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Tropical Geometry, Quantum Affine Algebras, and Scattering Amplitudes

Nick Early and Jian-Rong Li

ABSTRACT. The goal of this paper is to make a connection between tropical geometry,
representations of quantum affine algebras, and scattering amplitudes in physics. The
connection allows us to study important and difficult questions in these areas:

(1) We give a systematic construction of prime modules (including prime non-real
modules) of quantum affine algebras using tropical geometry. We also introduce
new objects which generalize positive tropical Grassmannians.

(2) We propose a generalization of Grassmannian string integrals in physics, in which
the integrand a product indexed by prime modules of a quantum affine algebra.
We give a general formula of u-variables using prime tableaux (corresponding to
prime modules of quantum affine algebras of type A) and Auslander-Reiten quivers
of Grassmannian cluster categories.

(3) We study limit g-vectors of cluster algebras. This is another way to obtain prime
non-real modules of quantum affine algebras systematically. Using limit g-vectors,
we construct new examples of non-real modules of quantum affine algebras.
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1. INTRODUCTION

Quantum groups were introduced independently by Drinfeld [32] and Jimbo [66] around
1985. A quantum affine algebra is a Hopf algebra that is a ¢-deformation of the universal
enveloping algebra of an affine Lie algebra [28]. Quantum affine algebras have many
applications to physics, for example, to the theory of solvable lattice models in quantum
statistical mechanics [11, 49], integrable systems [36]. Quantum affine algebras also have
many connections to different areas of mathematics, for example, cluster algebras [62],
KLR algebras [69], geometric representation theory [85], representations of affine Hecke
algebras and p-adic groups [31, 56, 76].

Let g be a simple Lie algebra over C and U,(g) the corresponding quantum affine
algebra [28]. Chari and Pressley have classified simple finite dimensional U,(g)-modules.
They proved that every simple finite dimensional U, (g)-module corresponds to an I-tuple
of Drinfield polynomials, where I is the set of vertices of the Dynkin diagram of g, and
equivalently, corresponds to a dominant monomial M in certain formal variables Y; ,, i € I,
a € C*. The simple U,(g)-module corresponding to M is denoted by L(M).

A simple U,(g)-module L(M) is called prime if it is not isomorphic to L(M’) ® L(M")
for any non-trivial modules L(M"), L(M"), see [31]. When g = sl,, all prime modules
of U,(sly) are Kirillov-Reshetikhin modules [31]. Kirillov-Reshetikhin modules are simple
U,(§)-modules which correspond to dominant monomials of the form Y; ;Y s104,Yi s+2rd;
where ¢ € I, and d;’s are diagonal entries of a diagonal matrix D such that DC'is diagonal,
C' is the Cartan matrix of g (we choose D such that d;’s are as small as possible). In
general, to classify prime modules of U,(g) is an important and difficult problem in
representation theory, see for example, [16, 26, 31, 62, 83].

Hernandez and Leclerc [62] made a breakthrough to the problem of constructing prime
modules of U,(§) using the theory of cluster algebras [51]. For every simple Lie algebra g
over C, they constructed a cluster algebra with initial cluster variables given by certain
Kirillov-Reshetikhin modules. Using cluster algebras, prime modules can be generated
using a procedure called mutation. The prime modules generated in this way are cluster
variables. They conjectured that all cluster variables (resp. cluster monomials) are real
prime modules (resp. real modules), and all real prime modules (resp. real modules)
are cluster variables (resp. cluster monomials). Here a simple U,(g)-module L(M) is
called real if L(M) ® L(M) is still simple [75]. One direction of their conjecture “all
cluster variables (resp. cluster monomials) are real prime modules (resp. real modules)”
is proved by Qin in [86] and by Kang, Kashiwara, Kim, Oh, and Park in [69, 70, 71, 72].
The other direction “all real prime modules (resp. real modules) are cluster variables
(resp. cluster monomials)” of the conjectural is widely open [65]. It is shown in [37]
that all prime snake modules of types A, B are cluster variables and in [39] that all snake
modules of types A, B are cluster monomials.
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Recently, Lapid and Minguez [76] classified all real simple U,(sl;)-modules (in the
language of representations of p-adic groups) satisfying a certain condition called regular.
This classification is surprisingly related to the classification of rationally smooth Schubert
varieties in type A flag varieties. They also gave more conjectures and results in a more
recent work [77].

By the results in [69, 70, 71, 72, 86], using the procedure of mutations, one can generate
a large family of prime modules (these prime modules are cluster variables). On the other
hand, there are many prime modules which are not real (and thus not cluster variables).
These non-real modules are also important in applications. For example, it is shown in
[7, 34, 60] that non-real prime tableaux (corresponding to non-real prime modules by
[23]) determine the so-called square roots and are used to construct algebraic letters in
the computations of Feynman integrals in the study of scattering amplitudes in N = 4
super Yang-Mills theory in physics.

The goal of this paper is to make a connection between tropical geometry, representa-
tions of quantum affine algebras, and scattering amplitudes in physics. The connection
allows us to study important and difficult questions in these areas: use tropical geome-
try to construct prime modules (conjecturally we can obtain all prime modules including
prime non-real modules) of quantum affine algebras, to propose a generalization of Grass-
mannian string integrals in physics, and study limit g-vectors of cluster algebras.

1.1.  First consider the case where g is of type A, i.e. g = sl for some positive integer
k. Simple modules of U,(sl;) correspond to dual canonical basis elements of a quotient
C[Gr(k,n,~)] of the Grassmannian cluster algebra C[Gr(k,n)] [62, 23]. We define New-

ton polytopes N,S?Z by using the formula for dual canonical basis elements of C[Gr(k,n)],

[23] as follows. Denote by 7;(’2) the set of all one-column tableaux which are cyclic shifts of
the one-column tableau with entries {1,2,..., k-2 k}. For d > 0, we define (see Definition
4.1)

NI(;Z:NQWJG H ChT(l’i’j) s

T€'77€(i)

where 77@(,2) (d > 1) is the set of tableaux which correspond to facets of N,g‘f;l), chp () is
the evaluation of chy = ch(7") on the web matrix [96] (see Section 3.3) and ch(7T") is given
in Theorem 5.8 and Definition 5.9 in [23], see Section 3.1.

The facets of the Newton polytope N,(COZL have been classified in recent work of the first

author [43]; there are exactly of them (Z) —n, one for each of (Z) —n generalized positive

roots.
We give a procedure to construct the highest [-weights (equivalently, the tableaux
corresponding to the highest [-weight monomials, see [23]) of simple U,(sl))-modules
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from facets of N,(gdg explicitly, see Section 6. We conjecture that for every k < n and
d >0, every facet of N,(;?L gives a prime module of U, (sl,) and every prime U, (s;,)-module
corresponds to a facet of the Newton polytope N,(gdr)z for some d, see Conjecture 6.1). The

procedure gives a systematical way to construct prime modules of U, (EE ).

We show that a module corresponding to a 2-column tableau is prime if and only if the
2-column tableau is the union of two one-column tableaux which are not weakly separated
and which are noncrossing, see Theorem 7.3.

We check that all the facets of Nz(,)’lg correspond to prime modules of U, (g[; ) in Section
8. This gives more evidence of Conjecture 6.1.

The study of Newton polytopes of Laurent expansions of cluster variables was initiated
by Sherman and Zelevinsky in their study of rank 2 cluster algebras [99]. It was further
developed in [15, 46, 68, 78, 79, 82]. Our definition of Newton polytopes in this paper
involve not only cluster variables but also other prime elements in the dual canonical basis
of cluster algebras.

We also count the number of prime modules corresponding to 2-column tableaux:
for k < n/2, the number of 2-column prime tableaux iS @y 2 — bk, Where ajpnm =
[T T 122 and by = (3) + Tt d(eyafhns): Whete (15,) = ot see Proposi-
tion 7.4.

We give an explicit conjectural description of a very large family of prime Uq(s/l\k)—
modules: for any k-element subsets Ji,...,J, of [n] such that each pair of them is non-
crossing and not weakly separated. Then T" = uU]_,T’;, is a prime tableau, see Conjecture
8.1. This conjecture is proved in the case of r = 2, see Theorem 7.3.

We also introduce another version (non-recursive) of Newton polytopes N’ ](CdT)L for Grass-
mannian cluster algebras, see Definition 4.3.

The normal fans N (N,(Cdr)l) are generalizations of tropical Grassmannians Trop™G(k,n)
(see [96]), see Section 4.2. It would be aninteresting and important problem to find
a combinatorial model which describes the facets of N (N,gdgl
scattering amplitudes.

), and to relate them to

1.2, We generalize the construction in Section 1.1 to general quantum affine algebras
U,(@). For any simple Lie algebra over C and ¢ > 1, we define a sequence of Newton

polytopes Né? (d € Zsp) recursively. Let M be the set of all equivalence classes of

fundamental modules of U,(§) in Hernandez and Leclerc’s category Cy. Denote M) = M
and M (@1 (d > 0) the collection of equivalence classes of U, (§)-modules which correspond
to facets of

Ngf’g::Newt( I1 S{q(L(M))),

[L(M)]eM(@
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where X,(L(M)) is the truncated g-characters [48] of the U,(g)-module L(M), see Section
9. We conjecture that (1) for any d > 0, every facet of Nél,ilf) correspond to a prime U, (g)-
module and (2) every prime U,(g)-module corresponds to a facet of the Newton polytope
N;iig) for some d, see Conjecture 9.4. We also introduce another version (non-recursive)

of Newton polytopes N’f:? for representations of quantum affine algebras, see Definition
9.5.

1.3. In 1969, Z. Koba and K. Nielsen [73] introduced an integral representation for the
Veneziano-type n-point function, parametrized so that a quantum field theoretic phenom-
enon known as crossing-symmetry, which asserts that particles are indistinguishable from
anti-particles traveling back in time, is manifest. The integrand is expressed as a prod-
uct of certain cross-ratios, with exponents the kinematic Mandelstam parameters; the
cross-ratios are solutions to a particularly combinatorially nice set of binomial algebraic
equations, of the form
gy, jz H Ujy s = 1,
{j2.ja}

where the product is over all pairs {js, j4} such that j; < ja < j3 < js up to cyclic rotation.
These equations, later rediscovered by Brown [19] in the context of multiple zeta values
and moduli spaces, characterize a certain partial compactification of the moduli space
My, of n distinct points on the Riemann sphere, which is closely related to the tropical
Grassmannian TropG(2,n), and in our context a certain subset of it, the positive tropical
Grassmannian Trop*G(2,n). For more recent work which is important in our context,
see [4, 6].

A generalization of the Koba-Nielsen string integral was announced by Arkani-Hamed,
Lam and Spradlin [7] using finite-type (Grassmannian) cluster algebras, where type A cor-
responds to usual string amplitudes, and developed in detail in [6]. However, Grassman-
nian cluster algebras for Gr(k,n) with (k—-2)(n-k-2) > 3 not only have infinitely-many
cluster variables, but it turns out that not all physically relevant elements of Lusztig’s dual
canonical basis can be constructed using a finite sequence of cluster mutations (there are
prime non-real elements in the dual canonical basis). This is problematic, in particular,
for the cases k =4 and n > 8 which are of interest to amplitudes and it is an important
problem to come up with a combinatorial framework.

In the theory of quantum affine algebras, prime modules do not have an analog in the
representation theory of simple Lie algebras: a module is prime if it cannot be decomposed
nontrivially as the tensor product of two other modules. The fact that representations
of quantum affine algebras possess both additive and multiplicative structures appears to
be very important in our context.

The main physical contribution of this work is to propose the definition of a Grassman-
nian stringy integral (as in [4]) with an integrand involving a product which is now in
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general infinite; the key point is that the integrand should be indexed by prime tableaux,
in which case our results in the rest of the paper will be directly applicable to study
physical aspects of the integral. Our proposal is valid for any Grassmannian Gr(k,n),
where k = 2 corresponds to the usual Koba-Nielsen string integral. So for 2 < k <n -2
and every d > 1, we define

IIE:C,Z = ()" g1\ (B-1) (H %) (HCh;a CT(xiJ)) )
(RZG*) (irj) Vi T
where the second product is over all tableaux T" such that the face F corresponding to
T (see Section 6.4) is a (codimension one) facet of N,(j;l), a, o', cp are some parameters,
see Section 10.1, Formulas (10.2), (10.3), (10.4), for more details. We point out that the
character polynomials chy are manifestly positive in the interior of the totally nonnegative
Grassmannian, see [23, Section 5.3].
We give a general formula of u-variables using prime tableaux (corresponding to prime
modules of quantum affine algebras of type A) and Auslander-Reiten quivers of Grass-
mannian cluster categories CM(By,,,) [67]. For every mesh

T
/\
S=is 8

\/

in the Auslander-Reiten quiver of CM(By,,,), where we label the vertices by tableaux, we
define the corresponding u-variable as

(1.1)

see Definition 10.5.

We also give a definition of stringy integral for Grassmannian cluster algebras using
u-variables. Denote by PSSYT}, ,, the set of all prime tableaux of rectangular shapes and
with k rows and with entries in [n]. For k <n, we define

(e0)  _ a dz; o
Ik,n = (a) (R%k_l)x(k-l)n ’ H (ur) vr,

ij Tij TePSSYTy.,

where o', Ur are some parameters, and ur is the u-variable corresponding to a prime
tableau 7', See Definition 10.4. This new integrand involves an infinite product of u-
variables, indexed by prime tableaux.
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The u-equations which we propose involve the Grassmannian cluster category CM( By ,)
[67] (on the other hand, the u-equations in [2, 3] use cluster categories of finite type or
categories of representations of quivers with relations): for every prime tableau T' in

SSYT(k, [n]),

dim Hom (M, (M) )+dim Hom(Mqw (M-
up + H uTl/m om(Mp,7(Mypr))+dim Hom(Mpr,7( T))Zl,

T'ePSSY Ty,
where Mr is the indecomposable module in Grassmannian cluster category CM(Bj )
corresponding to 7', and 7 is the Auslander-Reiten translation [10, 67]. We conjecture
that the u-variables we constructed are unique solutions of u-equations.

We also generalize the stringy integral to the setting of general quantum affine algebras
and define stringy integrals using prime modules of quantum affine algebras, see Section
10.3.

1.4. Recently, Arkani-Hamed, Lam, Spradlin [7], and Drummond, Foster, Giirdogan,
Kalousios [34], and Henke, Papathanasiou [60], have constructed limit g-vectors for the
Grassmannian cluster algebra C[Gr(k,n)] using infinite sequence of mutations. These
limit g-vectors do not correspond to cluster variables in C[Gr(k,n)] but correspond to
prime elements in the dual canonical basis of C[Gr(k,n)].

Motivated by these works, we define limit g-vectors for any cluster algebra of infinite
type, see Definition 11.2. We say that a facet of a Newton polytope for a quantum affine
algebra is a limit facet if the facet corresponds to a U,(§)-module whose g-vector is a limit
g-vector of the cluster algebra for U,(g). We say that a U,(g)-module corresponds to a
limit g-vector if the g-vector of the module is a limit g-vector of the cluster algebra for
U,(§). We conjecture that every module corresponding to a limit g-vector is prime and
non-real. This is another way to obtain prime non-real U,(g)-modules systematically.

Using limit g-vectors, we construct new examples of non-real modules of quantum affine
algebras. As an example, we prove that the module L(Y2_4Y50) in type Dy is non-real,
see Section 12.3.

1.5. The paper is organized as follows. In Section 2, we recall results of quantum affine
algebras and Hernandez-Leclerc’s category Cy. In Section 3, we recall results of Grass-
mannian cluster algebras and tropical Grassmannians. In Section 4, we define a sequence
of Newton polytopes and tropical fans for Grassmannian cluster algebras. In Section 5,
we study relations between semistandard Young tableaux of rectangular shapes and gen-
eralized root polytopes. In Section 6, we construct prime modules from facets. In Section
7, we explicitly describe 2-column prime tableaux. In Section 8, we give more evidence of
Conjecture 6.1 that facets of Newton polytopes correspond to prime modules. In Section
9, we define Newton polytopes and tropical fans for general quantum affine algebras. In
Section 10, we generalize Grassmannian string integrals and study wu-equations and u-
variables. In Section 11, we study limit g-vectors for general cluster algebras. In Section
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12, we give an example of prime non-real module of U,(g) when g is of type D, using
limit g-vectors. In Section 13, we discuss some future directions of the paper.
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2. QUANTUM AFFINE ALGEBRAS AND HERNANDEZ-LECLERC’S CATEGORY (;

In this section, we recall results of quantum affine algebras [28, 48], Hernandez-Leclerc’s
category C, and cluster algebra structure on the Grothendieck ring of C, [62].

2.1. Quantum Affine Algebras. Let g be a simple finite-dimensional Lie algebra and
I the set of vertices of the Dynkin diagram of g. Denote by {w; : i € I}, {«; : i € I},
{a) : 1 € I} the set of fundamental weights, the set of simple roots, the set of simple
coroots, respectively. Denote by P the integral weight lattice and P* the set of dominant
weights. The Cartan matrix is C' = (o ()'));jer- Let D = diag(d; : i € I'), where d,’s are
minimal positive integers such that DC' is symmetric.

Let z be an indeterminate. The quantum Cartan matrix C'(z) is defined as follows: for
iel, Cii(2)=2%+2z% and for i # j € I, C;j(2) = [Cy;]., where [m], = =2 see [48].

The quantum affine algebra U,(g) is a Hopf algebra that is a g-deformation of the
universal enveloping algebra of § [33, 66]. In this paper, we take ¢ to be a non-zero
complex number which is not a root of unity.

Denote by P the free abelian group generated by formal variables Y;fal, 1el, aeCr,
denote by P* the submonoid of P generated by Y;,, i € I, a € C*. Let C denote the
monoidal category of finite-dimensional representations of the quantum affine algebra
U,(3).

Any finite dimensional simple object in C is a highest [-weight module with a highest
l-weight m € P+, denoted by L(m) (see [29]). The elements in P+ are called dominant
monomials.

Frenkel and Reshetikhin [48] introduced the g-character map which is an injective ring
morphism y, from the Grothendieck ring of C to ZP = Z[Y;%! |ies accx. For a Uy(g)-module
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V', x4(V') encodes the decomposition of V' into common generalized eigenspaces for the
action of a large commutative subalgebra of U,(g) (the loop-Cartan subalgebra). These
generalized eigenspaces are called [-weight spaces and generalized eigenvalues are called
l-weights. One can identify l-weights with monomials in P [48]. Then the g-character of
a U,(g)-module V is given by (see [48])

Xo(V) =Y dim(V,,)m € ZP,
meP
where V,, is the [-weight space with [-weight m.
Let @ be the monoid generated by

A —)/zaqlezaq ( H )( H }/jdq}/jalq )( H ]aq2}/;alyja1q ) (2]‘)

j:C ji= J: ]7.__2 j:C ji=

where ¢; = ¢%, i € I. There is a partial order < on P (c. [48]) defined by m' <
m if and only if mm'~t e QF.
Foriel, aeC*, ke Zs, the modules

X = L(YioYiage Y age2)

are called Kirillov-Reshetikhin modules. The modules X; - ) = L(Y;,) are called funda-
mental modules.

2.2. Hernandez-Leclerc’s Category C;, and Truncated ¢-characters. We recall the
definition of Hernandez-Leclerc’s category Cp [62].

For integers a < b, we denote [a,b] ={i:a<i<b} and [a] ={i:1<i<a}.

Let g be a simple Lie algebra over C and let C be the category of finite-dimensional
U,(@)-modules. In [62], [64], Hernandez and Leclerc introduced a full subcategory C; = C}
of C for every ¢ € Zsy. Let I be the set of vertices of the Dynkin diagram of g. We fix
a € C* and denote Y, s = Y] 44, 2 € I, s € Z. For { € Z(, denote by P, the subgroup of P
generated by Y;i;(l) o € 1, 7 €[0,dl], where d is the maximal diagonal element in the
diagonal matrix D, and & : [ - Z is a certain function called height function defined in
Section 2.2 in [63] and Definition 4.1 in [52]. Denote by P; the submonoid of P* generated
by Y ¢(i)-2r, 1 € I, r € [0,dl]. An object V in C; is a finite-dimensional Uy, (g)-module which
satisfies the condition: for every composition factor S of V, the highest [-weight of S is
a monomial P/, [62]. Simple modules in C; are of the form L(M) (see [28], [62]), where
M eP/.

Remark 2.1. In [62], fundamental modules in C; are L(Y; _¢(iy-2,), © € 1, 7 € [0,£], see
Definition 3.1 in [62]. In this paper, we slightly modify C; such that the fundamental
modules in C; are L(Y;¢@i)-2r), 1 €1, 7€ [0, dl], where d is the maximal diagonal element
in the diagonal matrix D.
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For a module V' in Cy, the truncated g-character ,(V') is the Laurent polynomial
obtained from the g-character x,(V') defined in Section 2.1 by removing all monomials
which have a factor Y; 5 or Yijsl, where Y ; is not in P/, see [63, 64].

Hernandez and Leclerc constructed a cluster algebra for every category C, of every
quantum affine algebra U, () [62, 64]. The cluster algebra for C;, of U,(sly) is isomor-
phic to the cluster algebra for a certain quotient C[Gr(k,n,~)] (see Section 3.1) of the
Grassmannian cluster algebra C[Gr(k,n)] [23, 62, 93], n=k+/{+ 1.

3. GRASSMANNIAN CLUSTER ALGEBRAS AND TROPICAL (GRASSMANNIANS

In this section, we recall results of Grassmannian cluster algebras, [93, 23] and tropical
Grassmannians [94, 96].

3.1. Grassmannian Cluster Algebras and Semistandard Young Tableaux. For
k < n, the Grassmannian Gr(k,n) is the set of k-dimensional subspaces in an n-dimensional
vector space. In this paper, we denote by Gr(k,n) (the affine cone over) the Grassman-
nian of k-dimensional subspaces in C", and denote by C[Gr(k,n)] its coordinate ring.
This algebra is generated by Pliicker coordinates

Diryipy L <01 <ooe < <.

In this paper, we use p; for Pliicker coordinates and P; for its tropical version, where J
is a k-element subset of [n].

It was shown by Scott [93] that the ring C[Gr(k,n)] has a cluster algebra structure. De-
fine C[Gr(k,n,~)] to be the quotient of C[Gr(k,n)] by the ideal generated by P;  ; p+1—1,
i€ [n—k+1]. In [23], it is shown that the elements in the dual canonical basis of
C[Gr(k,n,~)] are in bijection with semistandard Young tableaux in SSYT(k, [n],~).

A semistandard Young tableau is a Young tableau with weakly increasing rows and
strictly increasing columns. For k,n € Z,;, we denote by SSYT(k,[n]) the set of rectan-
gular semistandard Young tableaux with k& rows and with entries in [n] (with arbitrarly
many columns). The empty tableau is denoted by 1.

For S,T € SSYT(k,[n]), let SuT be the row-increasing tableau whose ith row is the
union of the ith rows of S and T (as multisets), [23]. It is shown in Section 3 in [23] that
S uT is semistandard for any pair of semistandard tableaux S, T

We call S a factor of T, and write S c T, if the ith row of S is contained in that of T (as
multisets), for ¢ € [k]. In this case, we define £ = S~'T = T'S~! to be the row-increasing
tableau whose ith row is obtained by removing that of of S from that of 7' (as multisets),
for i € [k].

A tableau T € SSYT(k, [n]) is trivial if each entry of T" is one less than the entry below
it. For any T € SSYT(k,[n]), we denote by Tieq ¢ T the semistandard tableau obtained
by removing a maximal trivial factor from T'. For a trivial T, one has T,.q = 1.
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Let “~” be the equivalence relation on S,T" € SSYT(k, [n]) defined by: S ~ T if and
only if Sieq = Treq- We denote by SSYT(k, [n],~) the set of ~-equivalence classes.

The elements in the dual canonical basis of C[Gr(k,n,~)] are in bijection with simple
modules in the category C; of U,(sl;) in Section 3.1, see [62, 23].

A one-column tableau is called a fundamental tableau if its content is [i,7 + k] N {r}
for re {i+1,...,i+k—-1}. Any tableau in SSYT(k,[n]) is ~-equivalent to a unique
semistandard tableau whose columns are fundamental tableaux, see Lemma 3.13 in [23].

By [23, Theorem 5.8], for every T € SSYT(k, [n]), the corresponding element ch(7T') in
the dual canonical basis of C[Gr(k,n,~)] is given by

é}’l(T) = ZS: (_1)€(uwT)puw07wTwo(1)pu;T’ € C[Gr(k>n7N)]> (31)
where m is the number of columns of 7", T" is the tableau whose columns are fundamental
tableaux and such that T ~ T”, p,.r is a certain monomial of Pliicker coordinates, wr
is a certain permutation in S,,, p,.,(¢) is a Kazhdan-Lusztig polynomial, see [23]. Let
T" = T'T-! and define ch(7T) = Zﬁ(’fl(T), where prv = pro---pro, T";’s are columns of
T". We also denote chy = ch(T).

3.2. Relation between Dominant Monomials and Tableaux. In Section 2.2, we
recalled Hernandez and Leclerc’s category Cp. It is shown in Theorem 3.17 in [23] that
in the case of g = sl;, the monoid P; (we take the height function to be £(i) = i - 2,
i € [k—-1]) of dominant monomials is isomorphic to the monoid of semistandard Young
tableaux SSYT(k,[n],~), n =k + ¢+ 1. The correspondence of dominant monomials and
tableaux is induced by the following map sending fundamental monomials to fundamental
tableaux:

}/;,s = ﬂ,& (32>
where T}  is a one-column tableau consisting of entries i_TS, % +1,..., % +k-1-1, % +
k—-i+1,..., % + k. We denote the monomial corresponding to a tableau T" by My and

denote the tableau corresponding to a monomial M by T),;. Note that by the definition
of C; and the choice of the height function £(i) =i -2, i € [k - 1], the indices of Y; 5 in the
highest [-weight monomials of simple modules in C, satisfy ¢ — s (mod 2) = 0.

When computing the monomial corresponding to a given tableau, we first decom-
pose the tableau into a union of fundamental tableaux. Then we send each funda-
mental tableau to the corresponding fundamental monomial. For example, the tableaux
[[1,2,4,6],[3,5,7,8]] (each list is a column of the tableau), [[1,3,5,7],[2,4,6,8]] corre-
spond to the modules

L(Ys_6Y1-3Y3_3Y20), L(Y1-7Y2_4Y1_5Y5 1Y 5Y3,),

respectively.



12 NICK EARLY AND JIAN-RONG LI

Recall that a simple U,(g)-module L(M) is called prime if it is not isomorphic to
L(M")® L(M") for any non-trivial modules L(A"), L(M") [31]. A simple U,(g)-module
L(M) is called real if L(M) ® L(M) is still simple [75]. We say that a tableau T is
prime (resp. real) if the corresponding U, (slz)-module L(My) is prime (resp. real). The
problem of classification of prime U, (E[; )-modules in the category C, (¢ >0) is equivalent
to the problem of classification of prime tableaux in SSYT(k, [n]), n >k +1, [23].

3.3. Matroid Subdivisions and Tropical Grassmannians. We recall results of trop-
ical Grassmannians [94, 96] and matroid subdivisions [22, 43].

For integers 1 < k <n -1, the hypersimplex Ay, [53, 100] is the kth cross-section of a
cube,

App = {xe [0,1]":) x; = k;}
=1

It is the convex hull of (Z) vectors of the form ey = Y, ;e; for J e ([Z]), where ([Z]) is the
set of k-element subsets of [n].

The following constructions are standard in convex and combinatorial geometry, [40,
55, 59, 74, 95].

Definition 3.1 ([40, 55, 74]). A matroid polytope P is a subpolytope of a hypersimplex
Aj o, all of whose edges are edges of Ag,. A matroid subdivision (also called matroidal
subdivision) of Ay, is a polytopal subdivision (P, ..., P;) of Ay, such that each P, ..., P,
is a matroid polytope. A matroid subdivision (Py,..., P;) is called regular if there exists
a piecewise linear function on Ay, whose regions of linearity are exactly the polytopes
P;.

A matroid polytope such that the defining inequalities are of the form x; + ;. +---+2; >
r;; for some integers r;; with {7,i+1,...,j} a cyclic interval, is called a positroid polytope,
see Section 2 in [80], Proposition 5.6 in [9], and Section 2.2 in [41], where the indices are
assumed to be cyclic modulo n. A positroid subdivision of Ay, is a matroid subdivision
(P1,...,P) of Ay, such that each P, is a positroid polytope, see Section 2 in [80], Section
5 in [9], and Section 2.2 in [41].

Let P=(P,...,P) and P’ = (P],..., P/) be two be two matroid subdivisions of Ay ,,.
It is said that P refines P’ if every maximal cell P/ of P’ is a union of maximal cells of
P, and it is said that P coarsens P’ if every maximal cell P; of P is a union of maximal
cells of P’, see Definition 2.3.8 in [40].

The tropical Grassmannian Trop G(k,n), introduced in [94], parametrizes realizable
tropical linear spaces; it is the tropical variety of the Pliicker ideal of the Grassmannian
Gr(k,n). For general (k,n) the Pliicker ideal contains higher degree generators and to
calculate Trop G(k,n) quickly becomes a completely intractable problem, but for k =
2, TropG(2,n) is completely characterized by the tropicalization of the 3-term tropical
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Pliicker relations. We present the full definition and then immediately specialize to the
so-called positive tropical Grassmannians.

Definition 3.2 ([94]). Given e = (eq,...,en) € ZL,, denote x¢ = 27" ... 2. Let E c Z,.
If f =Y. fex¢is nonzero, denote by Trop (f) the set of all points (X7,..., Xy) such
that for the collection of numbers YV, e;X; for e ranging over E, the minimum of the
collection is achieved at least twice. We say that Trop (f) is the tropical hypersurface
associated to f. The tropical Grassmannian Trop G(k,n) is the intersection of all tropical
hypersurfaces Trop (f) where f ranges over all elements in the Pliicker ideal.

On the other hand, in [96], Speyer-Williams introduced the positive tropical Grassman-
nian Trop”G(k,n), which was later shown independently in [8, 97] to be equal to the
positive Dressian, which is characterized by the 3-term tropical Pliicker relations,

TLac + TLbd = MIN{TLab + TLeds TLad + TLbe )

for each pair (L, {a,b,c,d}) € (k[f]Q) x (["]4\]“) with a<b<c<d.
Generalized positive roots were defined in [22] and developed in depth in [43] in the
context of root polytopes and CEGM scattering amplitudes [21]. We now recall the

definition of generalized positive roots?.

We use ([Z])nf to denote the set of k-element subsets of [n] which are nonfrozen, i.e.,
not of the form [i,7+ k — 1] up to cyclic shifts.

Definition 3.3 ([22]). Given any J = {j; <--- < ji} € ([Z])nf, the generalized positive root
77 is the linear function on the space Tk-1.nk:

Jo—2 Ja3=3 Jrk=k
Yi = Z Qqt+ Z Qg+ + Z -1t (33)
t=J1 t=j2-1 t=jr-1—-(k-2)

When there is no risk of confusion we also call the vector v; dual to v a generalized
positive root:

J2—2 J3=3 Jk=k
UpE Y et D etk )L e
t=j1 t=jo—1 t=jp-1-(k-2)

Denote
X (ko) - {g < Grlh) < [Tl + o}/«c*)“.

We construct an embedding

(CP"F 1<k o X (K, n)

IThe name originates from [43, Theorem 4.3], according to which the their convex hull, the generalized
root, polytope Rfﬁ)w admits a flag-unimodular triangulation which specializes to that the triangulation

of the type A root polytope of Gelfand-Graev-Postnikov in the context of hypergeometric systems [54].
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of a Cartesian product of projective spaces into X (k,n).
Define a (k—1) x (n — k- 1) polynomial-valued matrix M}, ,, with entries m; ;(x), with
(i,7) € [1,k = 1] x [1,n — k], defined by

mi,j({x%b : (CL, b) € [Z>k - 1] x [17]]}) = (_1)k+i Z Lib; Li+1,bi1" " Th-1,bj_1 -

1<b;<bip1<<bp_1<g

For the embedding (CP"*"')*k~1 & X (k,n), we construct a kx (n—k) matrix M (called
web matrix [96]) with My, as its upper right block:

1 0 mi1 min—k
M = S 3.4
1 Mk-11 ME—1 -k (3-4)
0 1 1 1

For instance, for rank k£ = 3 we have

M | %1121 X11%212 T T12%22 X1,1T2,123 T X1,2X223 + X13T23
36 =
—T21 —I212 —T2,123

and for the embedding we have

1 0 0 miamen 11212+ T12T22 T1,1T2123 + T12T223 + L1323
M=(0 1 0 —T21 —T2,12 —T2,123
0 01 1 1 1

For any k-subset J of [n], define e; = ¥, ;e;. Further denote by {e’ : J € ([Z])} the
standard basis of R(:).

Definition 3.4 ([81]). A pair of k-element subsets I, J is said to be weakly separated if
the difference of indicator vectors e; — e; alternates sign at most twice, that is one does
not have the pattern e, — e, + €. — €4 for a < b < c<d, up to cyclic rotation.

Definition 3.5 ([88]). A pair [ = {i; < ... <}, J = {j1 < ... < jix} of k-subsets of
[n] is said to be noncrossing if for each 1 < a < b < k, either the pair {i4,%041,---,%},
{JarJas1,---,Jo} is weakly separated, or {igs1,- - 0p-1} # {Jas1,---»Jo-1}-

Remark 3.6. Here it is easy to see that Definition 3.4 is a slight reformulation of the
original construction given in [81]. Similarly, Definition 3.5 is clearly equivalent to the
one given in [88].

Denote by NCy, ,, the poset of all collections of pairwise noncrossing nonfrozen k-element
subsets of [n], ordered by inclusion.
Denote Tk-1n=k = (Tr-k)x(k-1) where T* % = R**/R(1,...,1).
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4. NEWTON POLYTOPES AND TROPICAL FANS FOR GRASSMANNIAN CLUSTER
ALGEBRAS

In this section, we define Newton polytopes and tropical fans for Grassmannian cluster
algebras.

4.1. Newton polytopes for Grassmannian cluster algebras. In what follows, we
give a recursive construction of a collection of Newton polytopes N,(;?Z (d € Zsp), starting
from the Planar Kinematics (PK) polytope Il ,, [22], see also [43], which is equal to N,(CO%
in the present notation.

For any tableau T' € SSYT(k, [n]), we evaluate chy on the web matrix M in (3.4) and
obtain a polynomial in z; j-coordinates. Note that there is a monomial transformation
relating the x; ; coordinates to the so-called X-coordinates [50] in cluster algebras: X;; =

Th—i,j
Th—ij+1
For any tableaux T with columns Ti,...,7T,, define
Yr =79ttt VU =Up +e+ UL, (4.1)

where v, = v, and vy, = v;, are defined in Section 3.3 and J; is the sorted content of the
one-column tableau T;.

Definition 4.1. Let 7;(?1) be the set of all one-column tableaux which are obtained by
cyclic shifts of the one-column tableau with entries 1,2,...,k—-1,k+ 1. For d > 0, we
define recursively

NI(;Z:NQWJG H ChT(l’i’j) s

T€'77€(d)
where 7;(’?1) is the set of all tableaux which correspond to facets of N,E:dgl.

More precisely,

7;(?1) - {T :yr is minimized on a facet of N,idi},

)

see Section 6 for details on computing 7;(,?.
In particular, the so-called Planar Kinematics (PK) polytope [22], denoted there

n Diisl o
Hk:7n = NeWt (H 1§, 7+, k=2, ) ’

g=1 Pj,j+1,....j+k-2,k-1

is the same as N,gozl noting that when we evaluated on the matrix M all denominators are
monomials in the x; ; coordinates. For example, evaluating on the matrix M we have

NGO _ 21,12%1,23%1,3471,1234
26 =

L1,121,271,3%1 4
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and

($1,1I2,1 +21,1%22 + 1‘1,2$2,2) ($1,2$2,2 + 21223+ $1,3$2,3) (ZE1,123) (1’2,123)

Y

o) _
N3,6 =
X1,121,201,322,1T22X23

where we abbreviate for example 21 193 = 211 + Z12 + 21 3.

On the other hand, the polytope N,(;T)L, which is closely related? to the positive tropical
Grassmannian, is given by

N,(:BL = Newt H Dy
Te(5)

Remark 4.2. We are concerned with the facets of polytopes N,(C?Z,N,(;i, . ,N,(jg. Mo-
tivated in part by work of Arkani-Hamed, Frost, Plamondon, Salvatori, and Thomas, [2]
on polyhedra modeled on punctured surfaces which they call surfacehedra, having infin-
itely many Minkowski summands, ultimately (d - co0) we are interested in a new object
(denoted by N,(:;)) which again has infinitely many Minkowski summands (and infinitely
many facets). In our proposal, these Minkowski summands are by construction in bijec-
tion with prime tableaux in SSYT(k,[n]) (equivalently prime modules of the quantum
affine algebra in the category Cy).

We define another version of Newton polytopes non-recursively. For k <n and r € Z1,
denote by SSYT} ,, the set of all tableaux in SSYT(k, [n]) with 7 or less columns.

Definition 4.3. For k£ <n and d € Zs;, we define

N',(C‘Q:Newt [T chr(zi)) ]
TeSSYT |

4.2. Tropical Fans for Grassmannian Cluster Algebras. Recall that given a poly-
tope P in a real vector space V', its normal fan N'(P) is the polyhedral complex on the
dual space V*, (closed) faces consist of all linear functionals minimized on a given face of
P. In the following, we describe the normal fan of the Newton polytope N,idz defined in
Section 4.1. ’

The evaluation of chy = ch(7") on the web matrix M [96] (see Section 3.3), we obtain
a subtraction free polynomial in the z;; coordinates. For example, for Gr(2,5), we have
that

P1,2(M) =P13=P14=DP15= 1, p2,3(M) =T1,1, p374(M) =12, p475(M) =T1,3,

p2,4(M) =11t Z1,2, p275(M) =T111tT12 T 213, ps,s(M) =x12 tT1,3-

2In particular, the normal fan of N,(clzl has the following property: its cones are in bijection with the
cones in the positive tropical Grassmannian Trop™ G(k,n).
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Recall that we denote by 7;(’?1) the set of all tableaux obtained by cyclic shifts of the one-

column tableau with entries 1,2,..., k-1, k+1. By tropicalizing all chp(M), T € 7283, we
obtain piecewise linear functions in the space of dimension (k-1)(n—-k-1) parametrized
by v ; (i ; is the tropical version of z; ;). Such a function is linear on a collection of cones;
these cones assemble to define a polyhedral fan. The common refinement of these fans is

the normal fan N (N,(;)i) of the Newton polytope N,i?i. By [43, Corollary 10.5], the set of

rays of N/ (N,(coq)l) is given by
nf
{Ray(vj) 1 J € ([Z]) },

where Ray(v) = {cv: ¢ >0} is the ray in the direction of a vector v.
For d > 1, the normal fan N/ (Ni(de)L) can be constructed from N (N,E:d; VY as follows. Let

7;(;? be the set of all tableaux corresponding to rays of A/ (N,(fd; 1)), that is
7;(,;? = {T : Ray(vr) is a ray of N'(N{*D }

v

Here vy is defined in Equation (4.1) and the construction of tableaux from rays is given
in Section 6. Indeed, in Section 6 we construct tableaux from facets of Newton polytopes.
The construction of tableaux from rays of normal fans is the same.

Remark 4.4. Tropical fans for Grassmannian cluster algebras have been defined in [13,
34], by tropical evaluations of finite sets of cluster variables. The tropical fans N/ (N,(gdgl)

defined here use not only cluster variables but also other prime elements in the dual
canonical basis of C[Gr(k,n)].

4.3. Relation with positive tropical Grassmannians. Recall that we use ([Z])nf to
denote the set of k-element subsets of [n] which are nonfrozen, i.e., not of the form
[2,7+k—1] up to cyclic shifts, and recall that {e”/ : J € ([Z])} is the standard basis of R(%).

For each J € ([Z])nf, recall that b € R [43, 44] is defined by
1 .
hy=—— Z min {L,(ey—er),La(es—er), ..., Lo(es—er)}el, (4.2)
re(10)
where
LJ(JZ) =Tt 2$j+2 + e+ (n - 1)Ij,1.

The lineality subspace Ling , of R() is defined by

Ling ,, = span Z el j=1,...,n¢,
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see [44, Definition 2.1]. Clearly, dim(Ling,) = n.
For each J = {ji,...,Jjr} € ([Z])nf, define a cubical collection of k-element subsets of
{1,...,n} by
UT)={{j1+t1,.. ., Jr+tr}:t; € {0,1}, and t; =0 whenever j; + 1€ J},

where addition is modulo n, see [43].
Denote by w;(y) [43] the tropical planar cross-ratio

Wy = Z (_1)k—#(J’nJ)+1PJ,(y)’
JU(T)
where Pjy/(y) = Trop(p,)(y) is the tropicalization of the Pliicker coordinate p; (x), eval-
uated on the web matrix M = (z; ;)kxn in Section 3.3.
Denote by FE) RE-Dx(nk) R(Z)/Link,n the map

F@) = X wiyhs. (4.3)

N
Je()

The normal fan A (NST)L) defined in Section 4.2 has been shown [8, Proposition 11.5]
to satisfy the following pfoperty: its cones are in bijection with the cones in the positive
tropical Grassmannian Trop”G(k, n), as defined by Speyer and Williams [96]. In particu-
lar, this bijection is achieved via the piecewise-linear map }",(Lk), which is equal (modulo a
change in parameterization) to the map Trop(®;) defined in [96, Section 4], see also [97].

5. SEMISTANDARD YOUNG TABLEAUX AND GENERALIZED ROOT POLYTOPES

In this section, we study relation between semistandard tableaux and generalized root
polytopes.

5.1. Isomorphism of Monoids. Recall that the set SSYT(k, [n],~) of all ~-equivalence
classes of semistandard Young tableaux of rectangular shape with k£ rows and with entries
in [n] form a monoid under the multiplication “u” [23], see Section 3.1. This monoid is
isomorphic to the monoid P; of dominant monomials in CZ[’“, n=k+/0+1.

The vector space Zgéfl)x("*k) form a monoid (ng)fl)x("*k), +) generated by e; ;, 1 € [k-1],
J € [n— k], where e;;’s form a standard basis of Zgé_l)x(n_k) (
basis of R(-1)x(n-k)),

ei;'s also form a standard

Lemma 5.1. We have an isomorphism of monoids
(SSYT(k, [n],~),u) » (ZLED R 4y

Proof. For i € [k —1], j € [n— k], denote by T;; the fundamental tableau with entries
[, 5+ kI~ i+ 3}
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By Lemma 3.13 in [23], every tableau in SSYT(k, [n],~) is ~-equivalent to the union of
a set of fundamental tableaux. The isomorphism (SSYT(k,[n],~),u) — (Zgg_l)x(”_k), +)
is induced by T ; + e; ;. The inverse isomorphism is given as follows. Every element v

. k-1 -k . o, .
in (Zgo (1K) 1) can be written as v = Y. iCijei; for some positive integers ¢; ;. Let
T, = Uz’,jTi, ; 7. The inverse isomorphism is given by v + T,. ]

We denote by T, the tableau in SSYT(k,[n],~) corresponding to v € Zgéfl)x(n*k) and

denote by vr the element in Zzla_l)x(n_k) corresponding to T' € SSYT(k, [n], ~).

5.2. Generalized Root Polytopes. For any collection J = {Ji,...,J} € NCy,, of
nonfrozen subsets .J;, define

[J] = Convex hull({0,v,,,...,v,,}).

The generalized root polytope Rff_)k is the convex hull of all generalized positive roots v,

nf
szk_)k = {UJ Y ([Z]) }7

where we remind that Tk-1n-k = (Tn-k)x(k-1) and T = R**/R(1,...,1).

Theorem 5.2 ([43, Theorem 1.2]). The set of simplices {[J]: T € NCy,.} defines a flag,

unimodular triangulation of Rgi)k o simplices in the triangulation have equal volume and
are in bijection with pairwise noncrossing collections of nonfrozen k-element subsets. In
particular, the set of cones

JeJ
assemble to define a complete simplicial in TF=17=F and any point in TF-17F ljes in the
relative interior of a unique cone in the fan.

CJZ{ZCJ'U]:CJ>O}

Now under the isomorphism in Lemma 5.1, one-column tableaux correspond to gener-
alized positive roots; thus, Theorem 5.2 says that any linear combination of generalized
positive roots with real coefficients decomposes uniquely as a linear combination, with
positive coefficients, indexed by a pairwise noncrossing collection. This means that if
we restrict to integer coefficients then the triangulation has a beautiful representation-
theoretic interpretation in terms of tableaux! We give a proof in the next subsection of this
result for integer coefficients c; using representation theory of quantum affine algebras,
and study the relation between semistandard Young tableaux and noncrossing tuples.

Example 5.3. Let
V=~V 59+ 206,10 + 3V3,7,11 + 404812
Then v has the following noncrossing decomposition using Theorem 5.2:

UV = Urg6+ V2810 T V2,910 T 3V3,8,10 + 246,10 + 3V4,7,10 + V7.8,10
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5.3. Semistandard Young Tableaux and Noncrossing Tuples. First we consider
the case of k = 2.

Lemma 5.4. For every tableau T € SSYT(2,[n]), there is a unique unordered m-tuple
(S1,...,5m) of one-column tableaux which are pairwise noncrossing such that T = Sy U
ey Sm

Proof. First note that for 2-row one column tableaux , , they are noncrossing if and
bl

only if they are weakly separated. If b =a+1, then | %] is frozen and it is weakly separated

with any 2-row one-column tableau. Let T" be a 2-row one column tableau and let 7"
be the tableau obtained from T by removing all factors of the form . Denote these

frozen factors by TV, ..., T}". By Theorem 1.1 in [23], T" corresponds to a simple U, (sl3)-
module L(Myz) = L(Myz/). By Sections 4.8, 4.9, 4.11 in [27], every prime U, (sl;)-module
is a Kirillov-Reshetikhin module and every simple U,(sl;)-module is decomposed as a

tensor product of Kirillov-Reshetikhin modules (note that evaluation modules of Uq(glz)
are Kirillov-Reshetikhin modules). Therefore

Xq(L(Mr)) = xq(L(My))-Xq(L(M;)) (5.1)
for some Kirillov-Reshetikhin modules L(M,),...,L(M,). Every Kirillov-Reshetikhin
module corresponds to a one-column tableau, see Section 3.3 in [23]. Let Tyy,, ..., T, be

the one-column tableaux corresponding to L(My),. .., L(M,) respectively. By Equation
(5.1), we have that for any 4,5, L(M;) ® L(M;) is simple. Hence by Theorem 1.1 in [81],
Ty, and Ty, are weakly separated. Therefore T'= Ty, - 0Ty, UT{ U--UT/" and any
two one-column tableaux in the u-product are weakly separated. 0

3155|6819

Example 5.5. Let T'=1]22|3|3 4| The factors of T of the form || are , . Removing
a+1 3 5

w

these factors, we obtain 7" =|1]2]3]3| The corresponding Uq(gg)-module is

5161819

L(MT) = L(YI,—IY12,—3Y1%—5Y1?j—7y12,—9y12,_11Yl,—13)7

see Section 3.2. By taking all maximal strings of Kirillov-Reshetikhin modules, we have
that

Xq(L(Mz)) = xq(L(M1))xq(L(M2))xq(L(M3))xq(L(Ms)),

where

My =Y1 Y1 3Y1 93, My=Yy 3Y15Y1 11, Mz=Y15, My=Y1_5Y1 7.
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The corresponding one-column tableaux are , , , , respectively. Therefore the
9 5 6

unordered 6-tuple of pairwise noncrossing one-column tableaux corresponding to 7' is

Lemma 5.6. For every tableau T € SSYT(k,[n]), there is a unique unordered m-tuple
(S1,...,Sm) of one-column tableauzx which are pairwise noncrossing such that T = Sy U
ey Sm

Proof. We prove by induction on k. The result is clearly true in the case of k£ = 1. The
case of k =2 is proved in Lemma 5.4.

Suppose that k > 3 and the result is true for SSYT(%’,[n]) for any k' < k- 1. Let
T € SSYT(k,[n]). Let T” be the sub-tableau of T' consisting of the first k — 1 rows of T.
By induction hypothesis, there there is a unique unordered m-tuple S’ = (S7,...,S!,) of
one-column tableaux which are pairwise noncrossing such that 77 =Sju---u S} .

Let T" be the sub-tableau of T consisting of the last £k — 1 rows of 7. By induction
hypothesis, there there is a unique unordered m-tuple S” = (Sy,...,S/) of one-column
tableaux which are pairwise noncrossing such that 7" = S u---u S})’.

Let T"" be the sub-tableau of T' consisting of the middle k£ -2 rows of T'. By induction
hypothesis, there there is a unique unordered m-tuple S™ = (S}”,...,S!’) of one-column
tableaux which are pairwise noncrossing such that 7" = S{" u---u S}!'.

We can choose some ordering of S’, S, S such that for each j € [m], S =5inSY. Let
Sj=Sjusy, je [m]. Then T = Sy u---uUS,, and Sy,...,S,, are pairwise noncrossing. [

Example 5.7. Let T = The unique noncrossing 2-tuple of one-column tableaux

corresponding to 7' is (|!
4

5
8

6. FrRoOM FACETS TO PRIME MODULES

In this section, we describe a procedure to produce a simple U, (;[;)—module from every
facet of the Newton polytope defined in Section 4 and we conjecture that the obtained
simple U,(sl;)-module is prime.

6.1. A Procedure to Produce a Simple Uq(s/[;)-module from a Given Facet.
Adapting the results of [23] (see Section 3.2), it suffices to give a procedure to produce a
semistandard Young tableau from a given facet.
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The Newton polytope N,(ﬁdgl defined in Section 4 is described using certain equations and
inequalities in its H-representation (represent the polytope by an intersection half-spaces
and hyperplanes). Let F' be a facet of the Newton polytope N,idz. The normal vector vg

of F is the coefficient vector in one of the inequalities in the H-representation of N,(gdr)l. If
there is an entry of the vector vr which is negative, then we add some vectors which are
coefficients of the equations in the H-representation of Nfﬂdg to vp such that the resulting
vector v}, all have non-negative entries. The vector v}, can be written as Up = 245 Ci,jCij
for some positive integers ¢; ;, where e; ; is the standard basis of R(+:-Dx("=k) By Lemma
5.1, each e; ; corresponds to a fundamental tableau 7; ; which is defined to be the one-
column tableau with entries [j,j + k]~ {i + j}. The tableau Tr corresponding to F' is

obtained from ULﬂf;"’j by removing all frozen factors (if any).

Conjecture 6.1. (1) For d € Zso, k < n, and every facet F' of the Newton polytope
N,Efz, we have that the corresponding tableau Tr is prime.
(2) For k < n and every nonfrozen prime tableau T in SSYT(k,[n]), there is d > 1

and a facet F' of N,(jT)L such that T = Tp.

Conjecture 6.1 gives systematic procedure to construct all prime Uq(g[;)-modules.

We will give an explicit description of all 2-column prime tableaux in Section 7. Namely,
we will prove that a 2-column tableau in SSYT(k,[n]) is prime if and only if it is the
union of two one-column tableaux which are noncrossing and not weakly separated, in
Section 7.

6.2. Example: Gr(3,6). In the case of C[Gr(3,6)], we use the web matrix (see Section

3.3)
1 0 0 miamwe1 11212+ T12%T22 T11%2123 + T12T223 + L1323
M=(0 1 0 -x9;4 —T2,12 —x2,123 ;
0 0 1 1 1 1

where we abbreviate for example xg 93 = 22 + 223. Evaluating all Pliicker coordinates on

M and take their product, we obtain a polynomial p. The Newton polytope Ni(,,’lg is the
Newton polytope defined by the vertices given by the exponents of monomials of p. The
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H-representation of Ngg is given by

0,0,0,1,1,1)-2-20=0, (1,1,1,0,0,0)-2-10=0, (0,1,1,0,0,0) -2 -4 >0,
0,0,1,0,0,0)-2-1>0, (0000 ,1)-2z-11>0, (0,0,0,0,0,1)-z—4>0,
0,0,1,1,0,0)-2-6>0, (0,0,0,0,1,0)-z-4>0, (0,0,0,1,0,0)-z—4>0,
1,0,0,0,0,0)-z-1>0, (1,0,0,0,1,0)-2-6>0, (1,1,0,0,1,1) -2 - 16 >0,
1,0,0,0,0)-2-4>0, (0,0,0,1,1,0)-2-11>0, (0,1,0,0,0,0)-2—1>0,
1,0,0,0,1,1) -z -14>0, (0,1,0,0,0,1)-z-6>0, (1,1,0,0,0,1) -z —11 >0,

(
(
g o
(1,
(

where (0,0,0,1,1,1) -z is the inner product of the vectors (0,0,0,1,1,1) and z.

Now we compute the tableau corresponding to each facet. For example, for the facet
F with the normal vector vg = (0,1,1,0,0,0) in the first line of (6.1), we have that
vp = e12+e13. The generalized roots e; 2, €1 3 corresponds to tableaux , respectively.

415 5

506
correspondence in Table 1.
Moreover, the two hyperplanes in (6.1) of the Newton polytope correspond to the
following generahzed roots and frozen tableaux:

Removing the frozen factor I in I I— 23| we obtain Tk = . Similarly, we have the

(0707071?171)7 052,1"'052,2"'052,37 [17276]7
(1,1,1,0,0,0), oz1,1+a172+04173, [1,5,6

The facets of Né ¢ give all the prime modules (non-frozen) in the category Cy, ¢ = 2.
By the same computations, we have that Né?ﬁ) has 14 facets. The Newton polytope
Ng}lg has 16 facets but is not a simple polytope®. The Newton polytope Né’?g has 16 facets

for any d > 2 and it is simple. The Newton polytope Ngfig is the type D, associahedron
for any d > 2, see Section 6 of [96].

6.3. Examples: Gr(3,8), Gr(4,8). In the case of C[Gr(3,8)], the PK polytope Né?g)
has (3) -8 = 48 facets, Nég has 120 facets (see also Proposition 6.2 in [13]), Nz(’fs) has 128

facets but it is not a simple polytope; Néfls) has 128 facets and Ngfg is a simple polytope
for any d > 3. This agrees with the fact that the dual canonical basis C[Gr(3,8)] has 128
prime elements (not including frozen variables).

3A polytope P of dimension d is simple if every vertex has exactly d incident edges.
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generalized roots facets, hyperplanes | tableaux modules
Y124 = Q21 (070707 17()’0) [124] }/1,—1
V125 = Qg1 + Q22 (0,0,0,1,1,0) [125] Y 3Y1
Y134 = Q11 (1,0,0,0,0,0) [134] Y20
Y135 = 041’1 +05272 (1,0,0,0, 1,0) [135] }/,1773}/2,0
Y136 = Q1,1 + Qo2 + Q23 (1,0,0,0,1,1) [136] Y1, 5Y1 3o
Y145 = 011 +05172 (17 17070,0,0) [145] }/27_23/270
Y146 = Q11 + Q12 + Qo3 (1,1,0,0,0,1) [146] Y1 5Y5 oYo
Y235 = (22 (0,0,0,0, 1,0) [235] }/17_3
Y236 = CM272 + 04273 (0, 0, 0, O, 1, 1) [236] le,_5Y71 -3
V245 = a1,2 (07 17070a070) [245] }/2,—2
Y246 = &172 + a2,3 (07 17 07 07 07 1) [246] }/—1’_5}/-27_2
Y256 = 061’2 + 04173 (0, 1, 1, O, O, O) [256] }/2’,4}/2 )
V346 = Q23 (0,0,0,0,0,1) [346] Y| 5
Y356 = OZL3 (0,0, 1,0,0,0) [356] YQ,_4
Y124 + V356 = Q13 + Q21 (07 07 1, 1, 0, O) [[124],[356]] }/27_4}/17_1
Y145 + V236 = Q11 T Q12+ Qoo+ Qa3 (1,1,0,0,1,1) [[135],[246]] | Y1,-5Y2, oY1 _3Y5
Y126 = Q21 + Qg0 + (i3 (0,0,0,1,1,1) [126] Y1 5Y13Y1
Yise = Q11 + Q2 + Q3 (1,1,1,0,0,0) [156] Yo 4Ys oYoy

TABLE 1. Correspondence of generalized roots, facets (together with two

hyperplanes defining the ambient space of NSG) ), tableaux, and dominant

monomials of prime modules in the case of Gr(3,6). In the table, each list
in [[124],[356]] is a column of the tableau.

In the case of C[Gr(4,8)], NE&) has (}) -8 = 62 facets, NSS) has 360 facets.

of Nz(lvlg) correspond to prime non-real tableaux

[7, 35, 60, 87).

3 1 3

Y

(=20 IS N

9

Y

| =N =

1
3
5
7

T W DN =

2
5 41415
7 616|7
8 71818

21313
41557
6|78

oo

8

6.4. The Face Corresponding to a Tableau. Take a Newton polytope N,Ei)z. We now

describe a procedure to produce a face of N,(gd% for a given semistandard tableau.

Let T'e SSYT(k,[n]). By Lemma 3.13 in [23], there is a unique semistandard tableau
,1",, are fundamental tableaux and T~ T".
For each fundamental tableau T; ; with entries [7, j+ k]~ {i+j}, we define a(T; ;) = a; ;.

T" in SSYT(k,[n]) whose columns 774, ..

Let vp = X% a(T";) and let Fr = {z € N,(jn cyr(y) 2 yr(z), Yy € N,(Cdi} Then Fy is the

Four facets

L[t]214] see also
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face of N(d) such that vz is minimized on Fr. We say that the tableau T' corresponds to
a facet if Fr is a facet of N(d)

To compute Fr, we compute the monomials in p which are minimized by ~7, where p
is the polynomial which defines N( ) The face Fr is the face of N( ) which is the convex

hull of the exponent vectors of these monomials.
Conjecture 6.1 (2) is equivalent to the following conjecture.

Conjecture 6.2. For k < n and any nonfrozen prime tableau T € SSYT(k,[n]), there
exists d > 0 such that the face Fr of N,Ei)l has codimension 1.

We say that two tableaux T', T" (resp., two simple modules L(M), L(M')) are compat-
ible if ch(7T")ch(T") = ch(T'uT") (resp., xq(L(M))xq(L(M")) = x,(L(MDM"))). We give a
conjecture about compatibility of two prime tableaux (equivalently, two prime modules).

Conjecture 6.3. Let k <n and T, T' be two prime tableauz in SSYT(k,[n]). Then T, T’
are compatible if and only if there exists d >0, such that the faces ¥, ¥+ corresponding
to T, T" are facets and the intersection of Fr, Fr is nonempty.

Example 6.4. Consider a tableau 7" =|1|!] and Ngg. We now check that Fr is not a

213
415

facet of Ngg. The tableau 7" whose columns are fundamental tableaux and such that

T ~Tis |1 2] We have that vy = a1 + a1 1 + aga. We compute the exponents of the
21313
41415
monomials in p which take the minimal value when applying v7, where p is the polynomial

which defines Ng}g. These exponents define the integer lattice points in Fp. The affine
span of these points is the face Fy and it is of codimension 2. Therefore Fr is not a
(codimension 1) facet of Ng,lg. Similarly, Fr is not a facet of Né"iﬁ) for any d > 1.

On the other hand, T is non-prime. Indeed, we have that ch(T") = p134p125. This agrees
with Conjecture 6.2.

We give an example that the facets of two compatible prime tableaux have a nonempty
intersection.

Example 6.5. In Example 6.4, we see that ch( ; :1))
415

T = , T’ = || are compatible. Both of the faces Fr and F7 in Nélg have codimension
3 2 ’

1. The intersection of the facets Fr and Fv is nonempty and has codimension 2. This

example verifies Conjecture 6.3.

) = p13aP1as- So the two tableaux
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7. EXPLICIT DESCRIPTION OF 2-COLUMN PRIME TABLEAUX

In this section, we prove that a 2-column tableau is prime if and only if it is the union
of two one-column tableaux which are noncrossing and not weakly separated. We also
compute the number of 2-column prime tableaux in SSYT(k, [n]).

Lemma 7.1. Suppose that T1,T5 are 1-column tableaux and they are noncrossing and not
weakly separated. Then for any pair of 1-column tableaux Sy, Ss such that S1uSy =TiUTs,
we have that S, 55 are not weakly separated.

Proof. Suppose that 17, T5 are 1-column tableaux and they are noncrossing and not weakly
separated. By Lemma 5.6, for every pair of 1-column tableaux S7, .55 such that S;u S5 =
Ty U Ty, either {Sy, S5} = {T1, Tz} or Sy, Ss are crossing. If {Sy, 52} = {T1, 7>}, then Sy, S,
are not weakly separated.

If {S1,S2} # {T1,T»}, then S;,Sy are crossing. If there are 1 < a < b < k such that
the sub-tableau of S consisting of the ath to bth rows of S; and the sub-tableau of S5
consisting of the ath to bth rows of S; are not weakly separated, then S, Sy are not
weakly separated.

Now suppose that for any 1 < a < b < k, the sub-tableau of S; consisting of the ath to
bth rows of S7 and the sub-tableau of S5 consisting of the ath to bth rows of Sy are weakly
separated. This contradicts the fact that S, S, are crossing. O
Example 7.2. Let T7 =175 =

! 2|, We have that 77,75 are noncrossing and not weakly
4 3

oo | ot

separated. All pairs of 1-column

All of these pairs are not weakly separated.

Theorem 7.3. Let L(M) be a simple U,(sly)-module such that Ty is a 2-column tableau.
Then L(M) is prime if and only if there are one-column tableaux Ty, Ty such that Ty =
Ty uTs, and Ty, Ty are noncrossing and not weakly separated.

Proof. By [81, Theorem 1.1] and [92, Proposition 3], two quantum Pliicker coordinates
in the quantum Grassmannian cluster algebra are quasi-commute if and only if the cor-
responding k-subsets are weakly separated. This implies that for any k-element subsets
J,J" of [n], the U,(sl;)-module L(M,) ® L(M,) is simple if and only if .J,.J are weakly
separated.

By Lemma 5.6, there is a unique pair 77,75 of one-column tableaux T},7T5 such that
T1,T5 are noncrossing and Ty =T u'T5.
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Suppose that 77, Ty are weakly separated. Then L(Mr, ) ® L(Mrz,) is simple. It follows
that x,(L(M)) = xo(L(Mr,))xq(L(Mrp,)). Therefore L(M) is not prime.

Now suppose that 73,75 are not weakly separated. By Lemma 7.1, for any pair 77,7,
of 1-column tableaux such that 7} uT, = T{ U T, we have that T],T; are not weakly
separated. Therefore ch(T) # ch(TY)ch(T3), xq(L(M)) # xq(L(Mz;))xq(L(Mzy)), for
any pair of 1-column tableaux 77, T, such that Ty, = T{ uT,. Therefore L(M) and T) are
prime.

O

Denote( " ): nland IAJ = (I~ J)u(J 1) for two sets I, .J.

a,b,c aldblc!

Proposition 7.4. For k < n/2, the number of 2-column prime tableauz is ax 2 — bgn,

_ 11k m n—i+j _ (n) k ( n )
where appnm = [lioy [ mommger 0nd Ok = () + 25207 (s jiojn—k-5) -

Proof. The number of semistandard Young tableaux of rectangular shape with k rows and
with entries in {1,...,n} and with m columns is ay ,, m, see [98].

Assume that k <n/2. If I = J, then I, J are weakly separated and there are (Z) choices
of I = J. Now assume that I # J. Denote |I — J| =|J - 1I| = j. Since |[I nJ| =k - j,
|[IAJ| =27, there are (kfﬂjf‘nfkfj) ways to fix the sets I nJ and IAJ.

Since either I ~ J or J \ I should be a segment of s consecutive elements of the 2j
elements in IAJ, there are 2j choices of I —J. Since the pair (I, J) is unordered, there
are % Zle 27 ( k_ﬂj’:‘n_ k_j) choices of weakly separated pairs (I, J) (unordered) in the case of
I+ J. It follows that the number of unordered weakly separated pairs among all Pliicker
coordinates is by ,.

Therefore the number of 2-column prime tableaux is a2 — by . O

Remark 7.5. It is conjectured in [12] that for k < n/2, there are

i (23_r -p1(r) +2r - pa(r) +47”'p3(r)) _ (2717“)(7;__%)

r=3 r

2-column cluster variables in C[Gr(k,n)], where p;(r) is the number of partitions r =
T4+ 79 + 13 such that ry,rq,r3 € Zyy and |{ry,72,73}| = . The number ay, 2 — by, in
Proposition 7.4 includes prime tableaux which are not cluster variables.

8. MORE EVIDENCE OF CONJECTURE 6.1

In this section, we verify that the facets of Ngg) correspond to prime modules of U, (EG )-
modules. This gives more evidence of Conjecture 6.1. We also give an explicit conjectural
description of the highest [-weights of a very large family of prime U, (sl;)-modules.
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8.1. Facets of Né}g) correspond to prime modules. There are 471 facets of Ngjlg (see
also [57, 87]). These facets give 471 tableaux in SSYT(3,[9]). We now verify that these
tableaux are prime.

Among these tableaux, there are 75 one-column tableaux. These correspond to all
non-frozen Pliicker coordinates in C[Gr(3,9)].

There are 168 two-column tableaux in the 471 tableaux. These tableaux can be obtained
from the two prime 2-column tableaux in SSYT(3,[6]) by replacing 1 < 2 < --- < 6 by
a1 < ag << ag ((Ii € [9])

There are 156 tableaux with 3 columns in the 471 tableaux. Totally there are 228 prime
tableaux with 3 columns in SSYT(3,[9]) (this can be seen by translating the results about
the number of indecomposable modules in Grassmannian cluster category CM(Bsg) in
[12]). The 156 tableaux are part of them. Up to promotion [89, 90, 91], these 156 tableaux
are

2[5 2 6|[1]2]6 3 6 2 126
3 7 8| |3[5]8] 5 8|3 3|4
5] 6 9|67 719 719 9| |6

1 5111 5 3[s5][1]2]5 2 5] 1 5
2 71 13]5]8 5(81 5|8 4 713 8
a|7]olal7]o 3| [6 9 719 7ol [5]7]09 9|6 9

The orbit (under promotion) of the last tableau has 3 tableaux. The sizes of the other
orbits are 9.

There are 69 tableaux which have 4 columns in the 471 tableaux. Up to promotions,
these tableaux are

1121415 1121415 1121215 111133 111134 1111414 111134 111133 1121415
3141771 13|4|7|8 3l4|5(8]|2]5]6]6 2|sl6]6|[2]3]7]7 21567 214156 314|178
516|189 516189 6167 417181947819 516189 417181947819 617189

The orbits of the 6th and 7th tableaux have 3 tableaux, respectively. The sizes of the
other orbits are 9. In [24], cluster variables in terms of tableaux up to 10 columns in
C[Gr(3,9)] are computed extensively. We check directly that these 69 tableaux are in
the list of cluster variables obtained in [24]. Therefore these 69 tableaux are prime.

There are 3 tableaux which have 5 columns in these 471 tableaux. These three tableaux
are promotions of the following tableau

UL DN | =
O | co| ot

These 3 tableaux are in the list of cluster variables obtained in [24]. Therefore they are
prime.
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8.2. Coarsest Matroid Subdivisions and Prime Modules. It is conjectured in [44]
that all pairwise noncrossing but not weakly separated collections in NCj, ,, induce coarsest
positroidal subdivisions of Aj,. We conjecture that all pairwise noncrossing but not
weakly separated collections in NCy,,, give prime tableaux.

Conjecture 8.1. Let Jy,...,J. be k-element subsets of [n] such that each pair of them
is noncrossing and not weakly separated. Then T' = Ul_, T, is a prime tableau.

Conjecture 8.1 gives an explicit description of the highest [-weights of a very large
family of prime U, (sl;)-modules.

Note, however, there are tableaux which do not correspond to coarsest positroidal
subdivisions of Ay, but which are still prime.

For example, in the case of Gr(3,8), the eight tableaux in (8.1) map via vy — }"723)(2)71)
(see the formula (4.3)) to positive tropical Pliicker vectors, where vy is defined in Section
5.1. The positive tropical Pliicker vectors induce positroidal subdivisions of Asg which
are not coarsest (see Theorem 6.4 in [13]) and do not generate rays of Trop"G(3,8). On
the other hand, all of the eight tableaux in (8.1) are indeed prime, see [24, 87].

112 215 1 4 112]3 112]4 11213 1 1 (81)
65 4037 1]2]6]|5 ) 31317 5 5 2
7 6168 5 8116 6158|478 6 5

However, the eight tableaux in (8.1) do map to rays of the normal fan N/ (N:(,,QS) ) of N§28) ,
see Section 6.3.
In the case of r = 2, Conjecture 8.1 is proved in Section 7.

Example 8.2. In the case of Gr(3,9), there are 3 pairwise noncrossing and not weakly

separated 3-tuples:
(EIENE] WENEIEL (
6
[81le] [s][7]

[2][5]

3[8]

7
They correspond to 3 prime tableaux in SSYT(3

31 T1T2]s][1]3]4
6||3/al8]|2]6]7
9llel7]ol|5]s]9

co| Ut N

8.3. An example of matroid subdivision obtained from a prime module. We
consider a more complicated (conjectural) prime tableau 7T":

1
2
5

1
2
5

11111
212122
515155

T (1222233333444 4]|4|4|4|4|4]4[4]4]4]|5]|5]|5|5
3133|3333 [3[6|6(6|6|6|7|7(7|7|7|7|7|7|7|7|7|7]7|8[8]8]8
616[6|6|6[6|6[6[8[8|8|8[88[8[8[8|9[9(9/9[9]9[9]9]9

DO | =
DO =
DO | =

ot
ot
ot
Ne}
=)
o
=)
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FIGURE 1. Given a tableau 7" with 39 columns corresponding to a (con-
jectural) prime module of U,(sls), we use the map fég)(vT) to define a

positive tropical Pliicker vector (8.2), expanded in the by, basis of R([g]),
see also [42] on matroidal weighted blade arrangements. The induced ma-
troid subdivision is dual to the (unweighted) graph in Figure 2. Prime
tableaux with more and more columns may appear with the same diagram
but with different (integer) coefficients; however the matroid subdivision
will not change.

This tableau is obtained using limit g-vector method in Section 11. Apply the map ]:é?’)
to vr (see the formula (4.3)), we obtain

Fg(s)(vT) = f]1,2,5 + 851,2,6 + 461,3,5 + 4b2,3,5 - b2,5,9 - b2,6,8 - 7h2,6,9 + h2,7,8 + 4b2,7,9 (8.2)
+ 4b2,8,9 - b3,5,8 - 753,5,9 - 7b3,6,8 + 12[)3,6,9 + 853,7,8 + h4,5,8 + 8[34,5,9 + 4b4,6,8 + 4[75,6,8- (8-3)

The linear combination is shown schematically in Figure 1 as a weighted blade arrange-
ment, see [41, 44] for more about matroid subdivisions. The induced matroidal subdivision
is dual to the unweighted graph in Figure 2.

It would be interesting to study the relation between prime modules and matroid sub-
divisions in detail. We leave this question to a future work.
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FIGURE 2. Dual graph to the matroid subdivision of Agg that is induced
by the positive tropical Pliicker vector (8.2): place a node at the center of
each maximal cell in the subdivision; two nodes are connected by an edge if
the corresponding cells share an internal codimension 1 face. This graph is
also sometimes called the tight span of the matroid subdivision. Here the
subdivision is finest; it has (g:f) = 21 maximal cells and cannot be further
decomposed into a collection of matroid polytopes.

9. NEWTON POLYTOPES AND TROPICAL FANS FOR QUANTUM AFFINE ALGEBRAS

Readers interested in physical applications and stringy integrals of Grassmann type
may skip to Section 10.

In this section, for any simple Lie algebra g over C, we define Newton polytopes asso-
ciated to the quantum affine algebra U, (@) using truncated g-characters of simple U, (g)-
modules.

9.1. Newton Polytopes for Quantum Affine Algebras. Let M be the set of all
equivalence classes of fundamental modules of U,(g) in C,. For simplicity, we also write
an equivalence class [L(M)] as L(M).

Definition 9.1. Let M = M. We define recursively
Ny = Newt( Il >7Q<L<M>>),
L(M)eM(d)

where M(4+1) (d > 0) is the collection of equivalence classes of simple U, (§)-modules which

correspond to facets of Ng?.
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Remark 9.2. The existence of N;f? in Definition 9.1 is conjectural. Namely, we do not
have a proof that the facets of Ng? correspond to simple U,(g)-modules. It would be
interesting to give an explicit construction of highest I-weights of simple U,(g)-modules

which correspond to facets of Né‘?.
We will define another version of Newton polytopes for quantum affine algebras non-
recursively in Definition 9.5.

Remark 9.3. In type A, the definition of the Newton polytopes Nii),z is slightly different
from the definition of the Newton polytopes N,(:?1 (n=k+{¢+1) in Section 4 for Grass-
mannian cluster algebras. Here Ni&) , is defined using all fundamental representations

of Uq(;[;). Finite dimensional simple Uq(gﬁ)—modules in Cp, n = k+/{+1, correspond
to tableaux in SSYT(k,[n],~) [23]. In Section 4, Nl(f?)l is defined using all cyclic shifts
of the one-column tableau with entries 1,2,..., k-1, k + 1. These one-column tableaux
correspond to a set of minimal affinizations of U, (sl;) [20, 23, 30].

Recall that two simple U, (g)-modules L(M), L(M") are called compatible if the identity
Xq(L(M))xq(L(M")) = xq(L(MM')) holds.
Conjecture 9.4. Let g be a simple Lie algebra over C and ¢ > 1. We have the following.
(1) For any d >0, every facet of Néf? corresponds to a prime U,(§)-module in Cy.
(2) For every prime U,(§)-module (nonfrozen) L(M) in C,, there exists d > 0 such
that L(M) corresponds to a facet of the polytope Néfle).
(8) For any two prime modules in Cy, they are compatible if and only if there is some

d > 0 such that there are two facets of N;dg) corresponding to them and the inter-
section of these two facets is nonempty.

We define another version of Newton polytopes for quantum affine algebras non-recursively.
For d € Z, denote by P, 4 the set of all dominant monomials in P/ with degrees less or
equal to d.

Definition 9.5. For a simple Lie algebra g over C, ¢ > 1, and d € Z,;, we define

N =Newt| [T xq(L(M))].

Mep)?
In the next three subsections, we compute some examples of Nédé) and N’;C?.

9.2. Example: g is of type A; and ¢ =2. Consider the case of type A; and ¢ =2. The
category C; has 5 prime modules (not including frozen variables). We choose a height
function £(1) = -1, see Section 2.2.
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The truncated g-characters of fundamental modules in C, are
Xo(L(Y11)) =Y11, Xg(L(Y1-3)) =Yi s+ Y7l X(L(Yi5) =Y 5+ Y L (9.1)
We take the order of the fundamental monomials Y; _4,Y; _3,Y7 5. Then the Newton

polytope Ni?z)Z is given by the following hyperplanes and half-spaces:

(1,-1,1)-2+0=0, (0,1,-1)-2+0>0, (0,0,1)-2+0>0, 09
(0,-1,1)-x+1>0, (0,0,-1)-2+1>0. (9:2)

We see that the polytope Né&)g is a square. The remaining two prime modules (not frozen)

in C; are L(Y1-1Y1-3) and L(Y;_3Y1 5). Their truncated g-characters are
Y15 1

+ )
Vi YiaYis

The truncated g-character of L(Y;_;Y;_3) is a monomial. Multiply a monomial to the

Yq(L(Yl,—lyl,—:z,)) = Y1,—1Y1,—3, qu(L(Yl,—zaYL—s)) = Yl,—3Yl,—5 + (9-3)

defining polynomial of NE?Q)’2 does not increase the number of facets. Therefore we expect
that the module which is not a fundamental module corresponding to one inequality in
(9.2) is L(Y7_3Y15). The Newton polytope Nﬁ(llz)’2 is defined using L(Y;_1), L(Y1_3),

L(Y1-5), L(Y1_3Y1_5). The polytope N§[12)72 has 5 facets. The Newton polytope N:Ef?’2
also has 5 facets for any d > 1.

9.3. Example: g is of type A,, ¢ = 2. In the case of type As, ¢ = 2, we choose the
height function £(1) = -1, £(2) = 0. There are 18 prime modules (including frozens) in
the category C,. We have the following truncated g-characters of prime modules (not
including frozens) in Cy:

- - 1 Ys .
Xq(L(Yl,—l)) = Yl,—l, Xq(L(Yl,—?))) =t 22 + Yl,—sa Xq(Yz,o) = Y2,07
Yoo Yia
~ 1 YVQ,,4 _ Yyl,fl _
Xo(L(Y15)) = + +Y15, Ng(Yo2) = + Y22, Ng(L(Y2,2Y2p)) = YopoYa o,
}/2,72 Y'1,73 Y270
~ 1 Yig -
Xg(Ya,-a) = + +Yo 4, Xg(L(Y11Y13)) =Y11Y1 3,
Yiai Yoo
Y- 1 Yo Yo oYi_s Yo oVs_
(LY 3V 5)) =~ Vit 2t YoV YaVa

+ + + ,
Y2,0 }/'2,0}/2,72 }/2,0}/1,73 Yl,fl }/1,71}/1,73

Y) 1Y5 4 . Yi4Y1 3
Yoo Ya0Ya2

Y11 . Yi1Y15 N Yy 2Y5 4 N Yi 1Yo 4
Yo0Yo o Yoo Y13 YooYi-3'

Ya0Y22

Xo(L(Ya_2Yo_4)) =Yo oYo 4+ 2 ’
1,-1

Xo(L(Y1-3Y20)) =YaoY1 3+

Yq(L(Yz—zyl,—Q) =Yy oY) 5+
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FIGURE 3. An initial cluster for Ko(C;?), £ = 1.

Yi1Yi-3 Yo0Y2,-2Y2 4

Yoo Vig
YaoYo 215 YooY o¥o 4
Y1 ViaYis '

Yq(L(Yl,—lyz—O) = Y17—1Y2,—4 + Yz,OYQ,—zYL—s +

Xo(L(Ya0Y1,3Y15)) = Yo oY1 3Y1 5+

2 2

Yo oY 4 YooYa o Y15 YooYo 97Yo 4

+Y50Y1,3Yo oY) 5+ + .
Y13 Yi Y1 1Y 3

Yq(L(Yé,OY'l,—S%,—ZYVl,—B)) =Yy oY) 5+

We take the order of the fundamental monomials as Y7 _1,Y; 3,Y1 5, Y20,Y5 2, Y5 _4.

Then the Newton polytope N’gf?’2 (d > 4) is given by the following hyperplanes and half-
spaces:

(0717_17_]-7]-70)"7;_9:07 (1707_170717_1)'3:_8:07 (0,07—1,0,1,—1)'1‘4'].20,
(0,0,0,0,0,1)-2+0%0, (0,0,-1,~1,1,~1)-2+6 >0, (0,0,~1,0,0,0) -2 +6 >0,

(0,0,1,0,0,1) -z -3>0, (0,0,-1,0,0,-1)-2+9>0, (0,0,1,-1,0,1) -z +2>0,
(0,0,1,1,-1,1) -2 +0>0, (0,0,0,1,0,0)-2-2>0, (0,0,0,0,1,-1)-z+0 >0,

(0,0,0,1,-1,0) -2 +8>0, (0,0,0,-1,0,0)-2+8>0, (0,0,1,0,0,0) -2 +0>0,
(0,0,0,-1,0,1) -2 +7>0, (0,0,0,-1,1,0)-z+2>0, (0,0,0,-1,1,-1) -2 +3>0.

On the other hand, there are 18 prime modules (including frozens) in C3®. Therefore
there is a one to one correspondence between facets together with hyperplanes defining

the ambient space of N’,(jr)z (d > 4) and prime modules (including frozens) in C,.

9.4. Example: g is of type B,, and ¢ =1. Consider the case of type Bs; and ¢ =1. We
choose a height function as shown in Figure 3, see [62, 64] for the definition of the cluster
algebra associated to C.
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There are 25 prime modules (not including the 3 frozen modules) in C{B > are
L(Y12), L(Y10), L(Y12), L(Y14), L(Yan), L(Y1), L(Yas), L(Y25),
L(Y14Ya1), L(Y1-4Y12), L(Y10Y25), L(Y12Y2 3), L(Ys-5Y21), L(Ya _5Y2 3),
L(Yy 3Ys 1), L(Ya 1Y21), L(Y1-4Y2 1Ya1), L(Y10Ya 5Y2 3), L(Y12Y2 5Y2 3),
L(Y12Ya 3Y2 1), L(Y25Ys 3Y2 1), L(Ya 3Y2 1Y21), L(Y10Y12Y2 5Y23),
L(Y12Y2 52 3Ya 1), L(Y12Y2 52 3Y2 32 1).

Computing the Newton polytope using the ¢-characters of prime modules in Cy, we
obtain a polytope which has 25 facets. This polytope is N’gg , (d>5) and it is the type
D5 associahedron. 7

We expect that for every n € Zo, N’gg,l (d is large enough) is the type Dy, associa-
hedron.

9.5. Tropical Fans for Quantum Affine Algebras. Let M = M be the set of all
equivalence classes of fundamental modules of U, (g) in C;. By tropicalizing all x,(L(M)),
L(M) € M, we obtain piecewise linear functions in the space of dimension r parametrized
by yi; (vi; is the tropical version of Y; ), where r is the number of fundamental modules
in Cy,. Such a function is linear on a collection of cones; these cones assemble to define a
polyhedral fan. The common refinement of these fans is the normal fan N (Né?e) ) of the

Newton polytope Ng?}.
For d > 1, let M(@ be the set of all equivalence classes of simple modules corresponding
to rays of N(Ngi_l)). By tropicalizing all x,(L(M)), L(M) e M(D and using the same

procedure as above, we obtain the normal fan N (Ng"?) of the Newton polytope Néf?
defined in Section 9.1.

10. PHYSICAL MOTIVATION: STRINGY INTEGRALS AND CEGM SCATTERING
AMPLITUDES

In this section, we propose a formula which extends the main construction in the work
of Arkani-Hamed, He, Lam [4] on so-called Grassmannian string integrals, and Cachazo,
Early, Guevara, Mizera (CEGM) [21] on generalized biadjoint scalar amplitudes. Grass-
mannian string integrals and generalized biadjoint scalar amplitudes are related by taking
a certain o’ — (0 limit of the stringy integral.

10.1. Stringy Integrals For Grassmannian Cluster Algebras. From a physical
point of view, the central objective of this subsection which we describe here is twofold.
First, in this subsection we give an explicit formula for a completion of the stringy integral
by making use of all of the elements in Lusztig’s dual canonical basis of C[Gr(k,n)]; the
rest of the subsection aims to provide a combinatorial framework for the evaluation of a
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limit which is standard in physics, the so-called o/ — 0 limit of the Grassmannian string
integral, which is known to be given ([4, Claim 1]) by the CEGM scattering equations
formula.

Such calculations are still highly nontrivial, but the formula which we propose removes
an enormous amount of redundancy by making use of character polynomials for only prime
tableaux. It is known that any simple U,(g)-module decomposes as the tensor product of
prime simple modules [28]. Therefore the g-character® of any simple U, (g)-module is the
product of the g-characters of its prime factors [48].

Moreover, our formula is essentially nonrecursive using chy in Theorem 5.8 in [23], and
it is more general than possible constructions coming from cluster algebras which use only
cluster variables.

Arkani-Hamed, He, and Lam introduced Grassmannian string integrals in [4, Equation
(6.11)]:

d 1,j —a'cy
I, = (o) (Rn_k_l)an(n x”)(];IpJ (:cz-,j)), (10.1)

(ij) Tig

where a = (k—1)(n-k-1), o/, ¢; are some parameters, p;’s are Pliicker coordinates, the
product runs over all k-element subsets of [n].

We emphasize that the original formulations (10.1) in [21] and [4] involved only the
finite collection of all Pliicker coordinates.

We now define the completion of the Grassmannian string integral, using for the inte-
grand all prime elements in the dual canonical basis of C[Gr(k,n)].

Definition 10.1. For 2<%k <n -2 and every d > 1, we define

Il(cc,li = (O/)a _p—1\x(k-1) (H %) (HCh;a,CT(J"iJ))' (10‘2>
(RZ5*) (i) Tig J\'r

where the second product is over all tableaux T" such that the face F7 corresponding to

T (see Section 6.4) is a (codimension one) facet of N,(gd;l). Here we abbreviate a = (k -

1)(n-k-1). Also ¢r, z; j > 0 are positive (real) parame}:ers, and o' is a parameter known

in physics as the string tension. The first product is over (i,7) € [1,k-1] x[1,n -k -1],

and we have chosen the normalization where z;,_r=1forall<=1,... k- 1.

In the integral (10.2) we have conditions under which the integral converges, namely
that the parameters «; ; and ¢y must be chosen such that the origin is in the interior of
the Newton polytope, see [4, Claim 1] for details.

4There is a connection between the g-character of a simple module L(M) and the polynomial chr,,,
where T}y is the tableau corresponding to M, see Sections 3.1 and 3.2.
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Denote by PSSYTy, ,, ¢ SSYT(k, [n]) the set of prime tableaux in SSYT(k, [n]) with
r or less columns and by PSSYTy, c SSYT(k,[n]) the set of all prime tableaux in
SSYT(k, [n]).

It is natural® to introduce the d — oo limit of the Grassmannian string integral (10.2):

L = ) (H &) ( [T o cT(ﬂffi,j)) : (10.3)
(RZ5*) (i.j) Tij ) \TePSSYT,
For finite type cluster algebras, our integrand is finite. However, starting at (k,n) = (3,9)
the integrand involves an infinite product.
We also introduce another version of the Grassmannian string integral (10.2) using all
prime tableaux up to certain columns.

Definition 10.2. For 2<k <n-2 and r > 1, we define

r a dx’i, j —a’c
I;“(’”) = (@) (Rnsk-1)<(-1) (H T ]) ( H chy T(Iw)) ) (10.4)
>0 (i,) TePSSYTY, ,,
where a = (k—1)(n-k-1), and o/, ¢y are certain parameters defined in the same way as
Definition 10.1.

Note that in the limit 7 - oo the integrands for (10.4) and (10.3) coincide. In this way
we have a combinatorial construction which relates prime tableaux to stringy integrals,
and a geometric interpretation of the set of all prime tableaux in terms of a polytope.

The polynomials chy that appear in the integrands of (10.2) and (10.4) are in bijection
with prime tableaux and can be calculated using (3.2).

An important problem which may help with the evaluation will be investigated in
Section 10.2: to rewrite Equation (10.3) in terms of rational functions which are invariant
under the torus action, that is the so-called u-variables [5], and then to calculate the
binary relations among them. See also [43] for another physical application of binary
relations in the context of CEGM scattering amplitudes.

By [4, Claim 1], the leading order term in the series expansion around o’ = 0 has a
beautiful interpretation as the volume of a polytope, where the simple poles correspond to
facets. The polytope is dual to the Newton polytope Nlilfl This leading order contribution
was formulated originally in [21] by Cachazo, Early, Guevara and Mizera (CEGM) using
the scattering equations formalism.

Remark 10.3. The stringy integral in Equation (10.3) converges if and only if the origin
is in the interior of the Newton polytope, see [4, Claim 1]; however, the o/ — 0 limit is
calculated by the CEGM scattering equations formula [21], which has no such convergence
limitation.

%See talks by Arkani-Hamed, Frost, Plamondon, Salvatori, and Thomas in [2, 3].
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It turns out that the limit o/ — 0 of the Grassmannian string integral (10.1) coincides
with the CEGM scattering equations formula [4]. Let us sketch the CEGM formula,
referring to [21] for details.

First we define a scattering potential function
St = Zlog ps)ss,

where p; is the maximal &k x k£ minor with column set J = {ji,...,jx}, and the Mandelstam
variables s; are coordinate functions on the kinematic space

IC(k;,n):{sj)eR : Y s;=0,i=1 }

J:J3i

Then [21] defined the (planar) generalized biadjoint scalar amplitude

1 ([ 1 2

(k)

myp’ = )

.Zm det’ @ (g pj7j+1,...,j+k—1(0))
cecrit(Sy 1)

where the sum is over all critical points ¢ of 8,57173, and where det’ ® is the so-called reduced
Hessian determinant (see [21, Equation 2.4] for details). For example,

1 1
m® - L, L

and
() 1 1 1 1 1
ms = + + .
512834 923545  S34515  S12845 523515
In general, Cachazo-He-Yuan [25] introduced a compact formula for biadjoint scalar am-
plitudes (as well as amplitudes for many other Quantum Field Theories).
The k > 3 analog was discovered by Cachazo-Early-Guevara-Mizera (CEGM); they have
have been the subject of intensive study since their introduction [21].
A second expression for the leading order in the expansion around o/ — 0 is a compact
expression involving piecewise-linear functions,

lim I( ) = /Tkl,nk exp (— Z 5TCh;I:r0p(yi,j)) dyi j,

o'~0 TePSSYTy .,

where ch P (y; ;) is the usual tropicalization of the character polynomial chp(z; ), and
where Tk-Ln=k = (Tn-k)x(k-1) and Tr-k = R**/R(1,...,1).

The fundamental tropical integral of this form was defined first in [22], called there
the global Schwinger parametrization of Feynman diagrams. In this work we propose
a generalization of the integrand which includes all prime elements in Lusztig’s dual
canonical basis, as parameterized by prime tableaux.



Tropical Geometry, Quantum Affine Algebras, and Scattering Amplitudes 39

Clearly there are many questions about this integral which we leave to future work.
One of these is highly nontrivial:

e To evaluate the tropical limit, one has to either compute an infinite Minkowski
sum, or else find a way to evaluate the CEGM formula for a scattering potential
that involves an infinite summation indexed by prime tableaux.

10.2. u-equations and u-variables. In what follows, building on [4, Section 6.2], we
propose a system of so-called u-variables for the (infinite) Grassmannian string integral

I,(:Z) defined in Equation (10.3). The motivation is to make the integrand manifestly
compatible with the singularities of the function obtained by taking the o’ — 0 limit. To
construct the infinite integrand is an important problem [6, Section 12.3]. The second
step, to characterize the binary relations among the u-variables, will be considered in
future work.

The new integrand is reorganized as a product of cross-ratios ur on the Grassmannian
Gr(k,n), the so-called u-variables, one for each prime tableau T'. The u-variables [5] have
been defined for finite-type cluster algebras arising from Gr(2,n) [6] (and see the origi-
nal work of Koba-Nielsen [73] in the physics literature), but for general Grassmannians
Gr(k,n) the cluster algebras are of infinite type and new methods are required [4]. The
main idea of our solution is to construct w-variables for Grassmannian string integrals
as ratios of characters chy of prime tableaux T' (equivalently, as ratios of g-characters of
prime modules of the quantum affine algebra Uq(szy-[;)). In this way, our proposal for an
integrand with infinite product of u-variables which satisfy certain binary-type identities,
as has been explored in the finite type case in [5].

We first formulate our proposal and then we label the u-variables and u-equations for
I:(fg (in our notation) in [4] to using prime tableaux.

Definition 10.4. For k <n, we define

H dQJz‘,j H (UT)O/UT, (10.5)

ij Tij TePSSYTy.,

(e0)  _ na
Ik,n - ((1/) (R,gakfl)x(k—l)

where o', Ur are some parameters, and urp is the u-variable corresponding to a prime
tableau 7" which is defined in (10.6).

Jensen, King, and Su [67] introduced an additive categorification of Grassmannian clus-
ter algebras using a category CM(By,,) of Cohen-Macaulay By ,-modules, where By, is
a certain quotient of the complete path algebra of a certain quiver. According to their
result, there is a one to one correspondence between cluster variables C[Gr(k,n)] and
reachable (meaning that the module can be obtained by mutations) rigid indecompos-
able modules in CM(B},,). On the other hand, cluster variables of C[Gr(k,n)] are in
one to one correspondence with reachable (meaning that the tableau can be obtained by
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mutations) prime real tableaux in SSYT(k,[n]). Therefore there is a one to one corre-
spondence between reachable rigid indecomposable modules in CM(By,,) and reachable
prime real tableaux in SSYT(k,[n]). In particular, in finite type cases, there is a one to
one correspondence between indecomposable modules (in finite type, all indecomposable
modules are rigid) in CM(By,,) and prime tableaux in SSYT(k,[n]) (in finite type, all
prime tableau are real).

We conjecture that in general, there is a one to one correspondence between indecom-
posable modules in CM(By,,) and prime tableaux in SSYT(k,[n]). Denote by Mr the
indecomposable module in CM(Bj,,,) corresponding to a prime tableau 7. We can label
the Auslander-Reiten quiver by prime tableaux instead of indecomposable modules, see
Figure 4.

Definition 10.5. For every mesh

T
/ N\
S5

T
in the Auslander-Reiten quiver of CM(By,,,), we define the corresponding u-variable as

H ;: 1 ChTi

us = .
chgchgr

(10.6)

Here we label the u-variables by semistandard Young tableaux rather than noncrossing
tuples. The mesh can be degenerate. For example, in Figure 4, w6 = gi—zg.

General u-equations have been introduced in [3]. In [3], u-equations are defined in the
setting of representations of quiver with relations and cluster categories of finite type. In
this paper, we work in the setting of Grassmannian cluster categories. The u-equations
are: for every prime tableau 7" in SSYT(k,[n]),

- H u;lj[rllHom(MT,T(MT/))+dimH0m(MT’aT(MT)) =1, (10.7)

T'ePSSYTy ,

where My is the indecomposable By, ,,-module corresponding to 7', and 7 is the Auslander-
Reiten translation [10, 67].

Conjecture 10.6. The u-variables are unique solutions of the u-equations (10.7).

We give an example to explain Conjecture 10.6.
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Example 10.7. In the case of C[Gr(3,6)], the u-equations are

U124 + U135U136U235U236U356U135,246 = 1,
U125 T U136U346U135,246 U246 U236 U146 = 1,

2 _
U135 + U135,246U246U124,356 U245 U346 U236 U146 U256U124 = 1,

2 _
U124,356 T U135U136U145U146 U235 U236 U245 U246 U135 246 = L

41

and their cyclic shifts. Note that the cyclic shifts of the indices of all Pliicker coordinates

in chr corresponds

to promotions of 7', [90].

The solutions of the u-equations can be read from the Auslander-Reiten quiver. We

have
_ Pi3s _ D346 _ D126P135 _ chiss 246 _ DP345D246
Ui26 = —, U345 = —, U125 = —— =, =
P126 P345 P125P136 DP136P245 P245P346
B chya4 356 _ D125P134P356 _ P135P234 _ DP136P145P235
U346 = , U124,356 = —h , U13g = ———, U135 = —h )
P346P125 CN194,356P135 D134P235 P135CI135 246
_ chiss 246 _ D146P245P236 _ DP246D156 _ D346DP256P124
U235 = , U135,246 = —h y, Ula6 = ——, U246 = —h )
D235D146 Cly35 2460246 D146P256 P246CI124 356
B chyay 356 _ P23s5 _ P2s6 _ P135P456 _ chigs 246
Ugse = —— U234 = —, U156 = ——, U3s6 = — —, Ua5 = ——
P256P134 D234 D156 D3s56P145 P145P236
_ D246P123 B chiaq 356 _ Puss _ P124
Ug3e = —— , U124 = ——, U4as6 = ——, U123 = —,
DP236P124 P124P356 D456 D123

where we use chp, 7, to denote chy, and 7;’s are columns of 7. Here chysg 356 = P124D356 —
P123P456, and Ch1357246 = P145P236 — P123P456- We checked that the wu-variables satisfy U-

equations directly.

The solution agrees with Section 9.3 of [4].

The same computations can be done for other finite type cases. The Auslander-Reiten
quivers for Grassmannian cluster categories CM(By,,) of finite type have been computed
in [67] (the vertices are labelled by Cohen-Macaulay modules in CM(By,,,)) and [38] (the
vertices are labelled by tableaux).

When C[Gr(k,n)] is of infinite type, the Auslander-Reiten quiver of the Grassmannian
cluster category CM(Bj,,) has infinitely many components. We will study Conjecture
10.6 about the u-equations and their solutions in the future.
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FIGURE 4. The Auslander-Reiten quiver for CM(Bsg) with vertices la-
belled by tableaux.

10.3. Stringy Integrals For Quantum Affine Algebras. We generalize the stringy
integrals in Section 10.1 to the setting for any quantum affine algebra as follows.

Let g be a simple Lie algebra over C and ¢ > 0. Recall that I = {(i,s) :i€el,s=
&(i) —2d;r,r € [0,£]}, where £ : [ - Z is a chosen height function, see Section 2.

Definition 10.8. For every simple Lie algebra g over C, £ > 1, and d > 1, we define

1) = (o) f .J.( d%)(lﬂjxq@(M))a"fM), (10.8)

(i,s)el z,s

where the product is over all dominant monomials M such that the modules L(M) cor-
(d-1) /
respond to facets of N ol and o', ¢y are some parameters.

We also define another version of stringy integrals for quantum affine algebras.
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Definition 10.9. For every simple Lie algebra g over C, £ > 1, and d > 1, we define

Y - (a')lfz( dlﬁs)(gxq(L(M))_a'cM)’ (10.9)

(i,s)el i’s

where the product is over all dominant monomials M in P/ of degree less or equal to d,
and o', c¢p; are some parameters.

We also define stringy integrals for quantum affine algebras in the case when d — oo as
follows.

Definition 10.10. For every simple Lie algebra g over C and ¢ > 1, we define

(1, s)eI l s

where the product is over all dominant monomials M such that L(M)’s are prime modules
in Cy, and o/, cp are some parameters.

We hope that the stringy integrals for quantum affine algebras will have applications
to physics.

11. LIMIT g-VECTORS, LIMIT FACETS, AND PRIME NON-REAL MODULES

In this section, we study prime non-real modules of quantum affine algebras using limit
g-vectors.

11.1. Limit g-vectors and Limit Facets. By results in [64, Section 5.2.2], see also [39,
Section 2.6], [23, Section 7], we have that for any simple U,(g)-module L(M), its g-vector
is obtained as follows. The dominant monomial M can be written as M = HHYZ&; )
for some non-negative integers a; 5, where the product runs over all fundamental modules
L(Y; ) in C;. On the other hand, M can also be written as M =[], M/ for some integers
g;, where the product runs over all initial cluster variables and frozen variables L(M;) in
Cy. The g;’s are the unique solution of [T, Y;a; * =1y, M. With a chosen order, g;’s form
the g-vector of L(M). A simple module L(]\/[ ) is determined by its g-vector uniquely.

In the case of Grassmannian cluster algebras, in Section 7 of [23], it is shown that given
any tableau, one can recover its g-vector as follows. Any tableau T € SSYT(k,[n]) can
be written uniquely as S{* u---u S5 for some integers ey, . .., e, € Z, where Si,...,S,, are
the tableaux in the initial cluster (we choose an order of the initial cluster variables). The
vector (eq,...,€,) is the g-vector of T. In Sections 6 and 9, we conjecture that facets of
certain Newton polytopes correspond to prime U,(g)-modules (hence facets correspond

to certain g-vectors).

Remark 11.1. In this paper, every element in the dual canonical basis of Ky(Cy) and
C[Gr(k,n)] has a g-vector in the above sense even if it is not a cluster monomial.
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It is observed in [34, 61] that some prime non-real elements in the dual canonical basis
of C[Gr(k,n)] which can be computed using limit g-vectors (these limit g-vectors are
called limit rays). We generalize the concept of limit g-vectors to any cluster algebra in
the following.

For a vector v = (vq,...,v,) in R™ denote its [2-norm by |[v| = /> [vi]?.

Definition 11.2. For a cluster algebra A of infinite type of rank m, we say that a sequence
of g-vectors g1, ga, ... of A has a limit g if the greatest common factor of entries of g is 1
and for every e > 0, there is a positive integer N such that for every 7 > N, there is some
positive real number ¢; such that |c;g - g;| <e.

Definition 11.3. Let g be a simple Lie algebra over C and let ¢ € Zy, d € Zsy,. We say
that a facet of a Newton polytope Néf? defined in Section 9 for a quantum affine algebra
is a limit facet if the facet corresponds to a module whose g-vector is a limit g-vector of a
sequence of g-vectors of modules obtained by a sequence of mutations of the corresponding
cluster algebra.

We conjecture that every simple module corresponding to a limit g-vector is prime
non-real.

Conjecture 11.4. Let g be a simple Lie algebra over C and let { € Zsy. If a simple
module L(M) in C, corresponds to a limit g-vector of the cluster algebra corresponding to
Cy, then L(M) is prime non-real.

We explain an example of limit g-vector in the case of C[Gr(4,8)]. We fix the order
[1,2,3,5],[1,2,4,5],[1,3,4,5],[1,2,3,6],[1,2,5,6],[1,4,5,6],
[1,2,3,7],[1,2,6,7],[1,5,6,7],[1,2,3,4],[2,3,4,5],[3,4,5,6],
[4,5,6,7],[5,6,7,8],[1,2,3,8],[1,2,7,8],[1,6,7,8]

of the initial cluster, where each list corresponds to a Pliicker coordinate. Mutate at the

vertices in Figure 5 alternatively where the tableaux || and | 1|?| resides, we obtain the

(=23 B )
~

[o e}

following g-vectors
(-1,1,0,1,-1,0,0,0,0,0,0,1,0,0,0,1,0),
(-2,2,0,2,-1,-1,0,-1,1,0,0,2,0,0,0,2,0),
(-3,3,0,3,-1,-2,0,-2,2,0,0,3,0,0,0,3,0),
(-4,4,0,4,-1,-3,0,-3,3,0,0,4,0,0,0,4,0), ...
When the mutation step r is large enough, the g-vector we obtain is
(=r,7,0,7,-1,-r+1,0,-r+1,7-1,0,0,7,0,0,0,r,0).
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FI1GURE 5. Mutate alternatively at the vertices of the double arrow, we
obtain a limit g-vector (-1,1,0,1,0,-1,0,-1,1,0,0,1,0,0,0,1,0). This g-
vector corresponds to the prime non-real tableau [[1,2,4,6],[3,5,7,8]] with
columns 1,2,4,6 and 3,5,7,8.

The limit g-vector of the sequence is

(-1,1,0,1,0,-1,0,-1,1,0,0,1,0,0,0,1,0).

This limit g-vector corresponds to the prime non-real tableau | 1|3 |. This non-real tableau

1
2
4
6

| =] Ut

correspond to the non-real module L(Ya2Y1 -3Y3_-3Y2 6). Up to shift the second indices,
this module is the non-real module found in Section 13.6 in [62].

11.2. Limit g-vectors in C[Gr(3,9)] and C[Gr(4,8)]. Recall that we say that a tableau
in SSYT(k,[n]) has rank r if the tableau has r columns and an element in C[Gr(k,n)]
has rank r if the tableau corresponding to it has r columns. We say that a g-vector has
rank r is the tableaux corresponding to it has rank 7.

We compute cluster variables and limit g-vectors for C[Gr(k,n)] in terms of tableaux
up to certain numbers of columns. That is, at each step of mutation, if we obtain some
tableau with columns more than some number m, we mutate this vertex again. In this
way, we can collect only tableaux (cluster variables) with columns less or equal to m.

We compute limit g-vectors for C[Gr(3,9)] and C[Gr(4,8)] up to rank 56 (the corre-
sponding tableaux have at most 56 columns). The sequence of numbers of rank r (r > 1)
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limit g-vectors for C[Gr(3,9)] (conjecturally, prime non-real tableaux in SSYT(3,[9])) is

0,0,3,0,0,3,0,0,6,0,0,6,0,0,12,0,0,6,0,0,18,0,0,12,0,0,12,0,0,12,
0,0,18,0,0,12,0,0,30,0,0,12,0,0, 36,0,0,18,0,0,24,0,0,24, . ..

The sequence of numbers of rank r (r >

1) limit g-vectors for C[Gr(4,8)] (conjecturally,
prime non-real tableaux in SSYT(4,[8])) i

S

0,2,0,2,0,4,0,4,0,8,0,4,0,12,0,8,0,12,0,8,0, 12,0,8,0,
20,0,8,0,24,0,12,0,16,0,16,0,32,0,12,0,36,0, 16,0, 24,0, 20,0, 44, . ..

Based on the computations, we have the following interesting conjecture. Denote by
¢(m) the Euler totient function which counts the numbers less or equal to m and prime
to m.

Conjecture 11.5. The number of rank r (r > 1) prime non-real tableauz in SSYT(3,[9])
18

; _{0, r (mod 3) =1, ie{1,2},
T 036(r/3), ¢ (mod 3) = 0.

The number of rank r (r > 1) prime non-real tableaux in SSYT (4, [8]) is

_ o, r (mod 2) =1,
Jas = 2¢(r/2), r (mod 2)=0.

11.3. Limit g-vectors for Gr(4,9). Using the algorithm in Theorem 1.1 in [18], we find
that there are 18 two-column prime non-real tableaux and 252 three-column prime non-
real tableaux in SSYT (4, [9]). We also checked that by computer that they all correspond
to limit g-vectors.

The 18 prime non-real tableaux are obtained from the two prime non-real tableaux
3 2| by replacing 1 <2<--<8 by a; <--<age€[9].

’

1| Ot Lo =

| =N =

5
7
8

0| D =
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Up to promotion, the 252 three-column prime non-real tableaux in SSYT(4,[9]) are

vl2]3] fafa]e][efal3] [alo]alo]2]3][a]o]al|a]2l2][a]e]2][2]a]3]]1]2]4
2lsl6| [3]3]al[2lals]|2]3]6][2]5]6][2]3]6][3]a]5|[3]als]|2]5]6]|][3]a]6
al7ls8||sle]|7]|3]e]7|a]5|8]|al7|s]|4a]5|s]|6]e|7|]6]|7]s]|a]7]|8]]|5]|5]8
71slol[8lololle]slol[7]s8]ol[7]olol[7]o]o][s|8]a][s]olo][6|s]o][7]8]9
tlslal a2l [e]al2] [al2]s][e]a]3][a]2]e]|t]2la]a]2]2][2]a]3]]1]2]4
2l6l6| [3lals][3lals]a]als][2]5]6][3]3]a]([3]a]6]|[3]3]a]|2]a]5]]2]3]6
5|78 lele]7][slele]|[s5]6|7][al7][s][5]6|7][5]5]8|[5]6]7][3]7]8][a]5]8
718lol[8lolol|7]8]o|[8]a]ol|6]olo||s]s8]a]|7]ola]|s]olo]]|6|o]o]]|7]8]9
1203 (112|122 122|123 (124|133 ]|1]1]3
a(s5l6|[3]3]al|3]als[[3]a]5|]2]4ls5|[3[3]5|[2]|5]|6|[2]3]6]
6|7(8|[s5]6]7][6|7]8]|5]6]6][3]7]s][4a]s|s][al7]s8]|[a]5]8
slololl7]8]ol|s]olal|7]s]o]|6|lolo]|6]|7]9]|6]o]o]]|7]|8]9

On the other hand, it is stated in [61, Section 5.3] that there are g-vectors (they call
them rays) that are neither cluster variables nor limit g-vectors (limit g-vectors are called
limit rays in [61]). This means that there are prime non-real modules which cannot be
obtained by computing limit g-vectors.

12. LIMIT g-VECTORS FOR TYPE D,, QUANTUM AFFINE ALGEBRAS

In a recent paper [17], Brito and Chari found for the first time some examples of non-
real U,(g)-modules when g is of type D, which do not arise from a type A,, module. One
non-real module they found is L(Y7 -11Y1 oY 6Y1-3Y1 1) (up to shifting the indices s in
Yis). In Section 11, we see that limit g-vectors can be used to produce non-real modules.
In this section, we construct one explicit example of non-real module of type D, using a
limit g-vector.

12.1. The type Dy module L(Y5_4Y5,) corresponds to a limit g-vector. Let g be
of type Dy and £ = 2. An initial cluster for the cluster algebra Ky(CP*) is shown in Figure
6.

The module L(Y2 _4Y5p) in type Dy corresponds to a limit g-vector. This limit g-vector
is obtained as follows. We label the vertices of the initial quiver as shown in Figure 6.
After mutations at the vertices 1,6,8, we obtain a quiver with a double arrow from the
vertex 3 to the vertex 4, see the quiver on the right hand side in Figure 6.

We take the order of initial cluster variables as:

L(Y1 1), L(Y1-3Y11), L(Yap), L(Ya_-2Ya20), L(Ys51), L(Y5_1Y51), L(Ya1),
L(Yy-1Y11), L(Y1-5Y1-3Y1-1), L(Ya_-4Ys 2Yay), L(Y5_3Y5_1Y51), L(Yy_3Ys _1Ys1).
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Yi5Yi1Yas (12) Y (7)
/

YaoYi-3 (8)

Y3 3Y31Y31 (11)

Ya4Ya 2Ya0 (10)| —— Y5 55 (4) ——— Y30 (3)

— Y13V (2) «—— Y1350 (1)

FIGURE 6. The left hand side is an initial cluster of Ko(C2*). The numbers
in the brackets are labels of the vertices. The right hand side is the quiver
obtained from the initial quiver by mutating at the vertices 1,6,8. The
arrow from vertex 3 to 4 is a double arrow.

Now we mutate the vertices 3,4 alternatively and obtain the g-vectors:

(0,0,1,0,0,0,0,0,0,0,0,0), (0,0,0,1,0,0,0,0,0,0,0,0),
(_17 17 27 07 07 _17 07 _17 07 07 17 1)7 (_17 17 37 _17 07 _17 07 _17 07 17 17 1)7
(-1,1,4,-2,0,-1,0,-1,0,2,1,1), (-1,1,r+2,-r,0,-1,0,-1,0,r,1,1), r>3.

The limit g-vector for this mutation sequence is (0,0,1,-1,0,0,0,0,0,1,0,0). This is the
g-vector of the module L(Y5 _4Y2)).

We will verify that the module L(Y5_4Y50) in type Dy is prime non-real by using (g, t)-
characters [84, 85] (see also [63, 14]) below. Note that the module L(Y5 _4Y5,) in type A,
(n >2) is real (it is a snake module [37]).

We first recall the results of [84, 85] about (g, t)-characters.

12.2. (q,t)-characters. Let C'(z) be the quantum Cartan matrix of g [48] and let C'(z) =
(Ci;(2)) be the inverse of C(z), see Section 2. The entries of (Cy;(z)) have power series
expressions in z of the form [63] C;(2) = Yms1 Ci;(m)z™. Nakajima [84, 85] introduced
(¢, t)-characters of U,(g)-modules which are ¢-deformations of g-characters. Let K;(Cy) be
the t-deformation of the Grothendieck ring Ko(Cy) [63, 14]. Let I be the set of vertices of
the initial quiver of the cluster algebra Ky(C,). Denote by Y, the Z[t*!]-algebra generated
by Y=L, (i,p) € I, subject to the relations ([84, 85], see also [14, 63]):

Z7p )

— +N(ipij,s
}/;7p*1/.}78_t (pj )}/}’S*KZJ)?
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where we use Nakajima’s convention [84, 85] (in type ADE, d; = 1):
N(i,p;j,s) = 2(5@'(5 -p-d;) - @-j(p -s—d;)).
For any family {u;, € Z: (i,p) € I}, denote

H Y;Zm — t—% S (6,p)<(,s) Wi,pUj,s N (,p34,8)
(i,p)el

TV Uip
(i,p)GIY;,p :

The expression on the right hand side of the above equation does not depend on the
order of ¥;,’s and so I_I(Zm)E i YZZ”’ is well-defined. The monomial I"[(Z.’p)E i Yx;f’p is called a
commutative monomial (84, 63]. For a dominant monomial m = [T; ,\c; YZZ’p(m), ([84, 85],
see also [63, 14]) the standard module M (m) is the tensor product of the fundamental
modules corresponding to each of the factors in m in a particular order. In this paper, we
choose the order as Y; ; < Yj, if and only if s <t. The truncated (g, t)-character of M (m)

is given by

[M(m)]e = t20 % g [ Xga(L(Yip)) o™,
i€l

where a(m) is the integer such that m occurs with multiplicity one in the expansion of
[M(m)], on the basis of the commutative monomials of Y, and the product ¥ ,ez is taken
as increasing order. Since X,:(L(Y;,)) and X, (L(Y;,/)) commute for any p, p’, the above
expression is well-defined.

In [84, 85], a Z-algebra anti-automorphism of Y, called bar-involution is defined by:
t—>t 1Y, » Y, (i,p) € I.

For a simple module L(m), denote by [L(m)]; its (g, t)-character. The following theo-
rem by Nakajima [84, 85] gives an algorithm to compute (truncated) (g,t)-characters of
a simple U,(g)-module: for every dominant monomial m € P/, there is a unique element

[L(m)]: of K¢(C,) such that

o [L(m)]i = [L(m)]s,
o [L(m)]e € [M(m)]e + Zpramn tZ[EH ][M (M) ]

This result is generalized to non-simply-laced types in [58, 52].

12.3. The Type D, Module L(Y>_4Y50) is Prime Non-real. The quantum Cartan
2241 -1 0 0

o P I = R | . : _
matrix in type Dy is : . In the following, we also write mym;! as ot for
0 0

1 2241

0o -1 o =
two dominant monomials my,ms. By modified Frenkel-Mukhin algorithm [47, 84, 85], we



NICK EARLY AND JIAN-RONG LI

50

have that X,:(L(Y2y)) = Yap,
Yoo YiiVis YiVss YisVis YiiYsiVi
+ + + + Y, 2
2,0

Yia Y5

~ DETEED LD R 1

Xgt(Yo_4)=Ys 4+ ——"—+(+-

Too(Yara)=Yors Yy o ( t) Yo Yoo ,

Y 3Ys 1 Yy 1Yy3 Yy3Ys s Yy 3Ys o YiaYa YiY,, Yi33 Y3

+ + + + + + + +

Yia YiaYs_1 YooYy, Yo0Ya3, Ys1  Yi
Yo _o° Yy, oV 3

Y20 Y20
Yoo Y52

Y4,73Y2,72+ Y11 . . .
YioaYs YiiYs: YiaYin YsaYs: YiaYs . Yy YiaYiy
Therefore

where the monomials on the right hand side are commutative monomials.

Yq7t(L(Y2,—4)) * Yq,t(L(YZO)) = p1 + tpy + t2ps, where

YiaYs 1 Yi YiaYsy YiaYi YyeVi
P = + + +
Yoo Yiq Y3, Yi.Ys,

+ 3/2,*27

Y2022

YaoYas |
Y3 1Y3, ’

YiYao
ViiYia

Y3 3Yap
+
Yiq

Y3

P2=Y1 Y1 3+Y5 Y3 3+Y, 1Y, 3+
Yo oY1 3Yap

YaaYisYao |
YotYi

+Y5 _4Yoo +
i Yia

Y1, 3Y3 3Yy 3Yap Y1,3Y3 3Yoo Y1 3V 3Yap
p3= —————+ Yy o+ +
Yy o Y Y3 4

Y oV3 3oy . Y5, -2Ya 320
Y1,71Y4,71 Yl,fly&fl

It follows that X’q7t(L(}/'2’_4Y270)) = Ps3. SiIlCG Yq(L(n7_4Y2’O)) * Yq(L(YQ,—4))Yq(L(}/2,O))7

2
. Yy 2"Yoy
Yi1Y5 1Y

we have that L(Y5_4Y50) is prime.
By computing X, +(L(Y2-4Y20)) * Xq.t(L(Y2-4Y20)), we found that the dominant mono-
(12.1)

mials in X, ¢(L(Y2-4Y20)) * Xt (L(Ya_4Y20)) are:
}/22,—4}/22707 }/’1,73}/2,0}/3,73}/217737 }/22,—27 2}/2,74}/2,72}/2,07

where 2Y5 _4Y5 _5Y5 o means that the monomial Y _4Y5 2Y5 g appears two times. Therefore
(12.2)

in the decomposition
Nat (L(Y2,-4Y20)) * Xqi(L(Ya,-4Y2p0)) = Z fi(£)Xq, (L(ms)),

where f;(t) is a polynomial in ¢, we have that every m; can only be chosen from the

monomials in (12.1).
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By computing Xg.:(L(Y1,-3)) * Xgt(L(Y5,-3)) * Xq.t (L(Ya,-3)) * Xq,t(L(Y2,0)), we obtain
that

_ 1 Y 3Ys Yo Ys5
Xt (L(Y1,-3Ya,0Y5 3Ys_3)) = Y1 _3Yo Y5 3Ys 3+ (t+ ;)5/'2,722 +Y) 3V 1Y o+ e

Yy
Yo oVoo¥is Yia¥oo¥s iV YooV 3V 1+ Vs oVi Vi1 + Yy 2Y20Y33Yi3
Y31 Y0 Y1
+Y1,73Yz,722Y2,0 ¥ o¥s YiaYeo¥io YaoYaoVss  VaoVao¥is Ya 2"Ya0Ys 3
Y3 1Yi Yin Ysq Ysq Yia YiYi
+Y2,—22Y2,0 Yy 2"Yap Y3 2°Ya0 Yy 2"Y20Ya s Y oYae
YiaYin  YsaYsn YiaYsaYia YiaYs Yi1Ys

Yi,-1Ya,2Y3 - e
—=5;—— appearing in X (L(Y1,-3Y2,0Y3-3Ys13))

but not appearing in X, +(L(Y2-4Y20)) * Xq.t(L(Y2,-4Y20)). Therefore any m; on the right
hand side of (12.2) cannot be Y; _3Y5 Y5 _3Y 3. Similarly, any m; on the right hand side
of (12.2) cannot be Y'Q%_Q. Therefore the only possible dominant monomial appearing on
the right hand side of (12.2) are Y2 Y3, and Y3 4Y5 5Ya.

By computing f = X, +(L(Y2-4)) * Xt (L(Y2-4)) * Xq.: (L(Ya0)) * Xq.t (L(Y2,0)) and check-
ing the coefficient of tls f, we find that the monomial Y5 _4Y5 _»Y5 ¢ appears in the truncated
(q,t)-character of L(YQ%_ 4}/'2%0) exactly one time. Since the monomial Y5 _,Y5 Y5 ¢ appears
two times in X,¢(Y2,-4Y20) * Xt (Y2,-4Y20), we have that

We checked that there is a monomial

Xat(Y2,-1Y20) * Xqt(Ya,-aY20) = Xqu (L(Y5 4 Y50)) + Xat (L(Y2,-4Y2 2Y20)),
and Xq¢(L(Y7_4Y3))) =pr+ (L + 1)p2 + (12 + 35)ps + (£2 + 5 )ps, where

2 2y, 2 2 2 2 2 2 2y, 2
0=, 2y, 2 Y1, 37Yy 57Ya 49 Y1, 3Ys 57Y5 _3Yo +9 Y1, 37Y5 3V _3Yag Yy 27Yy _57Ya
1=1Yo-4"Yop

+
2 2 2
Y5 Yi,1Y31 Yy Y31 Y1 1%Y5 4
4y, 2 2 2y, 2 2 2 2y, 2 2 2y, 2 2 2
Y5 2" Yoo Yo 27V 3"Ya0" Y1 37Y3 37V 37Yo0" Y 37Y5 »7Yh Yy 271 3Y3 3Ya,
A A A N VR Yy _o* A VR N VR VRN U
1,-1 Y3-1"Ya1 1-1 Y41 2,-2 3-1 Y41 1,-1¥3-1Y41
2 2 2 2 2 2y, 2 2 2y, 2
Y, 27Y1 3Yy 3Ya Y1,3Y3 37V, 3Yo0" Y1 373 37Y507 Y3 37V, 37Y5 2
+2 5 + + 5 + 5 +Y5 o
Y3-17Ya Y14 Yi1Yia Yy Y1

Y3 3Ys 3Y2 2" Ya0"
+2

53—+ Yz,72Yz,74Y2,0>
Yy 1Y3 1Y
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2 3 2 2 2 2 2 2
_ Y507V 350 Yy-2"Y0 Yo 2Ya-3Ya 4¥a0" Vi3V s¥a o¥a0"  Y557Vis7V1sYa0

P2 = + + + 3
YiaYsa  YiaYsaYia Y14Y3 Yy-17Ys Y1-1Y2 2
3 2 3 2 2 2 2 2 3 2
. Y5 2"V 3Yap . Y5 2°Ys 3Yap . Yo oY3 3Yo 4Yao™  Yi_37Y3 37Yy 3Y5 . Ys2°Y5 3Yap
2 2 2 2 2 2
YiaYsYe " Y 7Ys 7Y Yi1Yia YiaYo o Yi 1Yy Y5
2 2 2 2 2 2
+}/1,—3}/3,—3 }/2,—2Y'2,0 4 }/'2,0}/71,—3}/2,—2}/3,—3 n }/2,—2 }/1,—3}/2,0 }/2,—2 YYS,—SYVQ,O }/1,—3 }/2,—2)/4,—3}/2,0
2 2
Yy 1Y Yy Yy Y31 YiaYia Y3 7Yy
2 2 2 2
Yo 41 3Yi_sYap™ Yi_3Ys 3Yo 4Yao~ Yo _4Y3_3Y _3Yag Y1,-3Y3 3Ys _3Ya 1Yoy
+ + + + Y1, 3Y3 3Yy 3Yo0+
Y54 Y Y1 Yo o
Y 532Ys 5V 32002 Yo o?Ye uYao? Yo _uVi3Ys oYao? Yo oVi 32Vs 5Voo? Yo oYs 3%V, 3Yao?
+ 1,-3 ¥3,-3¥Y4-3 Yoo + 2,-2 Y2, 4X20 + 2,-411,-3¥Y2 2¥20 N 2,-214,-3 13 _-3Y20 + 2,-213,-3 X4 -3X20
2 2
Y5 2Y3 4 YiaY3 1Y, Yy Y54 Yi17Y5 4 Yi17Yy
2 2 2
+Y1,73Y4,73 Y5 2Yap . Y1, 3Ys 3Ys 5Y5p . Y3 _3Y, Y5 Y5y ‘3 Y1, 5Ys oYs _3Yy _3Y5
2 b)
Yi1Ys5 4 Y51 Y11 Yi1Ys 1Yy
Yo 02V1 Vs 3Ye0? Yo 02Y] 3V 3Ye0? Vi sVi aYo 02Ya0o? Vi 3Ya 32Vs 3Yao?  Vi32Vi 3V 3Ye,?
Py = 2,-2 1,-343,-312,0 " 2,-2 1,-344,-312,0 n 3,-314,-312-2 2,0 i 1,-3144,-3 3,-312,0 1,-3 3,-344-3120
3= 2 2 2
Y1,—1Y3,—1Y4,-1 Y3,—1 5/21.,—1Y1,-1 Y4,-1Y3,—1Y1,—1 Yl.,—ly?».,—l Y4,—1Y:°),—1
2 2
+Y1,_3Y3,_3 Yi-3Ya0
Yi1Ya

- Yi3Ys 23 _3Yi Y20
4 = .
Vi 1Ys1Yi

Therefore the module L(Ys,-4Y50) in type D is non-real.

13. DISCUSSION

In this work we make a connection among tropical geometry, representation theory of
quantum affine algebras, and scattering amplitudes in physics.

In mathematical side, we introduce a sequence of Newton polytopes and in the case of
Uq(;[;), we construct explicitly simple modules from given facets of a Newton polytope.
We conjecture that the obtained simple modules are prime modules, see Conjecture 6.1.

Representations of quantum affine algebras can be also applied to study questions in
tropical geometry. For example, in Section 8.3, we construct matroid subdivisions from
prime modules of quantum affine algebras.

On physics side, we generalize the Grassmannian string integral to the setting that
the integrand is the infinite product of prime elements in the dual canonical basis of
C[Gr(k,n)], see Section 10, and more generally the infinite product of the g-characters
of all prime modules in the category C, of a quantum affine algebra, see Section 10.3.

We also define the so called u-variables for every prime element in the dual canonical
basis of C[Gr(k,n)] and we conjecture that the u-variables are unique solutions of u-
equations, see Section 10.2. The u-equations are important in the study of scattering
amplitudes in physics, see [4].
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Our work raises many related questions. On mathematical side, it is important to
give an explicit construction of dominant monomials corresponding to facets of Newton
polytopes defined in Section 9 and prove that every prime module in the category C,
corresponds to a facet of Ngfle) for some d, see Conjecture 9.4. It is also important to
study compatibility of prime modules using Newton polytopes, see Conjecture 9.4.

On physics side, it is important to compute explicitly u-equations and wu-variables and
verify that u-variables are unique solutions of u-equations, see Conjecture 10.6.

In the simplest examples, the Newton polytopes for representations of quantum affine
algebras defined in Section 9 are associahedra. It would be very interesting to study the
relation between the Newton polytopes for representations of quantum affine algebras and
the surfacehedra defined in [2].

Finally, let us discuss in some detail an exciting potential research direction which was
beyond the scope of the present work to pursue. In [43], u-equations were introduced in
order to define a certain generalized worldsheet associahedron, related to the moduli space
of n points in P*~1. A parameterization of the solution to the u-equations was conjectured
when k = 3,4; the details are being worked out in [45]. What is striking is that these
u-equations are manifestly finite; there is a Newton polytope which is (conjecturally)
simple with a face lattice which is anti-isomorphic to the noncrossing complex NCy,,,. In
particular there are finitely many u-variables and finitely many u-equations. It would be
very interesting to determine if this can be explained in the context of the present paper.
Does the generalized worldsheet associahedron relate to the solution to the u-equations
which we propose in the present work? If so, which prime tableaux are involved? We
leave such fascinating questions to future work.
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