj,w; (y—)~ " .
Av71”<k“’ik Wiy (y_)Av71U<k+1Wik Wi, (y—) jl;:i[k <k
Using (3.7), (2.59), (2.22), (2.41), and (2.42), we can rewrite Ay,-1,_, 0 o, (Y-) as
follows:
Av*1v<kw]-7wj (y—) = A'Uw]'7'l)<kUJj (y/_) = ij,v<kw]- (Ule/—)
(8:11) = Doy wans (WY DT = Au v, ()10 o7y T

= Aoy vepw; (@) Doy, (27)

Substituting the expressions given by (3.11) into (3.10), we express tj as a Laurent
monomial in the minors A;(z’) given by (1.16). Using the notation from Section 1.6,
this monomial can be Written as follows:

(312) tk = W H Al LT H Am+j(fl'/)aj‘ik ,

Ll <k<l JE1,r]

where the index kT is defined by (k™)™ = k. Formula (1.18) now follows by simple
inspection which shows that, for i unmixed, the right-hand side of (1.18) is equal
to the one of (3.12).

The proof of (1.18) for 1 < k < ¢(u) is practically the same as above. In this
case, the counterpart of (3.12) is given by

W H Al T Mgl il H Al a\ll\ ligl |
k+

L= <k<l 1:1-=0
To deduce (1.18) from (3.13), first notice that in view of (1.19) and (2.27), we have
a®likl = H Ag(z") (e(@)=e(@=)ajiy|1i1/2
1<i<m+r

Thus in order to check (1.18), it suffices to show that, for i unmixed and 1 < k <
£(u), the right-hand side of (3.13) is equal to

m—r

H Ay(z (5 4= )/24x (k07 )—e(i) /2=x(k,1) ajiy),jiy) :

(3.13)  a”%klty, =

this is again checked by direct inspection.

Now let us prove (1.18) and (1.20) for an arbitrary double reduced word for u
and v. Every such word can be obtained from an unmixed one by a sequence of
mized moves of the form

It therefore suffices to prove the following statement.

Lemma 3.5. Suppose a reduced word i’ € R(u,v) is obtained from i € R(u,v) by
a mized move. If (1.18) and (1.20) hold for i, then they also hold for 1.

Proof. Suppose i’ is obtained from i by interchanging iy, = j and i1 = i. By (2.5),
(2.9) and (2.11), the factorization parameters that appear in two factorizations

= 3@t tn) = oy (d5th, . E),)
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of an element x € G*¥ are related as follows. If ¢ # j, then

(3.14) ad=a,tp=t (1 ¢{kk+1}) tp =trg1, thy =t

For i = j, a straightforward calculation using (2.5) and (2.11) shows that
(3.15) (a')%r = a®? (1 + tytpyr) %" |

(3.16) th = ty(1 + tptpr) %0 (1< k),

(3.17) the = tha1 (L4 thtir1), thpr = te(L+ titprr) ",

(3.18) =t (I>k+1).

We need to show the following: if we substitute the parameters ¢; and a“? given
by (1.18) and (1.19) into (3.14)—(3.18), then the resulting ¢; and (a')“» satisfy the
same formulas (1.18) and (1.19) with i replaced by i’. This is immediate from the
definitions when ¢ # j, so let us assume ¢ = j. By the definition (1.16), we have
Ay = Ay for I # k + 1, so we will denote this minor simply by A;. The key
calculation is now as follows.

Lemma 3.6. In the above notation, if ty and ty41 satisfy (1.18), then
App1,i(2) Apyi(a’)
Ap(") A (ot1)+ (2)

Proof. Let us denote ' = u>gyo and v’ = vey (this is unambiguous since these
expressions are the same for i and i’; cf. (1.15)). In view of (1.16), we have

(3.19) 1+ tptesr =

Ak+l,i == Au/wi,v/wi 5 Alc—!—l,i’ - Au’siwi,v’siwi 5
(3.20)
Ak = Au’sqywhv’wqy P A(k+1)+ = Au’whv’sqywqy P
so (3.19) takes the form
! !
Ao wrw; (T1) Aurs i 05,0 ()
Avsiwiw (T Auriw, vrsiw, (27)

On the other hand, if ¢ and ¢ are given by (1.18), then

(3.21) 1+ttt =

m—r

tothgp1 = H Ay ()X AL =x(e D =X (b 1D) @iy
=1

By (1.17), we have

1 ifl>k+1;
(3.22) (kD) +x(k+1,0) =4 1/2 ifle {kk+1};
0 ifl<k.

It follows that
tithir = (@) A ()0 T Au@) W

1= <k<l
= (Aws;w;,v'wi (x/)Au/UJi7UISiW71 (x/))_l H Au/wp7v’wp (x/)_am .
pFi
Therefore, (3.21) becomes a consequence of (1.25), and we are done. |
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If we substitute the expressions given by (1.18), (1.19) and (3.19) into the for-
mulas (3.14)—(3.18), then an easy simplification shows that they will be given by
(1.18) and (1.19) for i’. This completes the proofs of Lemma 3.5 and Theorem 1.9.

3.4. Proofs of Theorems 1.11 and 1.12. We start by recalling a well-known
property of reduced words in Coxeter groups (cf. [5, 15]). To state it, we will need
the following notion.

We call a d-move the transformation of a reduced word that replaces d consec-
utive entries ¢, 7,4,7,... by j,%,7,%,..., for some ¢ and j such that d is the order
of s;5;. Note that, for given ¢ and j, the value of d can be determined from the
Cartan matrix as follows: if a;ja;; = 0 (resp. 1,2, 3), then d = 2 (resp. 3,4, 6).

Proposition 3.7. Every two reduced words for the same element of a Cozeter
group can be obtained from each other by a sequence of d-moves.

Applying this proposition to the group W x W, we conclude that every two
double reduced words i,i’ € R(u,v) can be obtained from each other by a sequence
of the following operations: d-moves for each of the alphabets [1,7] and [1,7], and
also mixed moves (cf. Section 3.3) and their inverses.

Proof of Theorem 1.12. Let us first prove that F(i) is a transcendence basis for
the field C(G*"). By Theorem 1.1, F(i) is of cardinality dim G*". It is therefore
enough to show that F(i) generates C(G*?). In view of Theorem 1.6, it suffices to
show that the collection of “twisted” minors Ay ;(z’) (cf. (1.16)) generates C(G™").
By Theorem 1.2, the field C(G*™") is generated by the factorization parameters ¢
and a*?, and the claim follows by Theorem 1.9.

The second statement of the theorem is a consequence of the following lemma.

Lemma 3.8. Suppose a double reduced word i’ is obtained from i by a d-move in
one of the alphabets [1,7] and [1,7], or by a mived move, or by the inverse of a
mized move. Then each element of the set difference F(i') \ F(i) is a subtraction-
free expression in the elements of F(i).

Proof. For d-moves in [1,r] or [1,7], the desired subtraction-free expressions can be
obtained from generalized Pliicker relations in Theorem 1.16 (including the omitted
relations of type Gs); this part of the argument is essentially borrowed from [4,
Proposition 6.10]. For mixed moves and their inverses, the statement follows in the
same way from Theorem 1.17 (cf. the proof of Lemma 3.5 above). Lemma 3.8 and
Theorem 1.12 are proved. a

Proof of Theorem 1.11. Tt will suffice to show that the following are equivalent:

(1) z € GLy;

(2) A(x) > 0 for any A € F(u,v);

(3) A(x) > 0 for any A € F(i).

The equivalence of (2) and (3) follows from Theorem 1.12. Let us show that
(1) = (3). By Theorem 1.7, if z € G%{, then 2’ € GZOI’U ", The condition
(3) now follows by applying Theorems 1.3 and 1.10 to 2’ and the reduced word
i* € R(u=t,v~1) opposite to i.

It remains to show that (2) = (1). First of all, by Corollary 2.5, (2) implies that
z € Gy'"; moreover, [z]g € Hs(. By Proposition 2.15 and Theorems 2.30 and 2.27,
is suffices to show that y_ = 7_(x) satisfies Ay-14, 47w, (y—) > 0, for i € [1,7] and
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any v/ < v~ Using (2.41) and (2.22), we obtain (cf. (3.11)):

Ay vrw; (T)
3.23 Aty v (Y_) = ———",
( ) v w; vw; (y ) Awqy,vflwqy (Q?)
By (2), the right-hand side of (3.23) is positive, and the proof is complete. |

4. GL,, THEORY

Throughout this section, G = GL,,(C) is the group of invertible n x n matrices
with complex entries. In this case, the problems under consideration become quite
natural questions in “classical” linear algebra, so we will formulate them here—
and state our main results—in an elementary and self-contained way. We will
not give any proofs though, since these results can be easily derived from the
type A specializations of the corresponding statements in Section 1; pointers to
these statements are provided, wherever appropriate.

4.1. Bruhat cells and double Bruhat cells for GL,,. Our first object of inter-
est are the double Bruhat cells. Let us introduce them for the group G = GL,,(C).
We will need some notation. Let B (resp. B_) be the subgroup of upper-triangular
(resp. lower-triangular) matrices in G. Let W = S,, be the symmetric group acting
on the set [1,n] = {1,...,n}; we will think of W as a subgroup of G by identify-
ing a permutation w with the matrix w = (J; ;). The double cosets BwB and
B_wB_ are called Bruhat cells (with respect to B and B_, respectively). The
group G has two Bruhat decompositions into a disjoint union of Bruhat cells (see,
e.g., [1, Section 2.4]):

G = U BuB = U B_vB_ .

ueW veWw
The double Bruhat cells G*V are defined by

G’ = BuBN B_vB_ ;

thus G is the disjoint union of all G*¥ for (u,v) € W x W.

As an algebraic variety, a double Bruhat cell G*? is biregularly isomorphic to
a Zariski open subset of an affine space of dimension n + ¢(u) + £(v), where £(u)
is the number of inversions of a permutation u; cf. Theorem 1.1. (In other words,
G is isomorphic, as an algebraic variety, to a subset of C"(®+() ohtained by
excluding common zeroes of a finite set of polynomials.)

Each Bruhat cell (hence each double Bruhat cell) can be described explicitly by
a set of conditions specifying vanishing and nonvanishing of certain minors. Let us
denote by Ay ; the minor with the row set I and the column set J; here I and J
are two subsets of the same size in [1,n], and the minor is viewed as a (regular)
function on G. (This notation corresponds to that of Definition 1.4, as follows:
the function Ay, vw, in (1.10) becomes the minor A y,i,v((1,:7)-) The following
description of Bruhat cells is probably the most “economical”.

Proposition 4.1. A matriz x € G belongs to the Bruhat cell BwB if and only if
it satisfies the following conditions:

o Ay 0, fori=1,...,n—1;
o Ay(Li—1u{z})i = 0, for all (i,7) such that 1 <i < j <n and w(i) < w(j).
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This proposition can be proved by specializing Propositions 2.9 and 2.6 and
Corollary 2.5. Notice that in our present situation the subgroup N_(w) (cf. (2.30))
consists of all unipotent lower-triangular matrices y such that y;; = 0 whenever
w(i) > w(y).

The transpose map x — z! transforms a minor A 1,7 into Ay and sends a
Bruhat cell BwB to B_w~'B_ . Thus Proposition 4.1 implies a similar description
of the opposite Bruhat cells B_wB_ . Combining the two sets of conditions yields
an explicit description of the double Bruhat cells.

4.2. Factorization problem for GL,, . In the situation under consideration, the
maximal torus H = BN B_ in G is the subgroup of invertible diagonal matrices.
Thus H is naturally identified with C,, by taking the diagonal entries as coordi-
nates. This allows us to state the factorization problem of Section 1.2 in a more
symmetric form, as follows.

Let E; ; denote the n x n matrix whose (7, j)-entry is equal to 1 while all other
entries are 0; let I € G denote the identity matrix. Fori=1,...,n —1, let

1 ... 0 0 --- 0
0 1 t 0
(4.1) xl(t) =1 +tEi)i+1 = 0 0 1 0
0 0 O 1
and
1 0 0 0
0 1 0 0
0 0 0 1
Also, for i =1,...,n and t # 0, let
1 0 0 0
0 t 0 0
(43) 3?@(15) =1 + (t - l)Ei)i = 0 0 1 0
o --- 0 0 --- 1

The matrices defined in (4.1)—(4.3) are called elementary Jacobi matrices. It is easy
to see that these matrices generate G as a group.
Consider the alphabet of 3n — 2 symbols

(4.4) A={1,....n-1,D,....,®,T,....,n 1} .

The formulas (4.1)—(4.3) associate a matrix z;(t) € G to any symbol i € A and
any t € Co. An analogue of the product map (1.3) is now defined as follows: to

any sequence i = (i1,...,4;) of symbols in A, we associate the map z; : (Cl;so — G
defined by
(4.5) xi(tl,...,tl) ZJZil(tl)"'J?il(tl) .
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(Thus the difference with (1.3) is that now the factor a € H is split into elementary
factors, which are allowed to be spread along the factorization.)
For instance, the sequence i = (D1 @1 gives rise to the map

t1 O 1 0 1 0 1 4\ ([t t1ty
(46) (b1, 82, t3,ta) = (0 1) (tg 1) (0 t3> <0 1) - (tg t2t4—|—t3)'

The matrix = z;(t1,...,%;) has a simple combinatorial description in terms of
planar networks. This description (cf. [6] and references therein) generalizes the
one in [3, Section 2.4], and provides combinatorial formulas for the minors of = as
polynomials with nonnegative coefficients in the variables ¢, ...,¢;.

The planar network I'(i) associated to a sequence i of symbols from A (see Fig-
ure 1) is constructed as a concatenation of “elementary” networks that correspond
to the parameters ¢1,...,¢; (in this order). Each unbarred, barred, or circled entry
ig of 1 corresponds to a fragment of one of the following three kinds, respectively:

t

| N |
| L1
| ]

ik =1 ik =1 ir= Q@
(a diagonal edge connects horizontal levels ¢ and i+1; in the examples above, i = 2).
These fragments are the combinatorial equivalents of the elementary matrices (4.1)—
(4.3). Each fragment has a distinguished edge whose weight is ¢ ; all other edges
have weight 1. All edges are presumed oriented left-to-right.

We number the sources and sinks of the network I'(i) bottom-to-top, and define
the weight of a path in T'(i) to be the product of the weights of all edges in the path.
One easily checks that the sum of these weights, over all paths that connect a given
source ¢ to a given sink j, is nothing but the matrix element z;; of x = (¢4, ..., ).

4 k! 4

ty V
3 3 3
V t7 " ty ti3
1 8 1

i—71@332TM21@Q1

FIGURE 1. Planar network

This observation can be generalized. Let us define the weight of a family of paths
in T'(i) to be the product of the weights of all paths in the family. Then the minors
of x are computed as follows.

Proposition 4.2. A minor Ay j(z) equals the sum of weights of all families of

vertez-disjoint paths in T'(1) connecting the sources labeled by I with the sinks labeled
by J.
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For example, in Figure 1 we have
xo1 = trts + t1at1s + telotiatis  and  Aqgi2(z) = tsti2(1 + tety).

We will be especially interested in a particular class of sequences i which we call
factorization schemes (they are analogues of double reduced words of Section 1.2).

Definition 4.3. Let u and v be two permutations in W = S,,. A factorization
scheme of type (u,v) is a word i of length n + £(u) 4+ £(v) in the alphabet A which
is an arbitrary shuffle of three words of the following kind:

e a reduced word for v;
e a reduced word for u, with all entries barred;
e a permutation of the symbols ©),..., @.

These three words will be called, respectively, the E-part, the F-part, and the
H-part of a factorization scheme i.

For example, let

u = 4312 = 5953515281 € Sy R

(47) v =4213 = 51838251 € Sy .
Then
(4.8) i — 713332702101

is a factorization scheme of type (u,v).
The following result is an analogue of Theorem 1.2.

Theorem 4.4. Letu,v € W = 5,,, and let | = n+L(u)+L(v). For any factorization
scheme i of type (u,v), the product map x; given by (4.5) is a biregular isomorphism
between (Cl#o and a Zariski open subset of the double Bruhat cell G*°.

The factorization problem for GL,, can now be formulated as follows: for a given
factorization scheme i, find explicit formulas for the components t; in terms of the
matrix x = z;(t1,...,%). By Theorem 4.4, each ¢ is a rational function in the
matrix entries of . For example, if i = (D1 @1, so that the map x; is given by
(4.6), then the solution to the factorization problem is given by
(49) t1:x11’t2:x217t3:M’t4:@'

T11 T11
4.3. The twist maps for GL,, . As in the general case, our solution to the factor-
ization problem for G = GL,, will utilize the “twist maps” (¥ : x — ', which are
defined for any two permutations «w and v. The definition (1.12) can be rewritten
as

(4.10) ' = do [oTa)4 7 (@T) 1o T o1 aT]_dgt |

where the following notation is used. The matrix dy is the diagonal nxn matrix with
diagonal entries 1,—1,1,—1,.... For a matrix z € G, 2T stands for the transpose
of z, and z = [z]_[2]o[2]+ denotes the Gaussian decomposition of z (also known as
the LDU decomposition). Finally, the matrix w is obtained from a permutation
matrix for w by the following modification: an entry is changed from 1 to —1
whenever it has an odd number of nonzero entries lying below and to the left of it.
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By Theorem 1.6, the right-hand side of (4.10) is well defined for any € G*¥, and
the twist map (v establishes a biregular isomorphism between G** and G“fl’fl;

—1
,U

the inverse isomorphism is ¢* V.
We give below a few examples of explicitly computed twist maps.

Example 4.5. Let G = GL2(C) and u = v = w, . Then (cf. Example 1.8)
— 0 -1
s
u=v"l= (1 0 ) ,

-1,-1 -1
2 = (xllflz TLo1 Lo1 )

x121 Too det(x)~?

Example 4.6. Let G = GL3(C) and u = v = w, . Then

11 Aq2,13 1
231 13 231 A12.23 31
= Aq312 x33A12,12 — det(z) 32
213 Aoz 12 Ao312 A1 23 A3 12
1 T23 A3 93
Z13 ANPRY det(z)

Example 4.7. Let G = GL4(C) and u = v = w, . Then 2’ is equal to

11 A12,14 A123,134 1
L1441 $41A12,34 $41A123,234 41
Aq4,12 24401212 — A124,124 2420123134 — T41123,234 a2

2143412 Asyg 1201234 Asy 120123234 Asy 2

A134,123 $24A134,123 - $14A234,123 A123,123A34,34 — I33 det(x) A34.,23

2140234,123 A12,340234,123 A123,234M234 123 Ao34.123
1 o4 A3 34 A234.934
T14 A12,34 A123,234 det(x)

Example 4.8. Let n =4, u = 4312, and v = 4213 (cf. (4.7)). Then

0 010 0 0 0 -1
T 0 0 01 7 T— 0 -1 0 0
0 -1 0 O ’ 1 0 0 0
1 0 00 0 01 0
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and
11 Aq2,13 A123,123 1
41 213 241 A12.23 241 A123234 241
A14.,12 $43A12,12 - A124.,123 A123,123 T42 T42
o Aszy 12 T13 Aszg 12 A12.23 Asg 12 A123 2314 Aszaie
1 Z23 A3 93 A3 93
213 A12,23 A123,234 A123,123
0 T13 A13.,23 A134.,234
A1q2,23 A123,934 det(z)

Note that, in the course of computing the matrix elements of z’ above, one has to
take into account the relations

(4.11) r14=0, 24 =0, Azzs123=0

satisfied by the matrix elements of z € G*¥. In particular, our computation of z/,
used (4.11) in conjunction with Grébner bases techniques (see, e.g., [7]).

4.4. Double pseudoline arrangements. As an essential new ingredient in our
solution to the factorization problem for GL,, we will represent a factorization
scheme i geometrically by the corresponding double pseudoline arrangement (or
double wiring diagram). This arrangement is obtained by superimposing two ar-
rangements naturally associated to the E- and F-part of i (cf. [3]).

To be self-contained, let us recall the definition of a pseudoline arrangement
associated to a reduced word. This is best done by an example. Consider v =
4213 € Sy, together with the reduced decomposition v = s1s3s2s1 (cf. (4.7)). The
corresponding pseudoline arrangement is given in Figure 2; to each entry 7 of i, we
associate a crossing at the ith level, counting from the bottom.

FIGURE 2. Pseudoline arrangement for the reduced word 1321

Let us now consider the factorization scheme i defined by (4.8). The E-part of
iis 1321, and we already drew the corresponding arrangement. The F-part of i is
23121. To construct the double pseudoline arrangement for i, we superimpose the
arrangements for 1321 and 23121, aligning them closely in the vertical direction,
and placing the intersections so that tracing them left-to-right would produce the
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same shuffle of the two reduced words that appear in i. This results in the double
pseudoline arrangement in Figure 3.

—~7
X X

3 3 2 1 2 1

=W N WY N
A= NN W o

V]
—
=l

FiGURE 3. Double pseudoline arrangement

The double pseudoline arrangement that corresponds to a factorization scheme i
is denoted by Arr(i). The two subarrangements of Arr(i) corresponding to the
reduced words for v and u are called the E- and F-part of Arr(i), and their crossing
points are referred to as E- and F-crossings, respectively. These crossings are in
an obvious bijection with the noncircled entries of i.

We next label the pseudolines of Arr(i) using the following important convention.
The pseudolines of the F-part of Arr(i) are labeled 1 through n bottom-up at the
right end of the arrangement (just as in [3]). At the same time, the pseudolines of
the E-part are labeled bottom-up at the left end. See Figure 3.

Another numbering that we are going to use is the bottom-to-top numbering of
the n —1 horizontal strips containing the crossings of the arrangement. We say that
the strip between the jth and (j 4 1)st horizontal lines, counting from the bottom,
has level j, and all the E- and F-crossings contained in this strip are of level j.

Note that arrangement Arr(i) does not depend on the H-part of the factorization
scheme i. In order to include the H-part into the picture, we associate with each
entry () a bullet e placed on the jth horizontal line. The position of a bullet
corresponds to the position of () in i, so that when the arrangement is traced left-
to-right, the crossings and bullets appear in the same order as the entries of i that
they represent. The resulting “rigged” arrangement is denoted by Arr,(i). Figure 4
shows Arr, (i) for the factorization scheme (4.8).

FIGURE 4. Arrangement Arr,(i)
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EF

< EF FE>< EF
<EF FE y EF FF
< EE >< EF FE ><EF FF

EF

F1GURE 5. Types of chambers

To make our terminology uniform, we will refer to the bullets in Arre(i) as H-
crossings (despite the fact that they are not crossings geometrically). Thus the
total number of crossings in Arre(i) is I = n + I(u) + I(v), and they are associated
with the variables t; in the factorization (4.5). We will occasionally refer to the
crossing in Arre(i) associated with a factorization parameter t;, by simply saying
“crossing t; 7. The H-crossing lying on the ¢th horizontal line will also be denoted

4.5. Solution to the factorization problem. Let us fix permutations u,v € S,
and a factorization scheme i of type (u,v); in this section, we present our solution
to the corresponding factorization problem. As in [3], the combinatorics needed to
formulate the answer involves not only the crossings of the arrangement Arr(i) but
also its chambers, which can be defined as horizontal segments between consecutive
crossings of the same level. More precisely, each horizontal strip with, say, k cross-
ings breaks down into k + 1 chambers (including the ones at the ends of the strip).
Two more chambers are located at the bottom and the top of the arrangement. To
illustrate, the arrangement in Figure 3 has 14 chambers; in general, there are [ + 1
of them.

We say that a chamber C' is of type E'F if the left endpoint of C' is an E-
crossing, while its right endpoint is an F-crossing. Chambers of types FE, FE and
F'F are defined in a similar way. Figure 5 shows the types of all 14 chambers of the
arrangement in Figure 3. Here and in the sequel, we use the following important
convention: on each level, there is a fictitious E-crossing at the left border of
the arrangement, and a fictitious F-crossing at the right border. These fictitious
crossings determine the types of the chambers adjacent to the boundary of Arr(i).

For every chamber C in Arr(i), let I(C) denote the set of labels of the lines of
the F-part of the arrangement that pass below C. Analogously, J(C) will consist
of the labels of lines of the F-part of Arr(i) that pass below C. The sets I(C) and
J(C) are called chamber sets for the factorization scheme i. Figure 6 shows the
chamber sets I(C) and J(C) for each chamber of the given arrangement. Note that
if C' is a chamber of level 4, then both I(C) and J(C) have i elements.

Our constructions will also involve the “big” chambers formed by the E-part and
the F-part of a double pseudoline arrangement, taken separately. We will refer to
these “big” chambers as F-chambers and F-chambers, respectively. For example,
the arrangement in Figure 3 has 9 F-chambers, which are in obvious bijection with
the 9 chambers in Figure 2.
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1234,1234

234,123 ]QS,IM 123,124
34,12 23,12 y 23,24 12,24
5 >< 52

N
[
~
[
S

=W N W RN
B = NN = o

0,0
FIGURE 6. Chamber sets

For every chamber C' of the arrangement Arr(i), we denote

Mc = Arcey,5) 3
this minor is considered as a regular function on G (with the convention that
Ay g = 1). For example, if C is the rightmost chamber of level 2 in Figure 6, then

Mc = Aiz04.
To each i = 1,... ,n we associate a rational function on G*¥ given by
M
(4.12) Il = M

o e Mer
where C' runs over all chambers of level i and type FE, while C' runs over all
chambers of level i and type E'F. For example, in Figure 6 we have

I, = Aoz 12 '
Azg 12 A3 04
Also, by convention, ITy = 1.
Let C be a “big” K-chamber of level i, where K is one of the symbols F and F.
Let L be the other of these symbols (i.e., L=Fif K =FE,and L=FEif K =F).

We define
. M ]z Mc
(4.13) Mileht — - Ll TCT ,
¢~ Tl Men
where

e ('’ runs over all chambers of level ¢ and type LK to the right of C;

e C" runs over all chambers of level i and type KL to the right of C;

e M = Mg, where C is the (“small”) chamber at the right end of C (inside C),
unless K = E and C is stuck to the right border, in which case M = 1.

Analogously,

M. Mc
4.14 Mgt = 220 2
(4.14) c e Mcr
where

e (' runs over all chambers of level ¢ and type KL to the left of C;

e C” runs over all chambers of level ¢ and type LK to the left of C;

e M = Mg, where C is the (“small”) chamber at the left end of C (inside C),
unless K = F and C is stuck to the left border, in which case M =1 .

We are finally prepared to state our solution to the factorization problem.
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Theorem 4.9. Leti be a factorization scheme of type (u,v), and suppose a matriz
x € G*“Y admits the factorization © = xi(t1,...,1;) with all t; nonzero complex
numbers. Let o' = (""(x) € G* 7" denote the matriz obtained from x by the
“twist” (4.10). Then the factorization parameters ty, are determined as follows.

e If ty corresponds to the H-crossing d; , then

Hi ((El)

(4.15) by = () ’

where I1; and I1;,_1 are given by (4.12).
o Let ty, correspond to an E- or F-crossing of level i, and let A,B,C,D be the
four “big” chambers surrounding this crossing, as shown:

DG

D
Then
MOApp(dHl) (x/) MODPP(di) (x/)

(4.16) bk = M%pp(di+1)($/) Mgpp(di)(z’)

3

where we refer to the notation of (4.13)—(4.14) as follows: the superscript
opp(d;) stands for “left” if the H-crossing d; is to the right of ty, and for
“right” if d; is to the left of ty .

Theorem 4.9 is obtained as a specialization of Theorem 1.9, with the help of the
following additional commutation relations:

zil)eo®) = z®la), j ¢ {ii+1}h
zi(a)zpd) = z@e)zi(a/b) ;

(417 zi(a)zg(d) = zg)zi(adb), j=i+1;
zi(a)zp) = zgb)zi(a), j¢{i,i+1}
zi(a)zpd) = z@e)zi(ad) ;

zi(a)zp) = zgO)zi(a/b), j=i+1.

Example 4.10. To illustrate Theorem 4.9, let us compute the factorization pa-
rameter tg corresponding to the rightmost F-crossing of level 2 in Figure 4. It is
given by

M) M)
MrBight (1:/) Mlccft (1:/)

tg

)
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where
MR (A) = Aoz 124,

. A A
Mrlght(B) — A23724, Mleft(c) _ 12,24 223,12 7
Ao3.24 N34 12

ACE
Mleft D) = 2
(D) Doa
Hence
(4.18) to = Ao o Azg12 A123,124 o

AB,Q A12.,24 A23,12

Substituting the twisted matrix =’ from Example 4.8 into (4.18) and simplifying,
we finally obtain

(4.19) to = Ao312(2) (za3A12,12(x) — Av24,123(2))
’ €23 A24.,12(51?) A123,123(517) .

This answer can be verified directly using the combinatorial interpretation of mi-
nors Ay, y in terms of planar networks (see Proposition 4.2). From Figure 1 one
obtains: Ags 12 = tatrtslotiz, Ta3 = ta, A12,12 = tsti2(1+tety), A124,123 = tatstiz,
Zog = te, Aaa12 = tatrtstotia, A123 123 = tatstia, implying (4.19).

As in Theorem 1.10, formulas (4.15) and (4.16) imply that the factorization pa-
rameters t1,...,%¢; are related by an invertible monomial transformation to the [
minors Ay, j(c)(z’) of the twisted matrix ' that correspond to the chambers of
the arrangement Arr(i), with the bottom chamber excluded. The inverse trans-
formation has the following description which can be deduced from (1.21) (since
we left the latter formula without proof, the same is true for our next theorem,
although it is not hard to give it a direct proof).

Theorem 4.11. Formulas (4.15)—~(4.16) are equivalent to the following formulas:

-1
(4.20) Aroy,.re)(@) = (H tk) s
where the product is over all ty, which correspond to the following types of crossings:

o F-crossings to the right of C' such that C lies between the lines intersecting
at ty;

o F'-crossings to the left of C such that C lies between the lines intersecting
at ty;

o H-crossings to the right of C' such that C' lies above the E-line passing through
tk;

o H-crossings to the left of C such that C lies above the F-line passing through
tk.

For example, in Figure 6, Ag 1(2') = (tate) ™', Aoz 124(2") = (t1tatsti2) ™!, ete.

4.6. Applications to total positivity. In the case G = GL,,(C), the definition of
the totally nonnegative variety G>¢ given in Section 1.3 is modified as follows: G>¢
is the multiplicative semigroup generated by elementary Jacobi matrices (cf. (4.1)—
(4.3)) zi(t), z;(t), and xz@(t) with ¢ > 0. It is known [17, 24] that this definition of
total nonnegativity is equivalent to the classical one: an invertible matrix x € G
belongs to G if and only if all minors Ay ;(z) (in particular, all matrix entries)
are nonnegative.
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For any two permutations u and v in S,,, the corresponding totally positive
variety is defined by

G;’g = GZO nG“" .

Each factorization scheme of type (u,v) gives rise to a parametrization of G,
according to the following analogue of Theorem 1.3.

Theorem 4.12. For any factorization scheme i = (i1,...,1;) of type (u,v), the
corresponding product map x;j : (Cl#o — G™" given by (4.5) restricts to a bijection
between RL , and Gy .

The twist map ¢*¥ defined by (4.10) respects total positivity: it sends totally
nonnegative matrices in G** to totally nonnegative matrices in Gu ' (cf. The-
orem 1.7). Combining this fact with Theorems 4.12 and 4.9 leads to a family of
criteria for total positivity, one for each factorization scheme.

For a factorization scheme i = (i1,...,4;) of type (u,v), let F(i) denote the
collection of | minors A, (c),»-1s(c), Where C runs over all chambers of the ar-
rangement Arr(i), excluding the bottom chamber. (This notation agrees with that
of (1.22).) We note that the pair (ul(C),v~1J(C)) will correspond in the same
way as above to a chamber C if we relabel the pseudolines in Arr(i), numbering
the F-pseudolines 1 through n bottom-up at the left end, and the F-pseudolines
bottom-up at the right end. See Figure 7.

A1234,1234

A123 234 Aw4,2§< Ai3s123
A12,23 Aq323 y ASERT Aszy12
Ay >< Az Az o ><A3,1 AV

FIGURE 7. Minors A, r¢y,v-15(c)(T)

ISR AN

L NN
e W W RN

Let F(u,v) denote the union of the collections F'(i) for all factorization schemes
i of type (u,v). The set F(u,v) can be described directly in the following way. A
subset I C [1,n] is called a w-chamber set if, together with each element j it also
contains every ¢ such that ¢ < j and w(i) < w(j). In this terminology (originally
introduced in [3, Section 5.3]), F'(u,v) consists of all minors Ay ; such that I is a
u~!-chamber set while J is a v-chamber set.

The following result specializes Theorem 1.11.

Theorem 4.13. Let x be a matriz in a double Bruhat cell G*V, and let i be a
factorization scheme of type (u,v). Then the following are equivalent:

(1) = is totally nonnegative;

(2) Az g(z) >0 for any u='-chamber set I and any v-chamber set J;

(3) Aur(cy,v-1(c)(x) > 0 for any chamber C of the arrangement Arr(i) .

For instance, in our running example where u, v, and i are given by (4.7) and
(4.8), a matrix x € G*" is totally nonnegative if and only if the 13 minors appearing
in Figure 7 are all positive if evaluated at x.
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Specializing Theorem 4.13 to the case u = v = w,, we see that the totally
positive variety GLy" is the classical variety Gso of the totally positive n x n
matrices, i.e., those matrices whose all minors are (strictly) positive. Condition (3)
of Theorem 4.13 provides a family of criteria for total positivity, each of which says
that a matrix z is totally positive if and only if some collection of n? minors are
positive at x.

Different factorization schemes i and i’ of the same type (u,v) can have the same
collections of chamber sets, thus leading to the same criteria for total positivity.
We will say that i and i’ (and the corresponding arrangements Arr(i) and Arr(i'))
are isotopic if they can be obtained from each other by a sequence of the following
“trivial 2-moves”:

i~ Y ERRE li—j|>2,
YRR ~ R AR li—j]>2,
i~ N RRR i#7j,

(4.21)

D@~ PO .

It is not hard to show that i and i’ have the same collection of chamber sets
(I(C),J(C)) if and only if they are isotopic. Thus total positivity criteria in The-
orem 4.13 are in a bijection with “isotopy types” of arrangements of type (u,v).

The set of all isotopy types of arrangements of type (u, v) has a natural structure
of a graph defined as follows. We call two isotopy types adjacent if the corresponding
collections of chamber sets are obtained from each other by exchanging a single pair
(I(C),J(C)) with another one. The graph obtained this way is always connected,
and its study is an interesting combinatorial problem. One can check that the
adjacency relation in this graph corresponds to the following 3-moves and mized
2-mowves on double reduced words:

S E RN F % R |ifj|:1,
(4.22) ;;g > 353 , li—jl=1,

(cf. Sections 3.3 and 3.4); the connectedness property follows from Proposition 3.7.
For G = GLy and u = v = w,, there are 2 isotopy types. The corresponding
collections F(i) are {x11, 212, T21, det(z)} and {za2, 12, 221, det(x)}.
In the case of GL3 and u = v = w, , there are 34 isotopy types, giving rise to
34 different total positivity criteria. Each of these criteria involves 9 minors. Five
of them—the minors

x31, %13, Doz 12, A12 23, det(x)
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—are common to all 34 criteria; they correspond to the “unbounded” chambers
lying on the periphery of each arrangement. The other four minors that distinguish
isotopy types from each other correspond to the bounded chambers. Figure 8 shows
a graph with 34 vertices labeled by the quadruples of “bounded” minors that appear
in the corresponding total positivity criteria.

For an arbitrary n (and u = v = w, ), one obtains various nice (and surprising)
total positivity criteria in GL,, by making particular choices of (the isotopy type
of) a double pseudoline arrangement in Theorem 4.13. Let us discuss two criteria
obtained in this way.

A minor Ay ; is called solid if both I and J consist of several consecutive indices.
A criterion due to Fekete [10] (see also [12, p. 299]) asserts that (strict) total
positivity of a matrix is equivalent to the positivity of all its solid minors. Each of
the two criteria described below will strengthen this result.

We will consider two factorization schemes of type (w,, w,) having the same FE-
and F-parts (albeit shuffled in a different way). For both of them, the E-part is
the lexicographically minimal reduced word for w,, i.e., the reduced word

1,2,1,3,2,1,....n—1,n—2,...,1;

the F-part is the same but with barred entries. Let i; denote the shuffle of these
parts such that all the unbarred entries precede the barred ones. Let is denote the
shuffle of the same parts such that every unbarred entry is immediately followed
by the corresponding barred entry (so that is starts with 1,1,2,2,...). A direct
check shows that the corresponding collections of minors F'(i1) and F'(iz) are given
as follows:

e F'(i1) consists of solid minors Ay y such that 1 € T U J;

e F(iz) consists of solid minors A ; such that min(I) + max(J) € {n,n + 1}.
Each of these two collections consists of n? minors; and by Theorem 4.13, each of
them provides a total positivity criterion that strengthens the one of Fekete’s: a
square matrix is totally positive if and only if all the minors in F'(iy) (respectively,
F(iz)) are positive. It should be mentioned that the first of these criteria was
(implicitly) obtained by Cryer [8, Theorems 1.1 and 3.1] using a result of Karlin [16,
p. 85]; an explicit statement appears in [13, Theorem 4.1]. The second criterion
seems to be new.

The equivalence of conditions (2) and (3) in Theorem 4.13 has the following
algebraic explanation (cf. Theorem 1.12).

Theorem 4.14. For any factorization scheme i of type (u,v), the collection of
minors F (i) is a totally positive base (cf. Definition 2.21) for the collection F(u,v).

The most significant part of this theorem is that every minor from F'(u,v) can be
written as a subtraction-free expression in the minors from F'(i). Such an expres-
sion can be found in a constructive way. To do this, it will be enough to consider
two arrangements Arr(i) and Arr(i’) whose isotopy types are adjacent in the graph
that we described above; recall that this means that the collection of minors F(i')
is obtained from F'(i) by exchanging a single minor A with another minor A’. Tt
suffices to show that A’ can be written as a subtraction-free expression in the mi-
nors from F(i). This can be done with the help of certain 3-term determinantal
identities. These identities are stated in the following proposition, which is a spe-
cialization of Theorems 1.16 and 1.17. We use the notation Li, Lij, etc., as a
shorthand for L U {i}, LU {4, j}, etc.
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a =711
bZZClQ
C =21
d:$22
€ = I923
[ =13
g = 33

Notation:

SERGEY FOMIN AND ANDREI ZELEVINSKY

A = Ag3 23
B = Aj313
C = Ai3,23
D = Ay3,13
E = Aj312
F=A213

G = A2,12

efgA

gABC

Minors corresponding
to unbounded chambers

(appear in all criteria):

13
31
ANPRY:

AVERD:
det(x)

FiGURE 8. Total positivity criteria for GL3
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Proposition 4.15. For any i,j,k,p € [1,n] and I,L C [1,n] such that i < j < k,
[I| =|L|+1, LNn{i,j,k} =0, In{p} =0, we have:

(4.23) Arp,Lik A1, = Ap,ij A1,k + Arp, ik A1, Li

' Arik ipArjr = ArijipArk,r + ArjeipArir -

For any i,i',5,7 € {1,...,n} and I,J C {1,...,n} such that i < i, j < j/,
[I| = |J|, INn{i,i'} =JN{j,j'} =0, we have

(4.24) ArigiAri g = Ari gy D g; + A1 gD gjj -

The identities (4.23)—(4.24) are well known, although their attribution is com-
plicated. As early as in 1819 they were proved by P. Desnanot (see [20, pp. 140-
142]). Identities (4.23) are special cases of the (Grassmann-)Pliicker relations (see,
e.g., [11, (15.53)]), while identity (4.24) plays a crucial role in C. L. Dodgson’s con-
densation method, and because of that is occasionally associated with the name of
Lewis Carroll.

It would be interesting to see which other classical determinantal identities can
be generalized to the functions A, 4, on any semisimple group. We conclude the
paper by mentioning one challenging problem of this kind: find a generalization of
the classical Binet-Cauchy formula for the minors of the product of two matrices:

Aps(zy) =Y Ark(x)Ak s (y) -
K

At present, we only know such a generalization for the minuscule fundamental
weights w; .
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