LAURENT PHENOMENON ALGEBRAS ON MINUSCULE GRASSMANNIANS
AND THEIR MIRRORS
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ABSTRACT. We construct Laurent phenomenon algebra structures on the homogeneous
coordinate rings of the half-spin Grassmannians and the Freudenthal variety. Their frozen
variables are the linear coordinates in a Coxeter orbit, and the resulting boundary divisors
are anticanonical. Together with the construction of Daisey—Ducat for the Cayley plane,
these examples admit explicit mirrors described by Newton polytopes. We identify the
upper Laurent phenomenon algebras of the mirror seeds with the intrinsic mirror algebras
of Keel-Yu at the specialization ¢° = 1, including the theta functions associated with
the individual boundary components. The half-spin construction is uniform in the rank.
In the exceptional cases, contact calculations and Laurent divisibility determine the local
expansions; the Freudenthal comparison also uses exact calculations of divisorial valuations.
We obtain integral comparisons and valuative independence of the intrinsic theta basis in

;' every reachable seed.
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INTRODUCTION

Laurent phenomenon algebras, introduced by Lam and Pylyavskyy, generalize cluster
algebras by allowing irreducible exchange polynomials with more than two terms [12]. Daisey
and Ducat used this flexibility to describe the homogeneous coordinate ring of the Cayley
plane by a finite-type LP algebra [4]. The frozen coordinates form a Coxeter orbit. We
construct analogous structures for the half-spin Grassmannians and the Freudenthal variety,
and identify the intrinsic mirrors of the corresponding boundary complements.

The boundary has a natural Lie-theoretic origin. If G is simple and P C G is a proper
parabolic subgroup, the Fano index of G/P equals the Coxeter number h(G) precisely when
P is maximal at a minuscule node (Proposition 1.1). An orbit of A(G) linear sections then
gives an anticanonical divisor. It is a further question whether these sections can serve as
frozen variables of an LP seed.

Several familiar examples answer this question. Scott’s cluster algebra on Gr(k, N) has the
N cyclic interval Pliicker coordinates as frozen variables [16]. Projective space admits a rank-
zero seed, and the relation uv = Z:;ll a;b; defines a rank-one seed on the even-dimensional
quadric D, /Py, with the a;, b; frozen. We focus on

X, =0G*(n,2n) (n>4), X&=FEs/Bs, X =E:/P.

The polarized isomorphism B,,/P,, ~ D, t1/P,+1 allows us to treat the type-B case together
with type D.

Coordinate rings and anticanonical boundaries. Let Ox(1) denote the primitive ample
generator of Pic(X), and put

h
Rx =@ H(X,0x(d)), D=> {a;=0},

d>0 i=1
where a1, ..., ay are the chosen linear coordinates in a Coxeter orbit. We call D the Coxeter
boundary, since its components come from a Coxeter orbit. The seeds are defined over
Sx = Clay,...,ap], with these frozen variables kept polynomial. Following Lam—Pylyavskyy,
we distinguish the LP algebra A(Xx) generated by cluster variables from the upper LP
algebra U(Xx ), the intersection of the seed Laurent rings over Sx. Daisey—Ducat use the
upper algebra convention in [4, Definition 2.6].

Theorem A (Coordinate-ring structures). For each Coxeter-boundary seed constructed below,
U(Xx)= Rx.
For the half-spin Grassmannians and the Cayley plane we also have A(Xx) = Rx. The

half-spin seed has mutable rank (”52), with interval Pfaffians as mutable variables. The
Cayley-plane seed is the rank-five seed of Daisey—Ducat; the Freudenthal seed has mutable rank
ten and eighteen frozen variables. The half-spin seeds have infinitely many cluster variables

forn > 7, as does the Freudenthal seed.

For the half-spin Grassmannians, we combine the multidimensional cube recurrence of
Henriques—Speyer [8] with the wiring-diagram constructions of Lam—Pylyavskyy [12]. Signed
Pfaffians satisfy the exchange relations, and two complementary wiring charts identify the
upper LP algebra with Ry, . Every spinor coordinate is a cluster variable, yielding the asserted
equality with A(Xy, ). For the Freudenthal variety, five mutations connect our seed to an
auxiliary chart; Laurent expansions and prime divisors then give the upper-algebra equality.
The infinite-type statements follow from rank-two subpatterns. They do not exclude a
different finite-type positive seed of the kind conjectured by Daisey—Ducat [4, Conjecture 6.1].
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Intrinsic mirrors and boundary functions. For each X above, consider the affine
boundary complement Ux = Spec Rx|[(a1---ay)~!]. It is a smooth affine log Calabi-Yau
variety containing the initial torus. Let Y be a smooth projective compactification with
simple normal-crossings boundary. Keel-Yu associate to this data an intrinsic mirror algebra
Ay, defined over the original curve-class ring Z[NE(Y)] and equipped with theta functions
U [10, 9]. We study the algebra
At (Ux)1 = Ay @zNg(v)), ¢f1 C-
It is independent of the chosen compactification. The subscript 1 refers only to the special-
ization of curve-class parameters, not to the Laurent coefficient characters of the mirror. We
write ©,, for the expansion of 9J,, in a specified Laurent chart.
For each component b of the chosen boundary, we identify its associated boundary function

Wy on the mirror. Their sum W = ), W} is the superpotential; this is the terminology
usually used for the corresponding Landau—-Ginzburg function.

Theorem B (Marked intrinsic mirrors). The Newton constructions give explicit mirror
seeds XY and reqular functions W, such that the intrinsic Laurent expansion induces an
isomorphism

Q)X . Aint(UX)l L) U(Z&>
It preserves the full lattice of coefficient characters and identifies each boundary theta function
with Wy. These upper LP algebras are finitely generated, normal, and factorial.

We specify the mutable variables, Laurent coefficient ring, ordinary exchange polynomials,
and associated exchange Laurent polynomials of each mirror seed. The half-spin formulas are
uniform in n, while the two exceptional seeds are listed explicitly. The last column of the
following table indicates where to find these descriptions.

X dim X Source rank Mirror rank Unit rank Mirror seed
D,/P, (5)+1 ("3 n(n—3)/2 n+1 §6.2

Eg/Ps 17 5 10 7 §8.1.1
E;/P; 28 10 20 8 §8.2.1

Here the unit rank means the rank of the unit group modulo constants; it is not the number
of boundary components. For the Cayley-plane mirror, Proposition 8.1 also proves that the
generated LP algebra equals the upper LP algebra.

The mirror comparison begins with regular functions on the source, whose tropicalizations
bound the possible terms in the intrinsic Laurent expansions. Initial forms or contact
calculations determine the local coefficients. We then use Laurent divisibility to recognize
the remaining functions within their proved supports. Finally, the boundary functions and
the logarithmic volume control the divisorial valuations of the intrinsic mirror. Normality
identifies its coordinate ring with the corresponding upper LP algebra. The general steps are
proved in the companion work [7]; here we verify their hypotheses in each minuscule family.

In the half-spin family, the divisorial argument is uniform. With m = n — 1, its superpo-
tential in integral triangular coordinates is

W = y11 + Z Ya+1, X Z Ya,b+1 I 9
1<a<b<m Y8 1<a<b<m Yab  Ymm
The Newton polytopes of the boundary sums control the possible missing divisors. The Cayley-
plane mirror has a smooth complete-intersection presentation. For the Freudenthal mirror,
twenty binomial exchanges give eighteen boundary functions and a forty-term superpotential.
Its global comparison uses an exact finite calculation of divisorial valuations.
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Integral forms and theta bases.

Theorem C (The intrinsic theta basis). The comparisons descend to the specified integral
counting algebras and upper LP algebras over their Laurent coefficient rings. In every reachable
seed, the intrinsic theta functions are integral Laurent polynomials and are valuatively
independent for every real Gauss valuation. Thus the Newton polytope of a finite signed
sum s the convexr hull of the Newton polytopes of its nonzero theta terms. Every extended
cluster monomial is a scalar multiple of one intrinsic theta function; with the specified positive
normalization, the scalar is one.

We apply the valuative-independence and integral-descent theorems of [7] to the intrinsic
functions, after establishing the marked comparisons. The former extends the methods of
[3] to the Laurent realizations considered here. In the D4 mirror, every theta function is an
extended cluster monomial and the basis is atomic for the LP mutation atlas.

The projective complement. A frozen linear section trivializes the tautological line bundle
on X° =X\ D, giving Ux ~ X° X G,,. The character dual to scalar multiplication on the

cone is
n 12 7
ap, = [[r am=11G, am=]]G
j=0 j=6 j=0
By compatibility of intrinsic mirrors with torus products [7],

Aint (Ux)1 = A (X°)1[qFY].

The fibre q = 1 is therefore the marked intrinsic mirror of the projective complement. This
specialization of a torus character is distinct from the earlier specialization ¢® = 1.

Organization. Part I constructs the source LP seeds and proves the coordinate-ring identi-
fications. Part II constructs their mirror seeds and proves the intrinsic comparisons. The
appendices contain the Pfaffian recurrence, contact calculations, and explicit exceptional co-
ordinate checks. Integral forms and theta bases are treated in Section 9, and the Lie-theoretic
context in Section 10.

Unless stated otherwise, we work over C. The frozen variables stay polynomial until an
inversion is explicitly indicated.

Part 1. Laurent phenomenon structures
1. THE INDEX CONDITION AND COXETER BOUNDARIES

Let G be a connected simple complex algebraic group, with Coxeter number h(G). We
may replace G by its simply connected cover. For a Fano variety X, let ¢(X) be the largest
positive integer dividing —Kx in Pic(X).

Proposition 1.1. For a proper parabolic subgroup P C G,
(G/P) < h(G).
FEquality holds if and only if P is mazimal at a minuscule node.

Proof. Let I be the set of simple roots of the Levi subgroup and let J be its complement.
Write p and py for the half-sums of the positive roots of G and of the Levi, and let w; be
the longest Levi Weyl-group element. The anticanonical weight is (see [11, Section 2.7])
2p —2p; = p+wyp. For j € J, its coefficient at the fundamental weight w; is

J€

The coeflicient of a}/ in w 104}/ is one, so this is a positive coroot. Let ©V be the highest root

of the dual root system. It is the unique positive coroot of maximal height, namely h(G) — 1.
Thus r; < h(G).
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If the ged is h(G), then every r; = h(G) and wra = ©Y. The left side has coefficient
zero at each node of J \ {j}, whereas the highest coroot has full support. Thus J = {j}. Its
coefficient at j is one, which is precisely the minuscule criterion (w;, ©Y) = 1.

Conversely, suppose J = {j} and w; is minuscule. Pairing the anticanonical weight 7;w;
with ©Y gives 7; = h(G) — 1+ ht(w;©"). The last coroot still has coefficient one at j, so it is
positive. Therefore r; > h(G), and equality follows from the upper bound. O

In the non-simply-laced cases, ©V denotes the highest root of the dual root system,
not the coroot of the highest root. Accordingly, the equality selects minuscule rather than
cominuscule weights. For example, C,./P, (r > 2) is cominuscule but has index r + 1, not
h(Cy) = 2r [2, Section 2.1]. With Bourbaki numbering, the complete list is

An/-Pz (1§z§n), Bn/Pna Cn/Pb Dn/PlaDn/Pn—laDn/Pny EG/PlaEG/PGaE7/P7-

Type A has the Grassmannian cluster structures of [16]; C,/P; is projective space, and
D,,/P; is an even quadric. We concentrate on the half-spin and exceptional varieties. The
polarized isomorphism B,, /P, ~ D, 11/P,4+1 accounts for type B.

Suppose H is the primitive ample generator of Pic(G//P) and —K¢g/p = hH. A product
of h nonzero linear sections defines an anticanonical divisor. A full Coxeter orbit specifies
such sections compatibly with the Weyl-group action. The existence of an LP chart with
these sections frozen is an additional assertion, established by the constructions below. The
affine cone has dimension dim(G/P) + 1, so such a seed has mutable rank dim(G/P)+ 1 — h.

The chosen highest-weight orbit has a Weyl-equivalence class that is independent of the
ordering of the simple reflections.

Proposition 1.2. Fiz a simple-root system and a fundamental weight wy, of a finite irreducible
root system. As c ranges over products of all the simple reflections, each used once, the sets
(c)wg, are Weyl-equivalent.

Proof. Since the finite Dynkin diagram is a tree, any two Coxeter words are related by
cyclic rotations and commutations of commuting reflections [5, Propositions 2.3 and 4.1].
Commutations leave the element unchanged. Consider a rotation from ¢ = s;v to ¢ = vs; =
sics;. If i # k, then s;wy = wy, and hence s;({c)wy) = ()wg. If i = k, all factors of v fix wy,
s0 siwy = (/) 'wg. The same equality follows:

si({c)wr) = () (siwk) = ()wi.
Iterating proves the assertion. O

This result concerns the orbit of a fixed fundamental highest weight; full-length orbits
through other weights need not be equivalent, and are not covered by the proposition.

2. UPPER LAURENT PHENOMENON ALGEBRAS

We use Lam-Pylyavskyy’s convention for LP mutation [12, Section 2], including the
normalized exchange Laurent polynomials. Let S be a unique factorization domain (UFD), let
r > 1, and put F = Frac(S)(x1,...,2,). An LP seed consists of the algebraically independent
variables z; and irreducible polynomials F; € S[x1,...,z,] such that F; is independent of x;
and is not divisible by any z;. Following Lam-Pylyavskyy, we associate to F; an exchange
Laurent polynomial ﬁl = F;/M;, where M; is a monomial in the other mutable variables.
Mutation replaces x; by x} = }?’Z /x; and updates the exchange polynomials by the substitution
and cancellation rule of [12]. All mutations below use this normalization.

2.1. The Laurent intersection. For a seed ¢, write L(t) for its Laurent ring and UB(¢) for
its finite upper bound:

L(t)=S[at,....2f"),  UB@) =L N () L(wt),  Ut)= () L(t).

=1 t'~t
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The LP algebra A(t) is the S-algebra generated by all cluster variables. The Laurent
phenomenon gives A(t) C U(t) [12].
We use the following LP starfish theorem of Fei [6, Theorem 1.3].

Theorem 2.1. The finite upper bound is invariant under LP mutation over S. Consequently,

,
Uty = Lt) N () Lpit).
i=1
We apply the theorem over polynomial coefficient rings in Part I and Laurent coefficient
rings in Part II. It allows repeated exchange polynomials and nontrivial normalizing monomials.
In rank zero, the finite upper bound and the upper LP algebra both equal S.

2.2. Laurent regularity and boundary valuations. Set Ly = L(t) and L; = L(u;t).
Expand an element of Ly as f = >, xffi’k., with f;r € S[:c;tl : j # i]. Substitution of
x; = F;/(M;x]) gives

feLi < F*|fiy foreveryk<0. (2.1)

Indeed, M; is a unit in this coefficient ring, and distinct powers of 2} cannot cancel. On a
fixed finite support, these conditions are linear equations for the coefficients of f.

No mutable variable divides Fj, so it remains a nonunit prime in S [a:id : j # 1] and hence
in L;. We call v; = ordp, in the adjacent Laurent ring the corresponding boundary valuation.
It satisfies

vi(x;) = dsj, vi(f) = mkin{k + ordp, (fik)}-

The independent coordinate z, again prevents cancellation. The starfish theorem therefore
gives

U(t) ={f € Lo : vi(f) >0 for all ¢}. (2.2)

For later use, suppose that F; = F for ¢ € I, that F' is independent of the variables

indexed by I, and that no other normalization factors occur. Then
~ F F

Fi= =, T = .

[jen iy = [ljerz;

For the coefficient of J[;c; xfi, regularity in all the corresponding adjacent charts is equivalent
to divisibility by F™ax(0:=ki€l) " This follows by imposing (2.1) for each i.

Proposition 2.2. The upper LP algebra U(t) is a UFD. If P is irreducible in Lo, then

P° =PIJ; xi_yi(P) is prime in U(t). These elements and the initial variables represent all
prime elements up to associates, and U(t)* = S*.

Proof. All boundary orders of P° are zero, so (2.2) puts it in U(¢). If P° divides an element
of U(t) in Ly, the quotient has nonnegative boundary orders and belongs to U/(t). Primality
in Lo therefore implies primality in U(t). Likewise,

fe QZZU(t) < Vl(f) > 0,

so each x; is prime. Factor a nonzero f € U(t) in Ly and normalize its irreducible factors.

The result is
f=c][alPTIen)e,  ces™,
i J
with nonnegative exponents. This is a finite factorization into primes; no Noetherian
hypothesis is required. Finally, a unit and its inverse have boundary order zero, so the

mutable exponents in a Laurent unit must vanish. O
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2.3. Rank-one charts and extension across codimension two. Put s; = [];; z; and
By = S[z1,..., 2,2, ..., 2.]. Localizing the finite intersection at s; gives
Slay < j # illwi, )
(wiw; — Fi/M;)

All other adjacent rings contain Lg after this localization, and the last equality follows from
(2.1). If S is a finitely generated C-algebra, the open set X° = Spec By \ V (s1,...,S,) is
quasi-affine of finite type and has ring of global functions U(t). If S is smooth over C, these
rank-one charts are smooth whenever F; = 0 is smooth in Spec S [xfl : j # i]. For polynomial

or Laurent polynomial coefficient rings, the rational logarithmic forms in the mutable and
coefficient coordinates agree up to sign under mutation.

U(t)s; Y] = Bols; ] = LoN L; =

7

(2.3)

Proposition 2.3. Let By C B C U(t) be a finitely generated domain and let J = (s1,...,s,)B.

Then
U(t) = ﬂB[SZ_l] = U (B ‘Frac B Jm)
[ m>0
If B is normal and V(J) has codimension at least two, then B = U(t). More generally,
depth ; B > 2 s sufficient.

Proof. The localizations of By, B, and U(t) agree by (2.3). Clearing finitely many powers of
the s; gives the saturation formula. A normal Noetherian domain is the intersection of its
height-one localizations. If V(J) has codimension at least two, all these localizations occur
on the indicated open set. The depth assertion is the corresponding extension theorem. [J

Lemma 2.4. Let R be a normal Noetherian domain containing S. Suppose that x1, ..., x,
are pairwise nonassociate prime elements of R, R[(x1---x,)"Y] = Lo, and that each first
mutation x} lies in R\ (z;). Then A(t) CU(t) C R. If, moreover, R C L; for every i, then
Ut) = R.

Proof. We show that every element of Ly N(); L; is regular at all height-one primes of R. A
prime containing none of the z; is covered by the initial localization. A height-one prime
containing x; is (x;); the other z; and  are units there, so L; is contained in its local ring.
Normality gives the inclusion in R. The Laurent phenomenon gives the first inclusion, and
the starfish theorem gives equality once R belongs to every adjacent ring. (]

Lemma 2.5. Let X = G/P be a positive-dimensional homogeneous variety with Picard group
generated by the primitive ample line bundle Ox(1). Then its homogeneous coordinate ring
Rx is factorial, and every monzero element of degree one is prime.

Proof. The homogeneous embedding is projectively normal, and Ry is generated in degree
one; see [1]. The punctured cone is Ox(—1)*. Since the vertex has codimension at least two,
localization along the zero section of the line bundle gives

Cl(Rx) = Pic(X)/Z[Ox(1)] = 0.
Thus Rx is factorial. A nonzero degree-one element is irreducible in a positively graded

domain with degree-zero part C, and is therefore prime. O

3. HALF-SPIN GRASSMANNIANS
Fix n > 4, put m =n — 1, and let
X =0G*(n,2n),  Rx =C[X].

The half-spin polarization H is the primitive ample generator. Thus dim X = m(m + 1)/2
and dim Rx = m(m + 1)/2 + 1. We index the coordinates by subsets of [m]; the resulting
boundary also gives the type-B,, construction in Remark 3.3.
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3.1. Signed principal Pfaffians and the interval seed. Let py, for even subsets I C [m+1],
denote the degree-one spinor coordinates. Our convention on the standard big cell is
pr = tPf(By), pe = t, where B is a skew-symmetric (m + 1) x (m + 1) matrix and
principal submatrices use increasing index order. These coordinates generate Rx and satisfy
the quadratic Wick relations; see [15]. For every S C [m], define

S |S| even -1, k=0 (mod4)
St =" ’ e(k) = ’ ’ =¢(|S )
{SU {m+1}, |S| odd, (%) {1, otherwise, as = e(lSDps+
This is a signed relabeling of all spinor coordinates. In particular, gz = —pgy. Write
z2=qy, Xy=qu; (1<i<j<m), Xjiq1=z
We use X;;—1 = 2z whenever an empty interval occurs in an exchange.
The frozen set and mutable set are
Bm:{z}U{le:1§j§m}U{Xim:2§i§m}, (31)

My ={X;j:2<i<j<m-—1}
We use the polynomial coefficient ring S,, = C[B,,]; the frozen variables are not inverted.
Define
Fi=Xi—1i1Xiim + 2 X101 + Xir,im Xio14, 2<i1<m-—1, (3.2)
and, for 2 <i < j <m —1, define
Fij = Xic1j-1Xip1,j X1 + X1 j1. X1 X6
+ X141 X0 -1 X1 + Xig1,j+1X j1Xi—1 5

All factors on the right are members of the extended cluster.

(3.3)

Theorem 3.1. For every m > 3, (3.1)-(3.3) define a Laurent phenomenon seed ¥, in

Frac(Rx). Its 2m frozen coordinate lines form a full Coxeter orbit. Its mutable rank is

(m; 1), and its initial exchange Laurent polynomials satisfy Ej = Fy;. With polynomial frozen

coefficients,
As,, (Zm) =Us,,(Em) = Rx.
Every nonfrozen qs is a cluster variable in a reachable wiring seed.

There are m — 2 quadratic three-term exchanges and (m; 2) cubic four-term exchanges.
Consequently their first mutated variables have homogeneous degrees one and two, respectively.
This distinction already explains why the cube recurrence supplies a distinguished part of the
mutation pattern rather than all of it.

3.2. The Coxeter orbit and the anticanonical boundary. For type D, take
a;=¢ —eir1 (1 <i<m), Qi1 = €m + ema1, CD = 81" Smt1,
where the rightmost reflection acts first. Then
€] —> ey —> -+ > ey > —eq, em+l —> —Cm+1-

Encode the half-spin weight 2 S>7 %! e; — 3,/ €;, with |I] even, by S = I N [m]. The induced
operation on labels is

1
ep(S)={i+1:i€s§, z‘<m}u{;}’ Zig
Its orbit through & is
&, 1,1],[1,2), .., [L,ml, [2,m], ..., [m, m]. (3.4)

The 2m entries are distinct and are exactly the frozen labels. Replacing weight vectors by
dual coordinate functions gives the same permutation of their one-dimensional weight spaces.
If S is the tautological bundle, then

Tx ~ A%S*, det S* ~ O(2H), —Kx =2mH.
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Thus the sum of the frozen hyperplane divisors is anticanonical. The frozen coordinates are
pairwise nonassociate degree-one primes by Lemma 2.5, so the components are reduced and
distinct.

3.3. The signed cube recurrence. For distinct a < b < ¢ outside S C [m], use Sa, Sab,
and similar expressions for unions with the indicated indices. The Wick relations give

qSacqsb = 4S4Sabe T 4SabqSc + 4SbeqSa- (35)

We allow arbitrary common subsets S, not only intervals. To check the signs, put Pr = pp+.
The unsigned identity is

PsacPsy + PsPsape = PsapPse + PspePsq.

For even | S|, this is the four-index principal-Pfaffian identity with additional indices a, b, ¢, m+
1. For odd |5/, it is the odd-base Wick identity on the same four additional indices. Ordering
common indices before the additional indices introduces in every product the same sign: each
element of {a,b,c,m + 1} occurs exactly once outside the two copies of S. The identities
therefore hold also when elements of S are interleaved with a, b, c. Finally,

e(k)e(k+3) = —e(k + 1)e(k +2)
converts the unsigned identity into (3.5).
Equation (3.5) is the multidimensional cube recurrence of Henriques—Speyer [8]. Their
two-graded projective quotient for m cube directions is IG(m — 1,2m); it should not be

confused with X. Here the principal-Pfaffian realization and the ordinary homogeneous
grading identify the relevant affine cone.

3.4. Wiring diagrams and LP mutation. We use a reduced wiring diagram for the longest
permutation on m wires, labeled 1,...,m from top to bottom at the left boundary. Label
each chamber by the set of wires above it. The unbounded chambers have the labels (3.4).
The reduced word (s1)(s281) - (Sm—1---s1) has chamber collection {&} U {[i,j] : 1 <i <
j < m}. Its bounded singleton chambers are triangular, and its other bounded chambers are
quadrilateral.

For an arbitrary bounded chamber 7, let sq,..., sq be its side-neighbor chambers in cyclic
order. Let ¢; denote the chamber opposite r at the vertex between sides s; and s;41, with
cyclic subscripts. Lam—Pylyavskyy’s wiring rule is

d
F. = chi H qs;- (3.6)
=1 Jj¢{ii+1}
The side and corner labels are all distinct. This is the wiring rule of [12, Section 7.5]. Reading
the interval diagram gives precisely (3.2) and (3.3).

We first check that the chamber variables form a transcendence basis. Indeed, a triangular
braid move replaces Sb by Sac and has coordinate transformation (3.5); commutations of
crossings on disjoint pairs of wires leave the chamber set unchanged. Reduced diagrams are
connected by these moves, equivalently by rhombus-tiling flips [8, Theorem 2.2]. Every subset
S C [m] occurs as a chamber: choose a permutation with the elements of S in its first |.5]
positions and extend a reduced word for that permutation to one for the longest permutation.
Hence every qg is rational in the chamber variables of any fixed diagram. Those variables
number m(m+1)/2+ 1 = trdegc Rx, and therefore form a transcendence basis. In particular
Sm is a polynomial ring.

Lemma 3.2. The polynomials (3.6) satisfy the LP seed azxioms, are pairwise nonassociate,
and have trivial exchange Laurent normalizers. A triangular braid move is an LP mutation
of the whole seed, including every exchange polynomial.
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Proof. For a fixed chamber, regard F). as a linear polynomial in its corner variables over the
polynomial ring in the remaining variables. Its coefficients are monomials in the side variables
and have greatest common divisor one: every side variable is absent from two summands.
It is irreducible over the fraction field of the coefficient ring, and Gauss’s lemma proves
irreducibility in the full polynomial ring. No variable divides F}., and g, does not occur in it.

Distinctness follows from the chamber labels. Suppose F, and F} had the same variable
support, and put K = rAt, k = |K|. Every side neighbor of r differs from r in exactly one
boundary wire, and every corner neighbor in exactly two adjacent boundary wires. Every
variable in F} is at distance one or two from ¢. If k > 4, no side neighbor of r can have this
property. If k = 2, every boundary wire of r would belong to K, whereas a bounded chamber
has at least three distinct boundary wires. If k = 1, either its unique wire bounds r, so that
q: occurs in F,., or a corner of r is at distance three from ¢. Both alternatives are impossible.
If £ = 3, all boundary wires of r lie in K, so r is triangular with those three boundary wires.
The label obtained by reversing all three signs is the missing chamber of their three-wire
arrangement, and cannot be the label of t. Thus the supports, and hence the exchanges, are
distinct.

To verify normalization, observe that ¢; occurs in F;. if and only if ¢, occurs in F}: the
two chambers then share a side or a crossing. If they do not meet, F,. and F}; remain coprime
after localization at variables, because they are distinct irreducibles and neither is divisible
by a variable. If they meet, write F;. as a polynomial in ¢;. Its nonzero constant coefficient
is independent of ¢.. The irreducible polynomial F; has positive ¢,-degree and nonzero
gr-constant coefficient, and therefore cannot divide that constant coefficient even in the
Laurent ring. Modulo F;, substituting ¢ = F;/q, into F, leaves precisely this coefficient.
These are the LP normalization tests, so F, = F,.

Now let x be a triangular chamber, with sides a, b, ¢ and opposite corners «, 3, y, labeled
so that z2’ = aa + 8b + yc. For a mutable side chamber a, its exchange has the form
F, = M(Bb+ ~c¢) + P The LP update sets a = 0 in F,, substitutes z = (8b+ vyc)/a’, clears
the denominator, and cancels the common factor 80+ ~yc. The result is F, = Mz’ + P, which
is exactly the new wiring polynomial. For a mutable corner chamber «, write F, = N + Q.
Its updated exchange is F), = (8b+~vc¢)N + 2'Q, again the new wiring polynomial. Cyclically
these computations handle all six adjacent chambers; other exchanges are unchanged. The
new wiring polynomials are irreducible and divisible by no variable, so no further polynomial
or monomial cancellation is required. This proves full seed compatibility. U

It follows that every wiring seed is reachable from X,,, and every nonfrozen spinor
coordinate occurs in one of them. Since the spinor coordinates generate Ry, this proves

RX C ASm (Em) (37)

3.5. The coordinate-ring equality. Let .7 be the interval chamber collection, and put f =
[Isc.7o gs, where the superscript denotes bounded chambers. The LP Laurent phenomenon
[12, Theorem 5.1], with polynomial frozen coefficients, gives

SmlgE! : S € 7° = (Rx);-.

Indeed, every generator gg of Rx is Laurent in this seed; conversely, all Laurent generators
belong to (Rx)y.

Rotate the diagram by 180 degrees. Its chambers are the complements [m] \ S of the old
labels, and its frozen set is unchanged. A mutable label is the union of two nonempty end
intervals separated by a nonempty internal interval. Such a set is never an interval. Thus the
old and new mutable label sets are disjoint. The rotated seed is reachable; if g is the product
of its mutable coordinates, its Laurent chart is (Rx ).

By Lemma 2.5, the coordinate factors of f and g are prime. Distinct spinor weight
coordinates are nonassociate. Hence f and g have disjoint prime factors, and prime cancellation
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gives
(Rx)fN(Rx)y = Rx inside Frac(Rx).
Combining (3.7), the Laurent phenomenon, and the two reachable charts yields

Rx C As,,(Xm) CUs,, (Em) € (Rx)fN(Rx)g = Rx.

This proves Theorem 3.1. The equality applies to the full LP mutation class, including seeds
that do not arise from wiring diagrams.

Remark 3.3 (Transfer to type B). Intersection with a nondegenerate hyperplane gives the
polarized isomorphism Dy,11/Pnt1 ~ Bp,/Pp: a maximal isotropic (m + 1)-plane meets
the hyperplane in an isotropic m-plane, and each such m-plane has one extension in either
even-dimensional component. The half-spin representation restricts to the spin representation,
with the same subset coordinates. The type-B Coxeter element s; - - - $,, acts by the negative
cycle eq +— -+ — e, — —eq, giving exactly (3.4). Thus the coordinate-ring theorem and the
mirror theorem, including its boundary functions, transfer by replacing the type-D index by
m + 1. No separate folding is involved. The two smaller cases B;/P; ~ P! and By/P, ~ P3
have polynomial coordinate rings and no mutable variables.

3.6. The examples Dy and D5. For m = 3 (D), the seed has rank one and
Fyy = X11 X034+ 2X13 + X33X12;
its other cluster variable is qf; 33, giving the quadric. For m =4 (Ds), write
(7, y,w) = (Xa22, Xo3, X33), (a,b,c,d,e, f,g) = (X11, X12, X13, X14, Xo4, X34, Xa4).
Then
F, =ay+ bw + zc, F, = dzw + cfx + bew + zce, Fy = fx+ gy+ ze.

This is the rank-three wiring example with ten mutable cluster variables and sixteen seeds,
up to the coefficient relabeling in [12, Example 7.7]; see also [4, Section 4.2]. Its eight wiring
seeds are a proper part of its LP mutation class.

3.7. Infinite type for n > 7. For n > 7, the LP mutation class contains infinitely many
cluster variables, although only finitely many seeds arise from wiring diagrams.

Proposition 3.4. The Coxeter-boundary seeds of Theorem 3.1 have infinitely many cluster
variables for Dy, with n > 7. Thus these LP algebras are of infinite type.

Proof. We first give a rank-two reduction in D7, so m = 6. Use the initial interval slots,
irrespective of their subsequent contents, to specify the chronological word

KXs35, HUXy4s HXozs HXzzr HXas) KXo (3.8)
Order the initial mutable intervals first by length and then by their left index. The word has
position sequence (2,3,5,2,7,8). Write Y;; for the variable in position X;; after this word.
Introduce the abbreviations
symbol ‘ a u b v d e f g k
variable | Yoo Y33 Yi4 Yss Yay Yis Yoy Yas Yo

and the unchanged frozen coordinates

2=4qy, A=q2, B=qma, C=aqass, D=quss, E=gqs6 H=qs.

Here subscripts such as 1234 denote subsets, whereas Y;; records an interval position. Put
T = vD 4+ gF and S = ud + gzB. Direct LP mutation, including normalization and
cancellation, gives the following compact expressions:

F, = T[adf B + bA(dC + gB) + kAB(vd + gz)] + bdef,
F, = E[S{adf + kz(u + gA)} + bz(u + gA)(dC + gB)] + bdf (uH + ez).
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These have eleven and twelve terms, respectively. Their full exchange Laurent normalizations
are

F,=F,/d, F,=F,/d. (3.9)
In particular the reciprocal u- and v-normalizer exponents are zero, although the full normal-
izers are not trivial. The two exchange polynomials exhibit the obstruction:

deg, F, = deg, F, = 2, [v?|F, = dkABD, [u?|F, = dkzFE.

All leading coefficients are nonzero monomials in the other seed coordinates.

Freeze every current mutable variable except u and v using the LP freezing construction
[12, Proposition 3.7]. The new coefficient ring inverts those variables; in particular d is a
unit, so (3.9) changes the rank-two exchange polynomials only by coefficient units. They
have degrees (2,2). The rank-two classification [12, Theorem 6.4 and Corollary 6.5] therefore
supplies infinitely many distinct cluster variables, even up to units of the enlarged coefficient
ring. The freezing construction realizes their mutation path in the original D7 algebra.

For n > 7, the same rank-two reduction is obtained by freezing. In the initial D,, interval
seed, n > 7, keep exactly the ten mutable slots {X;; : 2 < i < j < 5} and freeze all other
mutable variables, whose right index is at least six. Each exchange at a variable we keep
involves only intervals in [6] and is exactly the corresponding D7 exchange. The resulting
coefficient ring is obtained from the D7 polynomial coefficient ring by inverting some of its
frozen coordinates and adjoining independent coefficient variables, some invertible. The initial
normalizers are trivial, so no additional factor enters this identification. The six mutations
(3.8) therefore give the same obstruction over this coefficient extension; monomial units do
not change the two reciprocal degrees. A second application of freezing lifts the infinite
rank-two path to the original D,, seed. O

4. THE EXCEPTIONAL VARIETIES

The Cayley-plane and Freudenthal cones have dimensions 17 and 28. Their Coxeter
boundaries contain 12 and 18 linear coordinates, respectively, so the mutable ranks are 5 and
10. We work over the polynomial rings generated by these frozen coordinates.

4.1. The Cayley plane. We keep the labels of Daisey—Ducat [4, Section 5]. The 27 degree-
one coordinates split into Coxeter orbits

(az‘)ieZ/l% (fUz')ieZ/lz, (zi>ieZ/3-
Freeze the outer orbit ay,...,a12. When a subscript on z is an element of Z/12, it is reduced
modulo 3. Set
Yi = TiZ; — Q;T5—1 — Qip7Ti41 (’L € Z/12)

In particular y3 = x323 — asxrs — a10x4 is a degree-two coordinate function, and a convenient
initial cluster is

x¢ = (1,72, 23,74, Y3).
Over Clay, ..., a12] its ordinary exchange polynomials are
Fyy = ys + arpan,
Fp, = agx1(y3 + ar0r4) + agx3(ys + ara12) + x123(arrs + asarz),
Fyy = ys + agza + aioz, (4.1)
Fyy = a11(ys + azw2) + 3(aar1 + asr2 + aray), '
Fy, = ziza(asza + arxs + agaig) + arexs(aszs + arag)
+ a1222(asr3 + agxry + azaiy).
These are the exchanges of [4, Proposition 5.3]. Their associated Laurent polynomials satisfy

l?}m: 2o /%1, F‘v:Fv (v # x2).
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Indeed, substituting 1 = (y3 + aja12)/2} into F}, introduces one common factor ys + ajais;
the other normalization orders are zero.
We recall the following result of Daisey and Ducat [4, Theorem 5.4 and Corollary 5.5].

Theorem 4.1. The seed (4.1) gives the finite-type Cayley-plane LPA. It has 264 seeds, up to
the seed equivalence used in [4], and 32 mutable cluster variables. All exchange polynomials
and all cluster-variable Laurent expansions have positive coefficients.

The count 32 excludes the twelve frozen variables. Their degrees are as follows: the
mutable variables consist of the fifteen linear coordinates x;, zj, twelve quadratics y;, two
cubics u1,u2, and three quartics ¢1, 2, t3. Representatives of the last two families are

l1 = 12427210 — A30609A12,

Ul = T1T5T9 — A4A5%1 — AgA9T5 — A1241T9 — A1A509 — A4A-8A12,
with the other members obtained by the dihedral action. There are fifteen dihedral orbits of
seeds: seven orbits of length 24 and eight of length 12.

4.2. The Freudenthal seed. Let R; be the homogeneous coordinate ring of E;/Pr, in the
coordinate convention of [4, Section 6.1], reproduced in Appendix A.1, with the upper signs
in their equations (e)—(g). Subscripts of a;, z;,y; are read modulo 18. We keep the Coxeter
boundary ag, ...,a17 frozen over S7 = Clao, ..., a17]; none of these coefficients is inverted.
We take the seven linear functions
(h,b,c d,e, f,9) = (z1,211, T9, T16, T6, T14, T4)

and set
T = T4Y15 — A47T14, q = T11Yo — a111,

U = T1211Y8 — A1T11T9 — A11T1Y5 — @121 X6-
The cluster x = (h,b,c,d, e, f,g,7,q,u) has degrees (1,1,1,1,1,1,1,2,2,3). This choice gives
the binomial mirror of Subsection 8.2. To specify its exchanges, put

Ao = g{baof + arais + aish) + ar1aieh} + arrb(as f + 1),
Ay = g{b(ao f + a1a14 + aish) + h(ai1aie + a12d)} + arrasdf,
Az = azf +dg,
A3 = ayagc + asce + agagh + asch + aggh.
Define
Fy, = a1bc + u, Fy,=a11h+q, Fy=asf +r
and
F. = aghFy + agfgh + gu,
Fq = Ao + a1699,
F. = agqFy, + h(agair + a7b)(br + u) + bhq(agag + asc + agg),
Ft = a149F, 4+ h{cg(airais + aiad + a15b) + r(aizc + aisag)},
F, = cAs(eAr + dgu) + dgq(fAs + gu) + arsascefgq,
F, = eAy + br(aire + dg) + dgu,
F, = F,|lu=0 + r{dgh[f(a10e + a11a6 + a7b) + e(aizc + aisa9)] + arrasbeef}.
The associated Laurent exchange is ﬁg = F¢/M¢, where

é‘hbcdefgrqu
Mg‘llgbghbhllgdg.
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Theorem 4.2. These functions and exchanges define a rank-ten LP seed Y7 over the
polynomial coefficient ring Sy, with

A(X7) CU(E7) = Ry
The LP algebra has infinitely many cluster variables.

Proof. Proposition A.4 identifies the seed with the auxiliary Freudenthal seed by five complete
LP mutations. The seed axioms can also be checked directly: each exchange is primitive
linear in a variable specified in Appendix A, and the normalization gives the table above,
over S7.

For the auxiliary seed, Proposition A.1 computes the upper coordinate ring, and Proposi-
tion A.2 gives an infinite rank-two mutation sequence. Both statements are invariant under
mutation equivalence, so they hold for 3. O

Remark 4.3. This theorem concerns one infinite mutation class. It does not exclude a different
positive finite-type Freudenthal LPA as in [4, Conjecture 6.1].

Part 2. Algebraic mirrors and intrinsic comparison
5. NEWTON RECONSTRUCTION AND INTRINSIC COMPARISON

For a boundary complement U from Part I, let T' be its initial torus, with character
lattice My and cocharacter lattice Ny = Hom(Mrp,Z). We write 4 = Aint(U)1 and recall
the results of [7] used in the mirror comparisons. All lattice changes are integral and include
the coefficient directions.

For a Laurent polynomial f =3, c,2%, put

supp(f) = {a e # 0}, Newt(f) = convsupp(f),  vulf) = min(a, ).

We call v, the Gauss valuation of weight w. A leading term has least weight in the specified
chamber.

The source U is smooth and factorial. Indeed, the homogeneous coordinate ring is
normal with class group Pic(X)/Z[Ox(1)] = 0, and inverting a frozen linear coordinate
removes the cone vertex. Thus Pic(U) = 0. The normality theorem for the intrinsic
mirror algebra states that .# is a finitely generated normal domain. It also provides a
normal projective compactification (M, Dy;) with reduced boundary, K57+ Dy ~ 0, and
log canonical singularities. The theorem on the logarithmic volume of the intrinsic mirror
identifies the resulting rational volume, up to a nonzero scalar, with the standard logarithmic
form on any algebraic torus open in Spec.#. In particular, this form has order zero at every
prime divisor of Spec .

The intrinsic Laurent expansion and trace theorem constructs an injective algebra ho-
momorphism from .# to the Laurent ring of the dual torus when the local cylinder counts,
boundedness of contact orders, and finiteness of the contributing curve classes satisfy its hy-
potheses. It identifies the images of the prescribed theta functions with their local expansions.
We verify these hypotheses for each source; in particular, we obtain support bounds from
regular source functions before using any proposed mirror formula.

We also use restriction to a principal open subset. If 0 # f € O(U) and Uy contains the
chosen torus, the filtration

Fsoqtl = Spanc{¥p, : f*°P(m) > a}

is multiplicative, and its associated graded is Ajn(Uy)1, with the corresponding theta labels
unchanged. When Uy is a torus T, this is the group algebra (C[NTf], and the initial symbol
of each theta function is its labelled monomial with coefficient one.

All character changes include the frozen directions. We choose a basis of the saturated
lattice generated by support differences and complete it to a basis of the source character lattice.
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j:l].

The dual coordinates are z1,..., 2y, K1,..., ke; the coefficient ring is .7 = (C[/iitl, ceey Ko

Compatibility with torus products gives
A (V' x T)1 ~ Aing(V)1 ®c C[NT],

and sends each product-labelled theta function to the corresponding tensor product. This
formula restores the torus factors after the comparison in the remaining coordinates.

5.1. Support bounds and coefficient recognition. Let N : Z° — Nr be the contact
map, with pointed correction monoid NN*. For regular source functions 1; with minimizing
exponents h; in the chosen chamber, put

dj(m) = (hj,m) — aegllri)nga,m).
J

Writing H for the matrix of the h;, the regular-function slope inequalities give
d>0, HNd > —6(m).

A rational certificate A > 0 with AHN < —el, € > 0, gives Y _; d; < Ad(m)/e. Conversely such
a certificate exists whenever the recession cone is zero, by Farkas’ lemma. We display the
relevant source inequalities in each family rather than infer support bounds from candidate
formulas.

Lemma 5.1. Suppose the contact model verifies [10, Assumption 20.27] for the pointed
monoid NN%. A finite set of allowed contact vectors involves only finitely many contributing
numerical curve classes.

Proof. Choose k larger than the total degree of every allowed contact vector. All terms
survive modulo the kth power of the monomial ideal generated by the nonzero elements of
the contact monoid. Keel-Yu’s Lemma 20.31 bounds the contributing curve classes in this
truncation, hence in the entire expansion.

We determine coefficients in two ways. For a mutable source coordinate v, let g, =
v [Ty£0 w, where the product runs over the other mutable coordinates. The open set Uy,
is the first-mutated source torus. Restriction to this principal open gives a valuation on .#
whose associated graded is a torus group algebra. Suppose ©,, = > 4 cq2® has a proved
finite support bound, and the initial symbols of the characters z® have coefficient one in that
group algebra. If a unique ag € A, has valuation g{™P(m) and all other points have larger
valuation, then c,, = 1. This is the lemma on coefficient determination from an initial form
of [7]. We include the associated source normalizer when computing this valuation.

The second method is finite Laurent interpolation [7]. Once the adjacent mirror Laurent
rings have been identified, write the function with a fixed monomial denominator and a
numerator supported in a proved finite set. In the i¢th adjacent chart, every coefficient of z; d
must be divisible by ﬁ’id in the unchanged-variable Laurent ring. These are linear equations in
the numerator coefficients. If they have a unique solution after fixing the leading coefficient,
that solution is the theta function: the intrinsic expansion satisfies the same equations and
normalization. We use this argument for the exceptional generators and boundary functions.
Their coefficient matrices and nonzero maximal minors are included in the ancillary files.

5.2. Contact equations in toric blowup charts. Let U be smooth and contain a torus T'
with character lattice M7 and cocharacter lattice Np. Suppose an open part of U is obtained
from toric ray charts by blowing up centres F, = 0 in their boundary divisors and removing
the strict transforms of those divisors. We index the resulting coordinate divisors by a € I
and write n, € Np for their primitive character-value vectors. Near a generic contact the
chart has the form z,w, = F, with the other torus characters invertible and F; independent
of x,. Distinct divisors may have the same centre equation. These coordinate divisors lie
inside U.
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Choose the compactification used for the intrinsic counts and a common open model for it
and these toric blowup charts. The next proposition applies on the locus where the maps stay
in this model away from their two marked ends. The applications verify the end conditions
and that this locus contains the full counting fibre for generic evaluation.

Proposition 5.2. Fiz two nonzero end directions, a contact vector (bg)acr, and a geometric
evaluation point ¢ over a generic monomial point of T'. Suppose the relevant counted maps
have stable domains with three distinguished points, meet the coordinate divisors transversely
at distinct points, and avoid the complement of the toric blowup charts away from their marked
ends. Normalize the ends and evaluation to 0,00,1 and write m € Np for the incoming
direction. Along each such map f, the characters satisfy

ba (X,na)
X(f(2)) = x(e)z™ T T1 (Ztm) ,  XE€ M. (5.1)
acl a=1 1 —taa
The contact parameters satisfy the centre equations F, = 0 after substitution. For the
two-ended local expansion, they lie in 0 < |t, o| < 1. The outgoing direction is —m — 3, bang.
Conversely, consider solutions of these equations with distinct contact parameters in the
prescribed annuli. Assume that the interpolated maps lie in the common toric blowup model
and satisfy the required open-stratum conditions at both ends and the toric-tail condition.
On this locus, the incidence scheme and the geometric evaluation fibre agree. An isolated
solution at which evaluation is étale contributes one. Parameters of the same divisor type are
unordered.

Proof. Work over a completed algebraic closure of the residue field of the chosen mono-
mial point. Its character values have the prescribed valuations, without special algebraic
cancellations. The smooth, stable-domain assertion of [10, Lemmas 8.20-8.21] allows the
normalization to a three-pointed P! in the stated locus. The divisor of each character is
determined by the two ends and the contacts. A rational function with that divisor is unique
up to a constant, which evaluation at 1 fixes. This proves (5.1) and the balancing formula at
infinity. Characters invertible on U have no unmarked zeros or poles.

At a simple contact of type a, the map lifts to z,w, = F, exactly when Fj vanishes there.
This is divisibility by a local parameter on the domain. The quotient is the value of w,; a
further condition w, # 0, when required, must be checked and is not implied by the centre
equation alone. The prescribed leading coefficients at 0, 0o give the two marked boundary
contacts. The toric-tail condition of [10, Construction 9.3 requires the complementary tail
to have no unmarked contact; for the normalized two-ended expansion it gives the stated
open-unit-disk condition.

Under the converse hypotheses these formulas construct a map to the chosen compacti-
fication with the prescribed contacts. The construction is reversible and works in families
on this open locus, so it identifies the incidence scheme with the evaluation fibre there. A
simple Jacobian over the evaluation parameters proves étaleness when used in the applications
below. Such a point has length one. The three marked points remove automorphisms, and
quotienting by permutations of contacts of the same type introduces no factorial multiplicity.
A map has a uniquely determined curve class, so summing classes does not count it again. [

To apply the proposition to the full counting fibre, we must also exclude curves outside its
stated locus. Once the maps are in the appropriate moduli space, [10, Lemmas 3.9 and 8.21]
allow generic evaluation to avoid fixed codimension-two loci and ensure generic transversality.
Lemma 5.1 permits one generic choice for the finitely many relevant classes. We check the
end-stratum and toric-tail conditions in each family.

5.3. From local expansions to the full mirror. We apply the intrinsic Laurent expansion
and trace theorem of [7]. After the primitive walls have been identified, consistency gives
the adjacent expansions. The following elementary observation is used when a transformed
expansion is initially formal.
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Lemma 5.3. Let f be a nonnegative formal series in finitely many translates of a pointed
monoid, and let D be a nonnegative polynomial with positive constant term. If Df is a finite
Laurent polynomial, so is f.

Proof. There is no cancellation, and the constant term of D puts supp f inside supp(Df). O

We then use the intrinsic mirror comparison theorem of [7]. For an LP seed with initial
and adjacent Laurent rings Ly, ..., L,, it is enough to establish

Ll 2 1<i<r]CR:=0()C () Li
=0

and either recognize algebra generators of the intersection or prove that no height-one prime
of # contains two distinct initial mutable coordinates. The Cayley-plane comparison uses
generators. The half-spin and Freudenthal comparisons use divisors.

For the latter method, let w be the character-value vector of a normalized divisorial
valuation of volume order zero, with w # 0, and write m¢(w) = mingesupp f(a, w). The
divisorial valuation formula of [7] gives an irreducible Laurent polynomial ¢ in the characters
of value zero. More precisely, write w = dwg, with wy primitive, and choose a character ¢
with (t,wg) = 1. For a collected Laurent sum in ¢,

v (Z tjfj) = min{dj + ordy(f;)}

J

Consequently, every regular f with my(w) < 0 satisfies g™/ @) | iny, (f). It follows that
my(w) > —by when all face factors of f have multiplicity at most by.

Corollary 5.4. If a negative minimizing face is irreducible up to a character and has
multiplicity one, then w is primitive, my(w) = —1, and v(f) = 0. All such negative faces
define the same spectator hypersurface.

Proof. The divisibility forces —m(w) = 1. In the exact slice formula its lowest slice has
value zero, while every slice has nonnegative value. O

6. ALGEBRAIC MIRRORS OF THE HALF-SPIN VARIETIES

Fix n > 4 and put

n n—2 n(n —3)
m=n—1, N—<2>+1, ro—< 5 ), T—T.

We use the interval seed of Section 3, writing h = gz, Xij = q|; j, and X; ;1 = h. Let
M == {(l,]) 12 E ) S] S m — 1}, Bn = {h,Xll,...,le,XQm,...,Xmm}.

The mirror will have r mutable coordinates, n + 1 coefficient units, and 2n — 2 boundary
functions indexed by B,.

6.1. An integral system of Newton coordinates. In the interval-coordinate torus define

Xit2i+2Xiit1

B, = 1<1<m—3), 6.1
X XiiXit1,i42 ( ) (6.1)
Xim—2Xi—1m .
g = > 2<i<m—12),
X Xi—1,m—2Xim ( )
v = igXictg i (2<i<j<m-—2)
Y X111 X215 X o -0 T ’
hX,,— Xm—2.m—-1X,
xp = m—2,m XQ = m—2,m—13mm (62)

s .
Xm—?,m—QXm—l,m Xm—Z,m—QXm—l,m
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There are r characters. Complete them by

_ JX1m—2, nodd,
90 = Xom—1, n even, (6.3)

(gl) R 7gn) = (Xl,m—17 X1m7X2m7 e ’Xm’m)

Let C be the exponent matrix of (x,,g;) in the original interval coordinates. The original
mutable coordinates come first; the individual columns are denoted Ce,, so the formulas do
not depend on a further ordering convention.

Proposition 6.1. The characters in (6.1)~(6.3) form an integral basis. The x, generate
the saturated support-difference lattice of the spinor-coordinate expansions. Its rank is v =
N —(n+1).

Proof. We first prove the integral basis statement. Work in the quotient of the character
lattice by the subgroup generated by the x,. Write x;; for the additive class of Xj;;, and put
P; = z1; and S; = %, so Py, = S1. For m > 4, set

Aij = Tij + Tio1j41 — Tio1j — Tigi1-
The R relations say A;; = Aj11 41, and the E relations say A; ,—2 + Aj -1 = 0. Hence,
with s = Age, Ajj = (—1)77%s. Put A; = Ljeven and D; = Z?;;l(—l)t. Summing the
differences gives
x5 = Pj +S; — 51+ sA;D; (2<i<j<m).
The remaining B relations become
Piy1 — Py = Siy1 — Siya + Lpeven(—1)'s.
Writing [h] for the class of h, the ) and P relations give
Pr-1—Pp—2+ Sm — Sm-1— LmevenS = 0, [h] =Ppo+ Sm-1— 51

For m even, s is determined integrally by P,,_o, P;,—1 and the S;. For m odd, P, s =
P14+ Sm—Sm-1,and s = 2,1 — Pr—1 — S2 + 51. These are exactly the complementary
characters (6.3). These formulas express every initial character integrally in the complementary
characters and impose no further relations among them. They therefore freely generate the
quotient. Since the number of characters x, is the complementary rank, adjoining the
complementary characters gives a unimodular basis. For m = 3 the two characters in (6.2)
give the same conclusion directly.

Each x, has homogeneous half-spin weight zero. The interval coordinates have weights
(1,11er,- - -5 Liner, |[I| mod 2), whose rank is m + 2 = n + 1. Since the lattice generated by
the x, is saturated and has complementary rank, it is the kernel of this grading. Lemma B.1
shows that every x, occurs as a pure linear correction in a complementary-interval spinor
coordinate. Consequently the spinor-coordinate support differences already generate this
kernel. (]

Write
z = (Bi, Ei, Rij, P, Q; ko, . - -, kn)
for the dual torus coordinates and put .%, = (C[/ia[l, ..., k&Y. The symbols B;, E;, R;;, P,Q
are mirror coordinates; the x, are characters on the original torus. For an initial basis vector
v, the corresponding dual monomial is z¢7.
6.2. The mirror seed. For a = (i,7) € M, set ¢, = Ce, and define
&y = Sleal+ 4 l=calt (6.4)
Here [c];+ denotes the coordinatewise positive part. The ordinary exchanges are
Fg = Eit1,i41, F%ij =&ijr1,
Fy. =&m-1, Fp=F)=En1m1.
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For each a, let Z, be the set of positions assigned to &,. The sets with more than one element
are

{P,Q}, {EBi, Rim—2} (2<i<m-—2). (6.5)
For Z, € 1,, the associated exchange and first mutation are
~ & &
F=_" 7l =Y, = ———, (6.6)
P oez\ip) Zo P ez, Zo

The r mutable positions give g distinct first-mutated functions.

Proposition 6.2. Fquations (6.4)—(6.6) define an LP seed X, over ,,. This seed is obtained
by Newton reconstruction from the interval-Pfaffian seed. Its mutable rank is r = n(n — 3)/2.

Proof. Each ¢, is primitive because C' is unimodular. Hence 1 4 z° is irreducible in the
full Laurent ring, and clearing its coprime monomial denominator gives the irreducible
polynomial &,. The assigned variable is absent since C,, = 0 for p € Z,. Distinct columns
give nonassociate binomials. In the LP normalization a different binomial cannot divide
the relevant specialization: specializing an occurring variable to zero leaves a monomial,
and specializing a nonoccurring variable leaves the same nonassociate binomial. For p € Z,,
normalization removes one factor Z, for each o € 7, \ {p}. This proves (6.6).

For the reconstruction, the complementary-interval functions have mutable leading gradi-
ents —e,. They give a bounded box for every correction label. At the adjacent label

Ha = — Z ep + [—Cal+, (6.7)
pPELa

the box contains only the corrections 0, e,; see Appendix B.2. Thus the support is {q, fta+¢a }-
Laurent divisibility forces equal coefficients, which gives Y, = z#¢(1 + 2%). U

For odd n, the exchanges contain no coefficient variables. For even n, only k¢ occurs, in
the exchange assigned to (2, m — 1). For n = 4 this is the entire seed:
. 1+ ko
=50
The polynomial 1 + kg is irreducible and noninvertible in .%;. For Ds, the five mutable
variables are B1, Fo, Roo, P, (), with

Fp = Fy =1+ ko, P =q

Fg, = E3Ra + PQ,
Fy,=Fp,=B1+Q,
Fy = Fc\g/ = B1 + Roo.
These examples illustrate the repeated exchanges in the uniform formula.

6.3. The indexed boundary functions. Let e, e;; be the interval basis. Define

Wy =20 Wiy, = 200,
and

m—k—1 ¢

W= 3 LClentemm) (1<k<m), (6.8)

t=0

m—i +

Wip, = Z Zc(eim"rzj:l €im—j) (2 <i< m) (69)
t=0

They are indexed by the 2m frozen coordinates, with initial label Cey.

Proposition 6.3. Every W, belongs to U(X)). Their sum has m(m — 1) +2 distinct Laurent
monomials, each with coefficient one.
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Proof. Along either cumulative chain, a negative exponent in a mutable coordinate is —1 and
occurs at two consecutive positions. The ratio of those two terms is 2%, where a is assigned to
that position. Their sum is divisible by &, in the Laurent ring in the unchanged coordinates.
All other powers are nonnegative, so (2.1) proves regularity in each adjacent chart. The index
calculation is given in Appendix B.6. The starfish theorem then gives membership in the
upper LP algebra. The triangular expressions below give the count and distinctness of the
monomials. O

6.4. The triangular potential and its Newton polytope. Let 1 = e, + 3, €;; and set
q:,201:]_[§”:0/<cj. For1 <a<b<m,puti=m-+1—>band define

m m i a—2
Ugb = €p + Z Z ers + Z Z Errtt, Yab = chab- (610)
r=i+1s=T r=1¢=0

Empty sums are zero. The characters ¢, y,, form an integral basis by Lemma B.6. In this
basis,

Wh = Y11, Wlm — q/ymm’
m
b=kp1 kb (6.11)
m+1—1 y ]
a=1 ya,m+1—i
Consequently the potential is
W=yn+ > Yat1d | 3 Yabi1 , 4 (6.12)
1<a<b<m Yab 1<a<b<m Yab Ymm

On a nonzero fibre of q, let A, be its Newton polytope. If P, = {(a,b) : 1 <a <b<m}
has componentwise order, O(F,) is its order polytope, and h = (a +b — 1), p)ep,, is the
root-height vector, then

AY =2mO(Py,) — h,
where A7, denotes the polar with convention (v,u) > —1. Indeed, the vertices defining A,
are
€11,  —€mm, €a+1b — €ab (CL < b)’ €a,b+1 — €ab (b < m)
Substituting v = 2mA — h turns the polar inequalities into 0 < Ay < 1 and the order
inequalities. The order polytope is integral, and h/(2m) satisfies its inequalities strictly. Thus
A, is reflexive. The scale 2m = 2n — 2 is the Fano index of the spinor variety.

7. THE INTRINSIC MIRROR THEOREM IN TYPE D
Let

Up = SpecCIOGT (n.20)][( [T 071, Uy =U(Z).
beBy,
We identify U with the intrinsic mirror algebra of U,,, matching the boundary functions

constructed in the preceding section.

Theorem 7.1. For every n > 4, local intrinsic expansions induce an isomorphism
P, : Aint(Un)l - Z/f;l/

It identifies the lattice of coefficient characters and satisfies ®p(9ce,) = Wy, for allb € By,. The
algebra U,/ is finitely generated, normal, and factorial, with unit group .7, . Its superpotential
is (6.12).

We first identify the torus charts and the individual boundary functions. Their Newton
polytopes then show that the charts meet every prime divisor.
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7.1. The local comparison. Let .#, = Ain(Uy)1 and let L = Yn[Z;H] be the mirror
Laurent ring. Recall Y, = z#¢(1 4 z°) from (6.7) and (6.6).

Proposition 7.2. There is an injective algebra homomorphism
D, My, — L, M, = o, (A,),
with
InlZpy Ya, Wy) € M, CU,Y.
The labels of the adjacent and boundary functions satisfy
@, (Vp,) = Ya, ), (Vce,) = Wp.

The initial torus and each adjacent torus are open charts of Spec M, .

Proof. We use the recurrence and contact calculations of Appendix B. For each t = (u,v) € M,
the complementary interval coordinate v; = Qim)\[v—u+2,0] has leading term X1 y—y41Xum/Xuo-
Its mutable leading gradient is —e;. The regular-function slope inequalities therefore give

0 <d; < 0y, (n) (teM) (7.1)

for every contact correction Ciyytd to an incoming label . The contact monoid is free
and saturated because its columns are part of the basis C. The same gradients exclude a
nonconstant attached tropical branch rooted in the chosen chamber. The contact model
verifies [10, Assumption 20.27], so Lemma 5.1 gives finite local expansions before specialization
to 1. The trace-gluing argument of [7, intrinsic Laurent expansion and trace theorem| makes
these expansions an injective algebra homomorphism. Nonnegative mutable labels have zero
defects, so all Z, and coefficient characters belong to its image.

At a primitive facet indexed by p, the normalized complementary functions restrict to
14 x, for the assigned interval a(p) and to 1 for every other interval. Only one simple contact
can occur. The blowup centre is linear in x,, and its contact equation is

A(esp)T + ¢, B(cyp) =0, A(0) = B(0) = 1.

It has a unique simple solution of the required valuation. The marked-end and toric-tail
check in Proposition B.5 shows that this solution is counted. The wall function is therefore
1 + 2%, Continuation across the wall is the normalized LP mutation. After clearing the
possible binomial denominator, positivity implies that the continued expansion has finite
support. Thus it is Laurent in every adjacent chart. The starfish theorem gives M,, CU,’.

At pq, the full defect calculation in Lemma B.3 reduces (7.1) to d € {0, e,}. Divisibility
in an adjacent chart fixes the two coefficients to be one, yielding Y,. For Cep, the box is
supported on one of the interval chains in (6.8)—(6.9). The regular mutation partners impose
di >dg > --- > dy, with d; € {0,1} Thus only prefixes occur. Adjacent divisibility propagates
the straight coefficient one along the chain and gives Wj; see Appendix B.5.

Finally, the image contains all coordinates of each indicated chart and is Laurent in them.
Localizing at their product therefore gives exactly the corresponding Laurent ring, so these
are open charts of the intrinsic spectrum. O

7.2. Triangular valuations. Let M be a normal finitely generated subalgebra of L satisfying
2y, Yo, W) C M C U, and suppose the initial logarithmic form has order zero along
every prime divisor of Spec M. For such a divisor F, put

w, = ordg(Z,) > 0, Aab = ord g (Yap)-

The coefficient units have order zero. The character exponents give an injective map w — A
with

m—d a
> Aaard =0, D Nja=0 (a<m-—d). (7.2)
a=1 j=1
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Write €4 for the array supported at (a,b) and T, 4 = Z?Zl Ajj+d- A unit value at one initial
variable contributes the following array:

B; €1,m—i — €2,m—i+1
R;j €j—it2,m+1—i — €j—it3m+2—i
Ei, a=m-—i €a,a T €a,a+1 — €a+1,a+2 — €a+2,a+2
P €11 + €12 — €23 — €33
Q €12 — €23.

Each is a forward diagonal flow. The partial sums recover the initial values; the explicit
inverse formulas are in Lemma B.7.

Diagonal rigidity. We first consider real arrays satisfying (7.2).

Lemma 7.3. If A # 0 satisfies (7.2), then some horizontal arrow and some vertical arrow
have negative value.

Proof. The outermost diagonal has a single entry and is zero. Suppose first that all horizontal
arrows are nonnegative. If the next outer diagonal is zero, the horizontal arrows into the
current diagonal force every entry except its first to be nonnegative. The first is nonnegative
because T7 4 > 0. Since the total on the diagonal is zero, every entry vanishes. Descending
induction makes the whole array zero.

If all vertical arrows are nonnegative, a zero outer diagonal forces every entry of the
current diagonal except its last to be nonpositive. The last is also nonpositive, being the
negative of a nonnegative proper partial sum. Again the zero total and descending induction
make the whole array zero. Both conclusions contradict A # 0. O

Lemma 7.4. Suppose (7.2) holds. Suppose every arrow is nonnegative except the four directed
sides of the square

(k,0), (kt+1), (k+1,0, (k+1,6+1), 1<k<(<m-—1,

and all four exceptional arrow values equal —1. Putd = {—Fk. Ifd > 2, then A\ = €} ¢— €j41,041-
If d =1, then for somet € [0,1],

A= €k ki1 — kg1 ht2 + L€k — Ept2,kt2)-

If this array comes from nonnegative integer initial values through the displayed flow table,
exactly one initial value is one and every other initial value is zero.

Proof. Write A((f) = Aa,a+s- Whenever the relevant arrows are nonnegative, their inequalities
are

AGTD < () < g(stD) (7.3)

a
At the two missing extreme positions the corresponding bounds are respectively Ags) > 0 and
ASZ),S < 0, by the partial-sum conditions.

Every diagonal of gap greater than d is zero, by downward induction using (7.3). On
diagonal d, the vertical exception from (k,?) to (k,£ + 1) forces the value 1 at (k,¢); the
horizontal exception from (k,¢+ 1) to (k+1,¢+ 1) forces the value —1 at (k+1,¢+1). The
other entries vanish by the general bounds and the terminal position bounds.

On diagonal d — 1, the other two exceptional arrows both force the entry at (k + 1,¢) to
be zero. The bounds (7.3) leave only two other possible nonzero entries: the entry at position
k lies in [0, 1], and that at position k + 2 lies in [—1,0]. The zero total makes these ¢ and —t.
If d > 2, the entry at position k + 1 of diagonal d — 2 satisfies t < A,(ﬁ;lm < 0. Thus t = 0,
and the remaining inner diagonals vanish by downward induction. If d = 1 there is no further
inner diagonal, giving the stated family.

For an array coming from the seed, equations (B.11)—(B.12) finish the argument. When
d > 2, the only nonzero proper diagonal partial sum is T}, 4 = 1, so it is a single B or R value.
When d = 1, the only nonzero diagonal-one partial sum is 7} ; = 1, and the diagonal-zero
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partial sums are T} g = Tx+1,0 = t. The recovery formulas give orders ¢t and 1 — ¢ to the two
variables in the corresponding repeated-exchange pair, and order zero to every other initial
variable. Integrality gives ¢ € {0,1}. Thus one member of the pair is selected, never both. O

Boundary Newton simplices.

Lemma 7.5. Every nonmonomial face of a boundary function in (6.11) defines, after division
by one of its monomials, a smooth irreducible hypersurface in the torus of its difference lattice.
This lattice is saturated in the full character lattice and in any primitive weight-zero sublattice
containing it.

Distinct horizontal boundary functions have disjoint sets of column directions, and so do
distinct vertical boundary functions. The sets for Hi and V; intersect in the single column
cij, where j =i+ k—1, if (i,7) is mutable; otherwise they are disjoint. If nonmonomial
faces of two distinct boundary functions have translates as Newton polytopes, then they are
consecutive two-vertex faces of one Hy and one V; at such a shared column.

Proof. In the initial indexing, the successive support differences are

Hy: coky1,C3k42,- 5 Cm—kym—1,
Vit Cim—1,Cim—2,.-.,Cij.

All are distinct columns of the unimodular matrix C. A cumulative chain built from part of
an integral basis is a unimodular simplex: its differences from the first vertex are related to
those columns by a triangular integral matrix with diagonal entries one. Every face of this
simplex is unimodular in its affine lattice. A nonmonomial face polynomial is therefore, after
a Laurent monomial change and a unit factor, 1+¢; +---+ts with s > 1. This is smooth and
irreducible on the corresponding torus. Saturation in a weight-zero sublattice follows from
saturation in the ambient lattice, since the former quotient embeds in the latter quotient.

Different horizontal chains have different values of j — ¢; different vertical chains have
different first indices ¢. This proves the disjointness assertions and the formula for their
unique possible intersection. Because all ¢, are part of a basis, the linear spans of two sets of
columns intersect in the span of their set-theoretic intersection. Equal nonzero face-direction
spaces therefore require one horizontal and one vertical chain and must be the line Re;;. Each
face is consequently an edge. A difference between two vertices of a cumulative chain is a
sum of consecutive distinct basis columns, so it is parallel to a single column only when the
vertices are consecutive at that column. (]

Proposition 7.6. For every prime divisor of Spec M, the vector w is zero or a coordinate
vector €,.

Proof. Suppose w # 0. Then X # 0. The zero diagonal totals and nonnegative partial sums
in (7.2) force a negative horizontal arrow and a negative vertical arrow (Lemma 7.3). Thus
at least one Hj and one V; have negative minimum monomial value.

The supports of these boundary functions are cumulative chains of distinct basis columns
of C. Each support is a unimodular simplex, and every nonmonomial face is, up to a character
factor and an integral torus change, 1 +t; + - - - + t5. Corollary 5.4 therefore implies that all
negative faces have minimum —1 and define the same irreducible hypersurface. Their Newton
polytopes are translates.

Different horizontal chains have disjoint column directions, as do different vertical chains.
The chains for Hj, and V; share at most the one column ¢;; with j = ¢+ k — 1. Lemma 7.5
consequently forces the negative faces to be consecutive edges of precisely one horizontal
and one vertical boundary function. Their four monomials are the sides of one elementary
square, each with value —1. All other arrows have nonnegative value: in a boundary function
with negative minimum their values are integers strictly greater than —1, and the remaining
boundary functions have nonnegative minimum.

The diagonal induction of Lemma 7.4 now determines A. Away from the main diagonal it
is a single forward flow. For a square adjacent to the diagonal, the only possible ambiguity is
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t,1 —t on a pair of variables sharing an exchange polynomial, with 0 < ¢ < 1. The inverse
formulas of Lemma B.7 and the integrality of w force t = 0 or 1. In either case w =e¢,. O

7.3. Global comparison.

Proof of Theorem 7.1. We apply the intrinsic mirror comparison theorem of [7] to the image
M, of Proposition 7.2. The variety U, is smooth and factorial, so [7, normality of the intrinsic
mirror algebra] gives finite generation and normality. Its initial torus is an intrinsic open chart
by the local comparison, and [7, logarithmic volume on an intrinsic mirror| gives order zero
for the logarithmic form. Proposition 7.6 then shows that at most one initial mutable variable
vanishes along a prime divisor. All hypotheses of the comparison criterion are satisfied.
The boundary functions were identified in the local comparison, so the isomorphism
respects every component of the Coxeter boundary. O

Remark 7.7. Under B, /P, ~ Dy+1/P,+1, the signed subset coordinates and prefix—suffix
Coxeter boundary agree (Remark 3.3). The mirror theorem, including its boundary functions,
therefore transfers by replacing the type-D index with n+1. For B;/P; = P! and By /P, = P3,
the frozen-inverted cones are tori; their mirrors are the dual tori with the sums of the boundary
characters as potentials.

7.4. The quadric case D4. For n = 4 the mirror has two mutable variables P, Q, with
common exchange polynomial 1+ xg. Set

1+ ko

PQ
The first mutation in either position gives R; subsequent mutations recover P or ). Thus
the ordinary algebra is generated by P, Q, R.

Sy =Clwg',... k7Y, R=

Proposition 7.8. There are isomorphisms preserving the boundary functions
Aint(U4>1 =~ AX = ull/ = ‘yll[P? Q? R]/(PQR -1- HO)'
For a,b € Z, k € Z5 and d = max(0, —a, —b), the theta function with label (a,b;k) is
G(a,b;k) — /ikPaQb(l + HO)d — /ikPa+de+de.

Proof. The complementary spinor coordinate bounds the contact degree by d. Since the
unique contact direction is the kg direction, write the intrinsic expansion as k*P2QP f (Ko),
where deg f < d and f(0) = 1. Laurentness in the adjacent P chart forces (1 4 rg)™x(0:—a)
to divide f, and the @ chart forces exponent max(0,—b). The combined exponent is their
maximum, namely d. Hence f = (1 + ko).

The monomials P'Q’ R’ with 4,7, ¢ > 0 and min(i, j, /) = 0 form a free .#}-basis of this
quotient: use the monic relation to reduce every factor PQR. Their images are linearly
independent in .7;[P*!, Q*1], since the exponent pair (i — £, j — £) determines the triple in

this normal form. The same divisibility calculation describes the upper LP algebra. This
proves the presentation and the asserted equalities. O

The six boundary functions, in Coxeter order, are
Pa R7 'V”'lQa K’ZPa K’3R7 H4Q'
In particular W = (1 + k2)P + (k1 + k4)Q + (1 + k3)R.

8. EXCEPTIONAL MIRRORS

8.1. The Cayley-plane mirror. Let Rg be the Cayley-plane coordinate ring, with the
twelve frozen coordinates of Section 4. Set

UGISPGCR6[(G1"-G12)_1], yﬁZC[ il,..., ?:21]
For the Newton construction we choose the chart

(21,27, 23, T4, 1), t1 = 12427210 — A3A6090A12.
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It belongs to the family J of [4, Theorem 5.4]; their table uses a different representative of
that family. The three-mutation comparison is given in Appendix C.1. Its integral Newton
characters are listed in Appendix C. We first give the rank-ten mirror and its boundary
functions, then identify the intrinsic algebra.

8.1.1. The seed and affine model. The mutable variables are (s, u,v,p1,...,p7). Define

7
P=1]p: I = p1p2ps, T = pspepr, Q = paT,
=1

R = pop3pepr, L = p3T, H = p1papapr,
E=(1+R)(1+Q)+uwL(l1+H).

The ordinary exchanges and associated exchanges are

| B | E
s E E/u
u 1+Q 1+Q (8.1)

I+s+Q| (1+s+Q)/Q
Di 1+s (1+5)/(P/pi).

Their first-mutated functions are

<

E _14+Q _ 1+s54+Q 1+s
- = — ’ S k= ) 8.2
f su b U Y V@ P (82)
The mutation word (u,v, s) gives one further function,
E+s(1+R) pi(1+R)v+psu(l+ H)
g= = . (8.3)
svT’ s
Define C Lo

B — [Pl:---ap% ,U,U,U,U,f,g}. (84)

wu—1—Q,

vv — 1 — 1lk,

Tvg —uf —1—R,
pavf — g — ps(1+ H)
In this ring, s = Pk — 1 = Quv — uu.

Proposition 8.1. The ring $Bg is a smooth integral ten-dimensional complete intersection.
The formulas above identify it with the ordinary and upper LP algebras of the coefficient-free
seed (8.1). Restoring the seven coefficient characters gives

A(Bg) =U(Zg) = S ®c Do
The initial and adjacent tori cover codimension one.

Proof. The affine calculations in Appendix C.3 cover the model by D(s) and D(Pk), since
Pk —s =1. On the first open the last two equations eliminate f, g with determinant s; on the
second, the unimodular character change eliminates @, Ik, R, H. These are smooth integral
charts of dimension ten. The same calculation proves that s,u,v,p1,...,pr are distinct
primes and that their partners are generically nonzero. Normality and the finite upper-bound
theorem identify the ring with its eleven-chart Laurent intersection. All fourteen generators
occur under mutation, so the generated and upper LP algebras coincide as well. O
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8.1.2. The twelve boundary functions. The boundary functions have the following polynomial
representatives:

Wi =k, Wo = pa,

W3 = p1papapskf — pau — psv(1 + H), Wy = p,

W5 = pr, We = (69,

Wz = (rpe, Ws = (spe,

Wy = Co(kf — prv), Wio = Ciops,
Wi = Cups, Wiz = Ci2(p1pspekg — pev — p1u).

Although these representatives contain minus signs, their initial Laurent expansions are
positive. For the three nonsimple expressions, these expansions are

E 1
e E+s(+Q)
Sup3pepr
E+s((1+R)(1+Q)+uvl)
W9 = €9 suP )
E+s(2+Q+ R+ uvl) + s
Wiz = (12 5 :
SV p2P3pP4PsP6P7

They follow from (8.4) and Pk = 1 4 s. The superpotential is W = Y12, W.
8.1.3. Intrinsic identification.

Theorem 8.2. Local theta expansions induce an isomorphism
Aint(Us)1 — s @c Be.
The theta function labeled by a; = 0 maps to W; for each 1 < ¢ < 12.

Proof. The integral Newton change gives Us = X x G7 . The source bounds and four wall
calculations in Appendix C.4, together with [7, intrinsic Laurent expansion and trace theorem],
put the intrinsic algebra in the eleven-chart intersection % ® %Bs. Proposition C.1 identifies
f,u,v,k, g by finite Laurent interpolation. Together with the straight coordinates these are
all the affine generators, so [7, intrinsic mirror comparison theorem, generator criterion] gives
equality. The same proposition identifies W3, Wy, Wis; the other boundary functions are
straight coordinates or the specified unit multiples of k, g. Compatibility with torus products
[7] restores the seven coefficient characters and all twelve markings. (]

8.2. The Freudenthal mirror. Let
UF:SpecR7[(ao---a17)_1], y7:(C[ (:)tl,..., ;tl]

The integral characters in Appendix D define a chamber for the seed of Theorem 4.2. Their
dual mutable coordinates are v1, ..., v99; the other eight dual characters are the coefficient
units o, ..., (7. We define ¥ and its eighteen boundary functions below.
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8.2.1. The seed and boundary functions. Put I; = {1,5,15,18}, I = {6,7,12,13,20}, I3 =
{11,14}, and I, = {16,17,19}. The ordinary exchanges are

1 EZ

I | vi1 + w3

Iy | v + vgg

I3 | vivg + v19v3

Iy | vi4v2 + V2004

2 | v10V16V17V9 + V120130200406
3 | v1V15V17V18V5 + V11014

4 | v10v15V16V17V19 + V11V14V2
8 | v13v + v17

9 | v12v13V19V6V7 + V2

10 | viovg 4+ vovus.

For i € I, the associated Laurent exchange is EZ = Ei/HjEIg\{i} v;. For ¢ =2,3,4,8,9,10, it
equals E;. These formulas define the mirror LP seed 3Y; repeated ordinary exchanges are
not assigned trivial normalizers.

For the boundary functions we use the following mutation partners:

v11 + U3 Vg + Vg9
m= ) 2 = )
V1V5V15018 V6U7V120V130V20
V1V + V1903 V1402 + U204
N3 = y Ma =
V11014 V16017019
_ V13U20 + V17 _ V12013V19V6V7 + U2 V1204 + V2Us
T8 = ) T9 = , T10 = .
Ug Ug V10

Write W, = ¢;W;, where ¢; = (j for 0 < j < 8 and ¢; = 1 otherwise. The eighteen functions
are

Wo = v1s, Wi=uwv5, Wa=us,
= V17 + V14 = = V10015 + V1174
Wyg=——"— Wy=mn, Wy;=———"—,
V3 V4
Wr = w3, Wo =wv7, Wi =012,
W11 = ve, Wigs =18, Wiz =mo,
= V10V7 + 4T = =
Wiyy=—"—"— Wig=m, Wit =11,
Vg
with V16T V16V17V VgT
= 1678 16V17V9 6710
We = + + ,
V13020 V13V2V20 V2
— V19 + V2072
Wg=——"—,
(%]
g V16 V18710 V15V16V17V18V57]3
Wisg=—+ + .
U3 U4 V3V4

The superpotential W = 2]1-10 W; has forty distinct Laurent monomials in the full character
lattice, all with coefficient one. The degree character is qp, = H;‘:o Gj-

8.2.2. Newton reconstruction.

Proposition 8.3. The seed Y and the functions W; are the Newton reconstructions from
Y7 in the chamber val(x;) > 0. All W; belong to U(XY). The character matriz is unimodular,
and the twenty x; span the saturated support-difference lattice.

Proof. The linear coordinates and the cubic mutation f! = F t/(hf) form a family of 57
regular functions. The least monomial of

2 2 3
G = T{5T2Y14T5Y11T10T13T( Y]
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has exponent (—1,...,—1) in the ten mutable coordinates. The regular-function inequalities
therefore bound a contact correction 5 € Zl>00 by >, Bi < dg(m) at label m. Appendix D
gives the finite support and adjacent Laurent-divisibility calculations. Each primitive facet
has precisely the two allowed exponents occurring in its exchange. Every binomial exponent
difference is primitive, and the two monomials are coprime. Hence the ordinary exchanges
are irreducible. Normalization removes precisely one copy of each other variable having
the same ordinary exchange: specializing a variable in a different binomial leaves either a
monomial or a nonassociate binomial. This gives the stated normalizers. We determine
the wall coefficients from valuations associated with source tori and the eight mixed-contact
calculations in Proposition 8.4. For every boundary label the regularity kernel is one-
dimensional; normalizing the least coefficient gives exactly W;. The starfish theorem [6,
Theorem 1.3] puts these functions in the full upper LP algebra. The determinant and
support-lattice calculations give the last assertion. O

8.2.3. Intrinsic comparison.

Proposition 8.4. The twenty primitive wall functions in the primary chamber are the
binomials E; of §8.2, after removing their monomial factors. Fvery nonstraight term has
coefficient one.

Six valuations from source tori determine the twelve single-contact directions. The five
two-contact and three three-contact cases retain their explicit incidence equations. Both
parts, including the required end conditions, are proved in Appendix D.2.2.

Proposition 8.5. Suppose w € ZQZOO is the character-value vector of a normalized divisorial
valuation with volume order zero, and all twenty first mutations v}, together with the eighteen
boundary functions Wj, are reqular at that valuation. Then w = 0 or w = e; for one 1.

The finite step of the second proposition is computer-assisted. Its proof in Appendix D.2.4
derives rational inequalities for all eighty possible irreducible factors of negative Newton faces;
these leave only zero and the coordinate vectors.

Theorem 8.6. There is an isomorphism of /7-algebras
Aint(Up)y == U(E7)
carrying the theta function indexed by a; = 0 to W; for every 0 < j < 17. The upper LP

algebra is finitely generated, normal, and factorial, and its unit group is /5. Its superpotential
is W =31 W

Proof. The source theorem, full Newton marking and negative regular function of Propo-
sition 8.3 satisfy the Laurent-realization hypotheses of [7, intrinsic Laurent expansion and
trace theorem|. Proposition 8.4 identifies the twenty walls, and §D.2.3 identifies their first
mutations and the eighteen boundary theta functions. Thus the intrinsic image %~ satisfies

5’7[212-,1);, Wj] Q %7 Q U(E\7/)

It is normal, and its initial torus has volume order zero, by [7, normality and logarithmic
volume of the intrinsic mirror]. Proposition 8.5 shows that no prime divisor of %7 contains two
initial mutable coordinates. Hence [7, intrinsic mirror comparison theorem, codimension-one
criterion] gives the asserted equality. The boundary functions were identified before this
global step; finite generation, factoriality and the unit group now follow from the intrinsic
and upper-algebra descriptions. O

9. INTEGRAL FORMS AND VALUATIVE BASES

We now descend the comparisons to the integral forms and apply the valuative-
independence theorem to the intrinsic theta functions.
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9.1. Integral descent. Choose primitive integer exchange polynomials throughout mutation
and retain the independent Laurent coefficient characters. Let Z/{)\QZ be the upper LP algebra

over Z[ﬁjﬁl], with ¢ in place of  in the exceptional cases. Write Ay 7(Ux )1 for the integral
counting algebra at the specialization ¢® = 1.

Theorem 9.1. The isomorphisms of Theorem B restrict to
A z(Ux )1 — Ux 7.

The intrinsic basis has nonnegative integral structure constants and nonnegative integral
expansions in the marked initial chart. Every basis element is integrally Laurent in every LP
seed.

Proof. The finite contact bounds give finite initial expansions with integer coefficients and
distinct coefficient-one least terms. Intrinsic multiplication has nonnegative integer coef-
ficients. Apply the monic integral-descent theorem [7, integral descent for monic Laurent
expansions| to the complex comparisons of Theorems 7.1, 8.2, and 8.6. Primitive exchange
divisibility propagates integral Laurentness, and successive least terms recover the integral
basis coefficients. This argument does not require scalar extension to commute with an
infinite Laurent intersection. (]

Integral Laurentness does not assert coefficientwise positivity in every seed. Nor does the
theorem specialize the independent coefficient characters; only curve-class characters have
been specialized.

9.2. Valuative independence of the intrinsic basis.

Theorem 9.2. In each comparison of Theorem B, the intrinsic theta basis is valuatively
independent for every real monomial valuation in the marked initial chart and in every
reachable LP seed. In particular, for every finite signed sum,

Newt (Z cm®m> = conv U Newt(O,,).
m cm#0
FEvery reqular extended cluster monomial spans an intrinsic theta line. Under the established
integral and positive normalization, it equals the corresponding theta function.

Proof. The source theorems and the regular negative-vertex functions verify the hypotheses of
the valuative-independence theorem in [7]. The local realization in each comparison identifies
its functions with the intrinsic theta functions; the full integral Newton marking only changes
the character basis. The theorem therefore applies to these intrinsic functions. Exact Gauss
transport through the exchange Laurent polynomials gives the assertion in every reachable
seed. A regular seed monomial has singleton Newton support there, so valuative independence
allows only one theta constituent. Integral descent and the specified positive normalization
fix its scalar. O

The theorem applies to the entire mutation pattern. Positivity in every seed, and atomicity
for the LP atlas, require additional arguments.

Corollary 9.3. Let P be a bounded rational polytope in Mg, where M is the full character
lattice, and put
Ap =U(ZX)NSpanc{z®:a € PN M}.
Then
Ap = @ Co,.
Newt(©,)CP

In particular the theta labels occurring in Ap belong to the finite set PNM . Laurent-divisibility
equations therefore give a finite recognition calculation once the corresponding support bounds
are established.
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Proof. Apply the preceding theorem to a theta expansion of an element of Ap. Every nonzero
constituent has Newton polytope contained in P. The converse inclusion is immediate; the
label is a monomial in its theta function. O

For completeness, the familiar vertex ambiguity can be described without introducing a
second basis. Fix the pointing order and put P, = Newt(0,,) and P,, = conv((P, N M)\
Vert(P,,)). We set Ag = 0.

Proposition 9.4. Every monic element with least label m has Newton polytope containing
P,,. The monic elements with least label m and Newton polytope exactly P, form ©,, + APTZ'
Thus this representative is unique precisely when Ap,- = 0.

Proof. Pointing makes O,, the least constituent of any such expansion, with coefficient one.
Newton containment proves the first assertion. If another constituent in Ap,, had a vertex of
P, in its support, a generic weight exposing that vertex would give it and ©,, the same least
exponent. Cancelling the two coefficients would contradict valuative independence. All other
constituents are therefore supported in P,,. The converse follows because adding such an
element changes neither the vertex coefficients nor the least label. O

9.3. The quadric mirror.

Corollary 9.5. The basis of Proposition 7.8 is valuatively independent and Laurent-positive
in every seed over the specified integral coefficient ring. Its elements are precisely the extended
cluster monomials, and it is atomic for the LP atlas. If intrinsic scattering expansions are
coefficientwise positive at every generic endpoint, it is also atomic for the intrinsic scattering
atlas.

Proof. For m = (a,b; k), put d = max(0, —a,—b). The theta polytope is the segment from m
to m + deg, where € is the rq direction. A function in this Newton window is x*P?Q f (ko)
with deg f < d. Adjacent Laurentness requires (14 #o)? | f, so the window is one-dimensional.
Theorem 9.2 applies to every label.

The clusters are {P,Q}, {P, R}, and {Q, R}. At least one exponent in k¥ P¢+IQ'T4IR is
zero, so every theta function is a cluster monomial. In a chart where it is monomial, that
exponent cannot occur in another theta function: Newton containment transports to a chart
where the latter is monomial and would force proportionality. Its coefficient therefore detects
its basis coefficient. This proves LP atomicity. The same detectors work in the intrinsic charts;
under the stated scattering-positivity hypothesis they also prove scattering atomicity. O

10. LIE-THEORETIC STRUCTURE

The mirror construction reflects the degree-and-weight lattice of the minuscule represen-
tation. In type D, its Newton polytope also encodes the minuscule root poset. These give
two Lie-theoretic interpretations of the formulas. Neither identifies the entire mirror with a
homogeneous space or an open Richardson variety.

10.1. The coefficient torus and the weight lattice. Let G be simply connected, let
Te C G be a maximal torus, and write £ = rank G. The degree grading and the Tz-action
act together on Rx. Let A be the character lattice of the initial torus of Ux, and let

’)/X:A—>Z@X*(Tg)

send each initial coordinate to its homogeneous degree and its weight as a function. Put
I'x = im(yx). Thus I'x is the character lattice of the effective degree-and-weight torus acting
on the cone. We use this image lattice, rather than the whole lattice Z & X*(T), to account
for the finite central kernel of the action.

Let Lx C A be the saturated lattice generated by the support differences in the Newton
construction.
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Proposition 10.1. For the three LP structures on the homogeneous coordinate rings in this
paper,

Lx = ker(vx), A/Lx ~Tyx, rank'xy = ¢+ 1.
The mirror coefficient lattice is canonically L = Hom(T'x,Z). Consequently the coefficient
torus is dual to the effective degree-and-weight torus acting on the cone.

Proof. The initial coordinates and the regular functions used to construct Lx are homogeneous
Ta-eigenvectors. Two monomials in the Laurent expansion of one such function have the
same degree and weight. Hence Ly C ker(yx). The action of G,, x T on the cone has finite
kernel: a torus element acting as a scalar on the irreducible representation is central, and G
is simple. Since the initial coordinates generate the function field, their degree-and-weight
characters have rank ¢ + 1. ~

The Newton characters form part of an integral basis of A, and there are dim X — ¢ — 1
of them; see Proposition 6.1 and Appendices C—D. Hence Lx is saturated and has the same
rank as ker(vx). Their equality follows. Dualizing the resulting exact sequence gives

0 —TI% — A" — Ly — 0.

The duals of the complementary characters of the initial torus are exactly the mirror coefficient
characters, so they span Lﬂg. O

The coefficient torus is isogenous to G, x T%, where T;% is the dual torus. This explains
the coefficient ranks n + 1, 7, and 8 for D,,, Eg, and E7. It also explains why the number
of mirror units is not the number A of chosen boundary components. The inclusion of the
coefficient ring gives a morphism

SpecU(XY) — Spec C[I'%].

The chosen lattice basis provides coordinates on its target. The character q corresponds to
cone scaling, and fixing it removes the one degree direction. These multiplicative parameters
are not identified here with either the curve-class parameters of the intrinsic family or additive
equivariant parameters in quantum cohomology.

10.2. The minuscule root poset in type D. For X = OG™(n,2n), put m =n — 1. The
triangular poset

P, ={(a,b):1<a<b<m}
with componentwise order is the minuscule poset for the half-spin representation. In the
usual realization of the D,, roots, its identification with the positive roots outside the Levi of
P, is

(a7 b) > Bab = En—b + En—a+l-
The root order agrees with the poset order, and ht(8,) = a4+b—1 = hy,. Thus the horizontal
and vertical ratios in the potential are indexed by covering relations in the minuscule root
poset; the other two terms are indexed by its minimum and maximum.

If A, is the Newton polytope of the fixed-q potential, Section 6 gives Ay = (2n —
2)O(P,,) — h. For the minuscule embedding, Spacek—Wang identify the order polytope
with a Newton—Okounkov body and establish the corresponding Khovanskii-basis result [19,
Theorem 1.1]. In particular,

#(dO(P,,) N ZF) = dim HO(X, Ox(d)).

The polar relation therefore connects the mirror potential directly to the representation-
theoretic polytope of the half-spin variety. This is a statement about the Newton polytope
and a toric degeneration, not a presentation of the whole mirror as a flag variety.
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10.3. Comparison with canonical homogeneous-space mirrors. Rietsch constructs
Landau—Ginzburg models for G/P using the Langlands dual group and an open Richardson
variety [14]. Spacek and Wang give canonical Pliicker-coordinate models for all cominuscule
spaces and identify them with Rietsch’s models [18]; their exceptional and orthogonal
constructions are given in [17, 20]. These results provide a natural comparison with our
formulas. Here we study the complement of a specified Coxeter orbit, and the mirror theorem
preserves its individual boundary labels. A comparison with a canonical homogeneous-space
mirror must therefore identify both the affine domain and the potential. Agreement on a
torus, equality of dimensions, or equality of coefficient ranks does not suffice.

Example 10.2 (The six-dimensional quadric). Even the underlying affine domains can differ.
At q =1, the D4 mirror in Section 7 has coordinate ring

+1 1 +1 41
(C[’%O 7"11 752 7’%3 7P7Q7R]

(P QR —1- li())
Its units modulo constants are generated by the four ;. The morphism defined by these
units has a nonsmooth fibre precisely over kg = —1, an irreducible hypersurface in the unit

torus.
The canonical mirror of Q% has coordinate ring
C[Ail, Bil, C«:I:l7 Dil,x,x/,y,y/]‘
(xa! —C —D, yy' —AB—D) ’

this is the specialization m = 4, pp = 1 of the exchange relations in [13, Section 5.2, equation
(51)]. Its units modulo constants are generated by A, B, C, D. Indeed, localizing at x, y makes
any unit a Laurent monomial; regularity of that unit and its inverse along x =0 and y =0
forces the exponents of x,y to vanish. Its unit morphism has nonsmooth fibres over the two
distinct irreducible hypersurfaces C + D = 0 and AB + D = 0. An isomorphism of affine
varieties identifies their groups of units and hence these morphisms up to an automorphism
and translation of the target torus. The two domains are therefore not isomorphic. This
example does not exclude a birational comparison of potentials, but it rules out an automatic
identification of their affine completions.

A uniform construction of our Coxeter-boundary mirrors from root subgroups, generalized
minors, or another Lie-theoretic model remains a separate question. Proposition 10.1 and
the root-poset description give intrinsic constraints that such a construction would have to
respect.

APPENDIX A. FREUDENTHAL COORDINATE RING AND CHART COMPARISONS

We prove the auxiliary Freudenthal coordinate-ring statements used in Theorem 4.2. In
this appendix we suppress o on the auxiliary variables h,b,c,d, e, f,g,7,q,u; in particular,
d = y10, whereas the primary seed uses d = x16. The auxiliary seed is ¥7.

A.1. Coordinate convention. We follow the upper-sign convention of [4, Section 6.1].
Indices on a;, x;,y; are read modulo 18; a Coxeter step shifts these indices and interchanges
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21, z9. The defining ideal is generated by the cyclic translates of the eight quadrics:

T1Z2 = azx17 + a2yo + a1y3 + apx4 + ai7aq,

Y14Y1 = T15Y4 — AT10 — A15T5 + ToY11 + T13T2,

Yoy1 = agy12 + Y5&o + Y1623 + a1yY9 + asaie,

T4y1 = T2Y5 + asT17 + a4Y16 — A2y — A1T7,

Toxe = T4Y4a — Q422 — A5Yo — azys + aiar, (A.1)
Y1Y3 = T17%5 + T221 + AoT7 + A4T15 — A2Y11,
YaY16 = Y122 — YsTo — Y1272 — A1T10 + 5015,

Z122 = Y3Yy12 + YrYie + YsY17 + T1T10 + T3T12 + T5T14

+ apag + aza11 — azai2 + a4a13 + aea1s.

The 144 cyclic translates span a 133-dimensional space of quadratic relations. Row reduction
over Q gives this rank, which is unchanged over C. The elimination data are in verification/
freudenthal_quadric_rank_certificate. json.

A.2. Coordinates and exchanges. Let Ry = C[E/7/\P7] Its 56 linear coordinates are
ai, x;,y; for i € Z/18 and z1, z3. The first three families are Coxeter orbits of length 18, while
21, z9 form an orbit of length two. We freeze the a; and put S; = Clag,...,a17].

Define global homogeneous functions

T = T17Y10 — A17%9,
q = T6Y13 — 614, (A.2)
U = T14T4Y7 — A14T4T6 — A3L14T9 — A4T14Y10-
The initial cluster is
(h,b,c,d,e, f,g9,7,q,u) = (1,211, T9, Y10, L6, T14, T4, T, ¢, U). (A.3)
Its degrees are (1,1,1,1,1,1,1,2,2,3).
A.3. Exchange polynomials. Set
P =agai1 f + arbf + agaise + aroef + arode + aqsce.
The ten ordinary exchange polynomials are
Fy, = efq(aodg + azr + ar7(asc + asd))
+ df (er + u)(a1a¢ + aze) + ardq(u + ai4eg),
Fy = ay(aef + q) + e(agars + aiof + azd + azc),
F. = fg(agai1 + arb + agd + aioe) + ag(asdf + aiseg + u),
Fy =1+ ayrc,
Fe=q+tasf,
Fr = u+ ayeg,
Fy =u+ agcf + aqdf,
F, = g(a16d + a17b)(hP + bu) + hdgq(ai1a16 + a15b)
+bg(dg(aof + a1a14) + ar7f(asc + asd) + arzu)
Fy = hP +b(er + u),
F, =c F.|,_o+br{cf(d(a1as + aze) + a3q) + h(Fe|,_, + ascdf + aizceg) } .
In F,, the notation F|,—¢ and F|,—¢ refers to the polznomials displayed above.
The associated Laurent exchange polynomials are F,, = F, /M, where

v‘h b ¢ de f g r q u
M,|def e f 1 1 1 1 bg 1 bd
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Thus o' = F,/(vM,); for example, be b’ = F, and rbgr’ = F.

Each F, is independent of v and has no mutable monomial factor. In the or-
der h,b,c,d,e, f,g,7,q,u, the polynomials are primitive and linear in ag, a9, as,r,q,u,
u, ais, a7, as, respectively. The linear coefficients are monomials coprime to the constant
terms, so Gauss’s lemma proves irreducibility over C. The LP normalization gives the
monomials M, in the table.

A.4. The first mutations. With the same coordinate convention their formulas are

h' = x2q — ar(asx14 + a1v13) — (a1a6 + aswe) w12,

/ /
b = 212, ¢ = x478 — azay,
! /
d = x17, € = Y13,
! /
[ = xay7 — asyro — aswy, g = T14Y7 — A14%e,

/

" = z14(y2yr — x3y10 — T128 + azx11) — Te(a13x1 + a14y2),
/

q = T11Yo — G111,
!

u = x9(1Y16 — G2T14 — A1Y13) — AYQT1T17.

Substitution of the Laurent coordinate expressions gives vM,v' = F,, in all ten directions.
These identities also follow in R; from the injective Laurent chart constructed below.

A.5. The upper coordinate ring. We first establish the initial Laurent chart. Set
LO — S7[h:t1 b:l:l c:|:1 d:l:l e:l:l f:i:l g:lzl Til q:tl u:l:l]
) ) ) ) b ) b 9 ) *

We compute Laurent expressions in Lg for the 56 coordinates from the cyclic quadratic rela-
tions. The complete expressions are in verification/freudenthal_source_coordinates.
json, and the adjacent-chart divisibilities are recorded in verification/freudenthal_
source_divisibilities. json. We check these identities over Q. The first three noninitial
coordinates are

r+ayrc _qtasf u+ ayseg + azcf + agdf

oo e z '

The expressions satisfy the 144 cyclic translates of the defining quadrics in (A.1), which span
the 133-dimensional space of quadratic relations. They therefore define a homomorphism
R7 — Lg. The eighteen frozen coordinates, seven initial linear coordinates, and three functions
in (A.2) map to the 28 independent indeterminates of Ly. The image has transcendence degree
28, so the homomorphism is injective because Ry is a 28-dimensional domain. After inverting
the ten mutable functions, we obtain Rz[(hbcdefgrqu)™'] = L. Every denominator is a
monomial in the ten mutable coordinates; in particular, every frozen exponent is nonnegative.
We also verify all 204 negative-slice divisibilities of (2.1), including the slices with poles
of order two. Thus Ry is contained in all ten adjacent Laurent rings. We now check the
geometric hypotheses of Lemma 2.4.

By Lemma 2.5, Ry is factorial and each initial degree-one variable is prime. For the higher-
degree variables, we use a grading by degree and the seven Cartan weights. All 56 degree-one
weights are distinct. A factor of a homogeneous torus semi-invariant is again a homogeneous
semi-invariant: the connected torus cannot nontrivially permute its finitely many irreducible
factors. Thus a reducible degree-two or degree-three variable has a degree-one coordinate
factor.

Since r, ¢, w are units in the initial Laurent ring, such a degree-one factor must be a unit
there as well. The Laurent expressions show that the only degree-one coordinates invertible
in Lg are h,b, c,d, e, f, g; the frozen coordinates remain polynomial. For each such coordinate
v, we test r/v,q/v,u/v in the relevant complete degree-one or degree-two weight space of
Ry;. Every test is negative. The degree-two spaces used here are spanned by at most six
coordinate products, and are complete because Ry is generated in degree one. It follows that

xT17 = Yyr =
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r,q,u are irreducible, hence prime. Their degree-and-weight vectors are pairwise distinct, so
the ten initial variables are nonassociate.

The same graded calculation proves v { v’ for all ten first mutations. For nine of them the
quotient has a weight absent from the required homogeneous degree. The remaining quotient
B /h is tested against its complete six-product quadratic weight space and does not belong to
it. The required weight-space calculations are over Q. Lemma 2.4 now applies over S7.

Proposition A.1. The rank-ten seed (A.3) gives A(X3) C U(XS) = Ry. Every cluster variable
s reqular on the Freudenthal cone.

A.6. Infinite type.

Proposition A.2. The rank-ten Freudenthal seed (A.3) is of infinite type. More precisely,
after mutating first at h and then at g, freezing the other eight mutable variables leaves a
rank-two LP pattern of exchange degrees (1,4).

Proof. Write H = h/ and G = ¢’ for the two new variables. These are new independent
cluster coordinates; all the other original variables keep their names. Set

K =u+ asef + aqdf,
A = (a16d + a17b) P + dq(aiiaie + aisb),
B = b((a16d + ar7b)u + dq(ao f + arais)),
C =deq(apf + arars),
D = airefq(asc + asd) + du(f(aras + aze) + aiq).
The initial equations have the useful decompositions
Fyl,—g =9C+D, F. = ghA+ ¢B + a17b¢K.
Since Fj, = F,/(def), the first mutation gives
FM = ¢2AC 4 g(AD + defHB) + arzbdefqHK.
In the resulting seed ﬁ'g = F, = K. Substitution g = K/G, clearing G?, and removal of the
single common factor K gives the ordinary exchange polynomial
Q(d) = KAC 4+ G(AD + defHB) + ay7bde fqHG>. (A4)

There is no further factor of K in (A.4). Indeed, set u = —2 and all other variables to 1; then
K =0, whereas Q = —57.

Both mutations leave Fy = r 4 a17¢ unchanged. In the final seed the associated exchanges
in these two directions are

~ ~ Q(d)
Fo=r+ F,. = ,
d=7T a0t befGq

All the factors b, e, f, G, g become coefficient units when the eight variables H, b, c, e, f,G, q,u
are frozen. In particular the active exchange degrees are unchanged. From (A.4) we obtain

[d']Q = asarza16€” fqlaof + araia) # 0,
[d°]Q = asal;bee fGqlagair f + arbf + agaise + aroef + aizce) # 0.
Hence the two degrees are exactly (1,4).
The freezing operation, including its coefficient-unit adjustments, is the one proved
compatible with LP mutation in [12, Proposition 3.7]. By [12, Proposition 6.2 and Theorem

6.4], the rank-two degree pair (1,4) has infinitely many denominator vectors: its real-root
system has Cartan matrix
2 —4
(5 2)

These variables are also cluster variables of the original rank-ten pattern. This proves infinite
type. U
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Here infinite type means infinitely many cluster variables; it does not assert infinite
mutation type, which concerns the exchange data up to the usual equivalence.

Remark A.3. The infinite-type assertion concerns the auxiliary seed (A.3). It does not
exclude a different positive finite-type rank-ten structure as in [4, Conjecture 6.1]. Positivity
throughout this infinite mutation class and mutation equivalence of the Coxeter-translated
presentations are separate questions.

A.7. Comparison of the Freudenthal charts. To relate the auxiliary seed to the primary
seed, start with the ordered cluster

o (o] (o] o
X = (.’L‘l,.iUll,l'g,ylo,x6,$14,l‘4,7“ q U )a
where . .
T = Z17Y10 — A17T9, q = Y13 — a6T14,
(o]
U = XT14X4Y7 — A14T4T6 — A3L14L9 — A4X14Y10-
Mutation words act from left to right, with positions kept fixed.

Proposition A.4. The word (4,9,8,10,4) in the auxiliary original order gives the primary
seed of Theorem 4.2, including its stated global polynomial coordinates. It fixes each frozen
coordinate and identifies both the generated and upper LP algebras.

Proof. Apply the five LP mutations over the original coefficient ring, using the associated
exchange Laurent polynomials. Direct substitution, also in the reverse direction, identifies
the final cluster with the polynomial functions r, ¢, u of the primary seed.

Irreducibility of the primary original exchanges can also be checked directly by primitive
linearity. In the mutable order, one may use

ai,aii, a4, agp, a1, ay, a4, a2, ap, az.

The leading coefficient is a monomial coprime to the constant coefficient in each case. All
normalization tests keep the frozen variables polynomial.

Mutation-equivalent seeds have the same complete mutation class, since LP mutation is
involutive up to the fixed unit convention. They therefore have the same generated algebra
and the same intersection of Laurent rings. The assertions about functions are substitutions
in this common field. U

This argument concerns the original coordinate-ring seeds only. The mirror is reconstructed
and compared with the intrinsic algebra directly in Appendix D; no mutation of an auxiliary
mirror is used there.

APPENDIX B. SPINOR MIRROR CALCULATIONS

We prove the recurrence and triangular-coordinate identities used in Sections 6 and 7.
Throughout, m = n — 1 and the characters and the sets Z, are those of (6.1)—(6.5).

B.1. Normalized cube recurrence. We normalize each interval exchange by its first
summand. Extend the character notation by

Psit = XRy (8<t<m—2), Pss—1 = XB,_1 (s <m—2), Pm—1m—2 = XQ»
and set s = xg, for 2 < s <m —2 and &;,,—1 = xp. Introduce the monomials
Vim—1 =&, Vij = pij—1pijVit1,j+1 (G <m—2). (B.1)

Empty indexed families are omitted, in particular when n = 4. If A;; is the first summand of
the interval exchange Fj;, then cancellation of monomials in the interval coordinates gives

Nii == Fi/Aii = 1+ pii-1 + Vi,

. B.2
Nij == Fij/Aij = 14 pij1+ Vij + pij—1Vitr; (8 <j). (B2)
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At the terminal positions, these specialize to
Ny—1m-1 =14 xpP + X0> Niom—1 =14 pim—2+ & + pim—28&it1.

To prove (B.1), set D;; = %
the products telescope. The same cancellation, with X;;_1 = h, applies when ¢ = j and gives
the four ratios in (B.2).

For 0 <a <b<c<m,set Z(a,b,c) = ququpti,- For 1 <a <b<c<m,the cube
with common set [1,a —1]U[b+1,c— 1] replaces Z(a—1,b—1,c¢—1) by Z(a,b, c). Processing
triples lexicographically gives a sequence of (?) mutations to the complementary-interval
chart.

. Then pit = Dit/Dit1441 and & = Djm—2D;m-—1, SO

Lemma B.1. In the positive x chamber,
XlaXb—a+l,c

lead Z(a,b,c) = L(a,b,c) := e
b—a+1,b

(B.3)
The quotient Py = Z(a,b,c)/L(a,b,c) is a polynomial in the x characters, with constant
term one and linear part Zp€I<b_a+1 » Xp-

Proof. The third product in the cube recurrence gives the leading term in (B.3). The ratios
of the other two leading products are the nonconstant monomials M7, My in (B.5) below.
Induction therefore gives P,p. as a formal power series with constant term one. Homogeneity
and the integral basis put it in Z[x*!] by the Laurent phenomenon for the spinor LPA. The
intersection of these two rings is Z[x]. The axis calculation in Lemma B.2 gives the linear
part. J

For degenerate triples (a =0, a = b, or b = ¢), put Py, = 1.
Lemma B.2. For every mirror position p and every interval t,

Nt|Xa:O (o#p) =1+ ]-t:a(p)Xp-
Moreover Ny has total degree at most one in the variables of its set I;. For every strict triple
a<b<e,

Pabely, =0 (0£p) = 1+ La(p)=(b—a+1,) Xp- (B.4)

Proof. The exchange assertions follow from (B.2). If j < m — 1, every nonconstant summand
is divisible by the one assigned character p; ;_1, and contains it just once. The remaining
factors in the two longer ribbons have other indices. If j = m — 1, the terminal formulas
prove the assertion directly when an exchange polynomial occurs twice.

For the cube assertion put d =b—a+1 and £ = m — c. In the normalized cube recurrence
write

PabcPa—l,b—l,c—l = Mlpa—l,b,c—lpa,b—l,c + MQPa,b—l,c—lpa—l,b,c + Pa—l,b—l,cPa,b,c—lv (B5)

where My = [[5-7 | pas and
&d H;nzzil Pd,ts {=0,

Eare (H§;§_1 Pd,t) <Hi_:%) pd+k,c71+k) (Hﬁfa Pd+k+1,c71+k) , £>1

These are identities of monomials in the initial interval variables. Every ribbon of length
at least two contains at least two distinct characters: the horizontal indices differ, and a
terminal ¢ differs from every p factor.

We prove (B.4) by the lexicographic cube induction. If ¢ > b+ 1, both ribbons vanish
on any single axis. The old factor P, 1.1 and P,_1 1, have the same assigned target
(d,b— 1), or are both degenerate. Their axis restrictions therefore cancel, leaving exactly the
restriction of P, .1, whose target is (d,b). If c =b+1 < m, only My = pgp—1 can survive
on a single axis. On its own axis all four accompanying factors have restriction one, and
it gives 1 4 pgp—1. On every other axis the old and third product factors cancel as before.
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Finally, if ¢ = b 4+ 1 = m, the only possible surviving ribbons are the two distinct characters
&4 and pg.m—2. Each contributes one on its own assigned axis and zero on the other. This
gives exactly the terminal repeated case and completes the induction for every n. (]
For t = (u,v) € M, write ¥y = qu)\jv—ut2,0] = X™P,(x). Tts leading term is
X1 v—ut+1Xum/Xuw; hence h™ = —e,. Lemma B.2 applies to P;.
The full adjacent support is determined by the following tropical identity.
Lemma B.3. For every strict triple a < b < ¢ and every s € M,

—  min o' =1._¢_ .
aGsuppPabc< ;M) s=(b—a+1,b)

In particular the defect of ¥y at ps is 14—s.
Proof. We use induction in the normalized recurrence. A character p, ,—1 has value

_15:(u,v) + 1s=(u+1,v) + 1sz(u—1,v—1) + 15:(u,v+1)
at ps, with inadmissible intervals omitted. A terminal character &, has value —1,_, ;,—1) +
1o(u-tm-2)- Put T'= 1z, O = L—ap-1)y 4 = Ls—(a41), B = ly—(@a-15-1), and
€ = 1lespyr. If A is the value of M;, the three terms on the right of (B.5) have values
AN —cA— B, A — A— B, -0 —¢€T.

Cancellation along the horizontal ribbon gives

c—1 c—2
A—A-B=-T+ ]-s:(d,c) + Z 1s:(d+1,v) + Z ]-s:(d—l,v)'
v=b+1 v=b

For the other ribbon, every assigned negative node after its first is cancelled by a denominator
contribution of the preceding node. The two off-ribbon nodes (d — 1,b — 1) and, when € = 1,
(d+ 1,b) receive positive contributions from the first node. The terminal one-factor case has
e = 0. Consequently \y > —T + B+ cA. If ¢ = 1, the third term has value —O — T and the
others are no smaller. If ¢ = 0, the second and third terms attain the same minimum —O — T
between them, since O and 1" cannot both be one. Subtracting the old value —O proves the
asserted new value —7T'. Subtraction-free tropicalization of the cube recurrence makes this an
identity of Newton minima; coefficientwise polynomial positivity is not being assumed. [

B.2. The adjacent supports. The complementary coordinate 1, has mutable leading
gradient —e;. Its associated slope inequality is a coordinatewise bound 0 < d; < dy,(n) for a
correction to n; see (B.6)—-(B.7) below. Lemma B.3 gives dy, (ts) = 14—s.

Lemma B.4. For n = p,, impose (B.6) for all reqular functions f € O(U,). The allowable
corrections are exactly
d=0 or d=e,.
The resulting mirror support is {ia, tta + Ca}, and its normalized coefficient-one function is
5’CL
HpEIa ZP ‘

Proof. The complementary coordinates and Lemma B.3 restrict the bounds (B.7) to {0, e, }.
The zero correction always satisfies the inequalities.

We show that no other regular function can remove eq. If (hy), > 0, its inequality
is automatic. Suppose (hf), = —k < 0. Adjacent-chart Laurent regularity says that the
coefficient of X% in f is divisible by F¥ in the Laurent ring of the other interval coordinates.
Let A, be the least monomial of F;,. For any p € Z,, the monomial Ay, is another term
of F,, by (6.1)—(6.2). Newton polytopes of products add. Since least exponents add under
multiplication, the divisible slice therefore has the following Newton-polytope point (which
need not be an uncancelled support monomial): hy+kx,. Here x, denotes its exponent vector
in the interval character lattice. Since (x,, tta) = —1 in dual coordinates, d¢(pq) > k = —(hy)a-

zHa(1 4 2%) =
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Thus e, satisfies every regular-function inequality. Finally (6.7) gives the stated Laurent
polynomial. O

B.3. Finite expansions and primitive contacts. The initial and adjacent tori cover
the codimension-one points of U,: its initial coordinates are nonassociate primes, and the
localized chart at a is X,w, = F,. Each centre F, = 0 is smooth on the spectator torus, since
a corner coordinate occurs linearly with a monomial coefficient. The punctured spinor cone
is smooth, and boundary inversion removes its vertex. The initial logarithmic volume form
extends across every rank-one chart, since the exchange replaces its wedge by its negative.
It is therefore a nowhere vanishing form on U,,. These facts verify the smooth affine log
Calabi—Yau hypotheses for the intrinsic algebra.

The common birational model with a toric compactification is the blowup of (X,, Fy)
along each mutable-coordinate ray, with the strict transform of its toric boundary removed.
By [10, Lemma 8.21], skeletal curves avoid the fixed codimension-two discrepancy locus. Thus
every unmarked toric contact is over one of these centres and has direction ¢,, with positive
integral multiplicity. In particular all realized cylinder bends lie in

-2
0= CouiZy, 0= (” 5 )
The columns are independent and saturated, so Il is a free pointed toric monoid. This verifies
[10, Assumption 20.27] for the given blowup model, including its nonbinomial centres.

For a regular function f with unique minimizing exponent Ay in the positive x chamber,
the principal-divisor slope formula [10, Lemma 15.3 and Theorem 15.7] gives, for a correction
d to an incoming label 7,

P > ~5p(n),  Op(n) = (hyCm) — min (uC™,n). (B.6)
u€esupp f
The complementary functions therefore give the coordinatewise bound

0<d <by(n) (teM). (B.7)

The same slope formula excludes a nonconstant attached tropical branch rooted in this
chamber. Such a branch comes from an unmarked analytic disk with one boundary point and
image in U,. If its vector directed from the root into the disk is Cyutd, a regular function
has nonnegative slope there: the slope is its number of zeros in the disk. Applying the
complementary functions gives —d; > 0 for every t. Hence d = 0. This argument concerns
realized analytic twigs and uses no copositivity assertion about arbitrary combinatorial trees.

The free contact monoid and (B.7), together with Lemma 5.1, give finitely many terms
and curve classes before specialization to ¢° = 1. The absence of rooted twigs permits the
two- and three-point gluing identities in the intrinsic Laurent expansion and trace theorem of
[7], which gives the injective algebra map

Oy My — S| 2, My = ().

The zero-contact term is monic. For nonnegative mutable labels the box is zero, so the initial
variables and both signs of the coefficient characters are straight theta functions in M,.

B.4. All primitive facet walls and the adjacent variables.

Proposition B.5. At a generic point of the positive-chamber facet val(x,) = 0, the intrinsic
wall function is 1 4 z°@). Moreover ©,, =Y, for every a € M.

Proof. Take a sufficiently small transverse primitive crossing with incoming direction —e,,.
The axis restriction in Lemma B.2 is the entire local face polynomial of each normalized
complementary function. Its gradient changes by one precisely for t = a(p). The slope formula
for the infinitesimal cylinder consequently gives 0 < dy < 1;_,(,). Thus only the zero-contact
configuration and one simple contact at a = a(p) can occur. Tangency is automatic because

(¢a)p = 0.
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We count the second configuration directly. Normalize the smooth three-marked domain
at 0,00, 1 and write the torus evaluation as ¢ = (¢,). With contact parameter 7, its character
map is

_ (ca)o
Xo(w) = cow™r (w T) . (B.8)

1—7
The same formula in the full basis includes the gauge characters. Every exponent of N, pairs
to zero with ¢, since the interval exchange is independent of X,. The contact factors therefore
cancel in the centre equation. By (B.2), Ng = A(x2p) + XpB(Xx%p) with A(0) = B(0) =1,
and the incidence equation is

Alepp)T + ¢pB(czp) = 0.
Give ¢, valuation ¢ > 0 sufficiently small relative to the generic positive valuations of the other

x coordinates. The unique solution has valuation J, and the derivative is a unit. Applying
C~1! to (B.8), any interval coordinate has the form

_ 65&
Xo(w) = Xy (epw= (@ e (“’ T) .

1—7
Thus only X, vanishes at the unmarked contact, and it has a simple zero. Moreover
Ny(w) = A+ ¢,B/w has a simple zero there. Consequently F, /X, is nonzero at the contact,
and the map extends through the rank-one chart.

To identify the incidence solution with a counted cylinder, consider the annulus 0 <
val(w) < 20, the principal spine has its only bend at val(w) = ¢, as required by [10,
Definition 20.2]; the tangential displacement of this root is absorbed in the generic evaluation
point. Both exterior tails are toric. There is also a uniform toric-end check: the angular
valuations at the two essential ends are val(c) and val(c) + dc,. All their y entries are positive
after shrinking ¢, because (c,), = 0. If a terminal ray bears another blowup centre, its
normalized equation evaluates to 1+ terms of positive valuation, so the terminal position
avoids that centre. Thus both marked ends lie in open essential toric strata. Start with the
partial toric fan consisting of the mutable-coordinate and terminal rays, and perform the
specified centre blowups. Choose a smooth compactification preserving this partial model, in
particular the open strata over all these rays. The simple incidence solution makes evaluation
generically etale; [10, Lemmas 3.6 and 3.9] then allow passage to a common resolution
while avoiding its fixed codimension-two loci. This establishes the converse from the unique
incidence solution to a counted cylinder. The toric zero-contact curve and this primitive
simple contact each have count one. Hence the primitive wall function is 1 + 2%, with no
lattice or covering multiplicity.

Continuation across this wall, followed by the unimodular basis change replacing e, by ji,
is the first LP mutation. We record why it yields Laurent regularity. The rational transform
of any finite initial theta polynomial has as its only nonmonomial denominator a power of
1 4 2%. The continued local theta series has nonnegative coefficients by its enumerative
definition. If Df is finite, D is a positive polynomial with constant term one, and f is a
positive series in a translate of the pointed contact monoid, then f is finite: every term of f
already occurs in D f, without cancellation. Thus every ©, is Laurent in the adjacent chart.
Applying this to every position and the finite LP starfish theorem [6, Theorem 1.3] gives
M, CU.

Now use the full indicator Lemma B.3 in (B.7), with n = p,. It restricts the theta support
to {tta, pa + co}. Hence ©,, = zM(1 4+ Az%). In any adjacent position p € Z, both terms
have exponent —1 in Z,. Laurent divisibility by &, forces A = 1. This recognizes Y, without
a second incidence argument for a full theta label; in particular it also applies when several
variables share an exchange polynomial. O

B.5. Boundary theta functions. The functions W} are defined in (6.8)—(6.9).
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Proof of the boundary identities in Proposition 7.2. For a distinct frozen coordinate b, the
complementary coordinate i; has order zero along b = 0. Indeed both are distinct degree-one
primes in the spinor coordinate ring; inverting the other initial coordinates cannot create
a b factor. Therefore its least b exponent in the initial Laurent chart is zero. The leading
numerator of ¥y, ) 18 X1 v—ut1Xu,m, SO (B.7) restricts the corrections for Ceq, to zero-one
choices on
ap = (2,k+1), ag = (3,k+2),..., ay = (m—k,m—l).
For Ce;, the corresponding chain is
ay = (i,m—1), ag = (i,m—2),..., ag = (i,17).

The boxes for h and X, are zero.

Let dy,...,d; € {0,1} be the allowed correction coefficients along either chain. For j > 2
apply (B.6) to the regular mutation partner F,, /X, . Its least monomial is the first summand
of Fy; divided by X,;. On the chain its mutable gradient is exactly e,;_, — eq4;, and its frozen
defect at Cey is zero. For a prefix chain this follows from the factor X,_j ,—1/Xu; for a
suffix chain it follows from X, ,41/Xy,. The singleton exchange has the same restrictions at
the marked end. The other factors are off the chain. Thus d; > dy > --- > d; The allowable
supports are precisely the successive prefixes in (6.8)—(6.9).

Write their unknown coefficients as Ag, ..., Ay, with A\g = 1. For the edge assigned to
a;j = (u,v) choose the mirror position pyy—1: it is Ry -1 for u < v, B,_1 for a nonterminal
singleton, and () for the terminal singleton. Restricting its exponent vector to the chain
shows that its only negative slice consists of positions j — 1,7, both with exponent —1.
Their monomial ratio is 2°%. Adjacent Laurentness consequently requires 1 + 2 to divide
Aj—1 + Ajz° in the Laurent ring in the unchanged coordinates. Since Ca; 18 primitive and
nonzero, this is equivalent to A; = \;j_;. Starting with the incoming coefficient one proves
Oce, = W), for every individual label.

Proposition B.5 gives the remaining inclusions. After inverting the initial coordinates,
or Y, and the unchanged coordinates in an adjacent seed, the image is the corresponding
Laurent ring. Hence these tori are open subsets of the intrinsic mirror. O

B.6. Adjacent regularity of the boundary sums. Index the monomials in each boundary
chain from zero. On a prefix chain W7, the negative pairs for B, F,, R4, occur respectively
when k= 1,m —a,b—a+ 2, at positions (a — 1,a), (a — 2,a — 1), (a —2,a — 1). The pair for
P, Q occurs when k£ =1, at (m — 3, m — 2). On a suffix chain Wj,,, the pairs for By, Eq, Rap
occur respectively when i = a+1,a,a,at (m—a—2,m—a—1),(0,1),(m—-b—2,m—b—1);
the pair for P, @ occurs when ¢ = m — 1, at (0,1). Empty indexed families are omitted. The
character exponents show that there are no other negative terms. Their pairwise cancellation
proves adjacent Laurentness, and the upper-bound theorem gives membership in the full
upper LP algebra. Distinctness follows from the chain exponents, or equivalently from the
monomial coordinates below.

B.7. Integral triangular coordinates and their flows. The vectors v, and the characters
Yab, q are those of (6.10).

Lemma B.6. The characters q and yqp form a basis of the character lattice of the initial
mirror torus. Their boundary expressions are those of (6.11).

Proof. Since C' is unimodular, we may work in the initial lattice basis. The inverse formulas
are

ep = V11, e1m = 1 — U, el = Vjt+i,m — Vjm (J <m).
For 2 <i <5 <m, put
D(i,7) = vj—it1,m+2—i — Vj—itlm+l—i-
Directly subtracting the two sums in (6.10) gives D(i,j) = > ; e;s. Consequently
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Every initial basis vector has therefore been expressed integrally in these N vectors. This
proves unimodularity.
For a horizontal arrow, with i = m + 1 — b, the same subtraction gives

) m—b
Uk+41,b — Ukb = Z €rrtk—1 = €1k + Z €t41,t4k-
r=1 t=1

As b decreases from m to k + 1, these are exactly the cumulative exponents of the coordinates
defining Wy;. The vertical arrow with index a has exponent

m

Va,m+2—i — Va,m+1—i = Z €is-
s=i+a—1

As a decreases from m + 1 — 4 to 1, these are exactly the cumulative exponents defining W;,,.
The other two boundary functions follow from the first two inverse formulas. O

Call an arrow y,+1,/Yap horizontal and an arrow ¥y, p+1/Yqes vertical; these names fix the
conventions regardless of how the triangular diagram is drawn. Give the initial variables
nonnegative real values w, and give every r; value zero. Set

Aab =w(ab),  Toa= Njra 0<d<m—1,1<a<m-—d).
j=1

Let €4, denote the array supported at the single cell (a,b) with value one.

Lemma B.7. The contribution to \ from a unit value of each initial variable is as follows:

B; €1,m—i — €2,m—it+1
R;; €j—it2,mA1—i — €j—it+3,m+2—i
E; (CL =m — 'l) €a,a T €a,a+1 — €at1,a+2 — €a+2,a+2 (Bg)
P €11 + €12 — €23 — €33
Q €12 — €23.
In particular,
To—aa =0, Toa>0 (a<m—ad). (B.10)
More precisely, set
b1 = wp, q1 = wWq, pozpmflzoa
Pa = wEm—a? da = me7a77n72 (2 S a S m — 2)
Then
Ta,0 = Pa—1+ Pa (1<a<m), (B.11)
Tog = Pa+ Ga (1§a<m—1),
=1
Toha= WBm-d-1 “ ’ (d>2, 1<a<m-—d). (B.12)
me+1—a—d,m—d—17 a Z 2’

The map w — X\ is injective.

Proof. We compute the coefficient of each character in v,p. Fix a cell (a,b), put L =m+1—b,
and write A, = 1,<, and Uy = 14<441. The coefficient of e,5 in vyp is [vgp © €rs] = 1— A, Us—y-.
This remains valid for an empty interval X,.,_; = h, since U_; = 0. Pairing the exponent
vector of xg,; with this formula gives

(Aig1 — AU + (Aici — A ) Ui + (A — A1) Uj—ip0.

It equals 1 exactly at (a,b) = (j —i+2,m+1—1), equals —1 exactly at (j —i+3,m+2—1),
and is zero elsewhere. The character xp, gives (A; — A;12)Uo + (Air1 — A;)Uy, giving its two
indicated cells. With ag = m — i, the character x g, gives

Ailaé{ao,ao—l-l} - Ai*l 1a€{ag+1,ao+2} .
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The domain a < b restricts its nonzero cells to precisely the four shown in (B.9). Substituting
i = m — 1 in this last calculation gives the exponent vector of xp, using X,,—1,m—2 = h.
Finally the character x¢ gives —(1r=m—2)U1 + (1r=m—2 + 1r=m—1)Uo, which is €12 — €23.

The FE; column is the sum of two successive forward flows on diagonal zero and one
forward flow on diagonal one. The P column is the same pattern at a = 1, whereas () has
only its diagonal-one flow. Every column has total zero on each diagonal and nonnegative
proper partial sums, proving (B.10).

Taking the partial sums of these individual columns gives (B.11)—(B.12). These equations
also recover w from A: first recover the far-diagonal B and R values; recover p, recursively
from py = 0 and p, = T,0 — pa—1; finally recover g, = Ty.1 — Pa- |

APPENDIX C. CALCULATIONS FOR THE CAYLEY-PLANE MIRROR

We describe the change of characters on the Cayley-plane torus, the affine charts, and
the contact counts used in Theorem 8.2.

C.1. The Cayley-plane transition. In the published order (x1,x2,x3,x4,ys3), the word
(3,2,5) gives (z1, 7, 23, 24,t1). The first relation identifies z3 = (y3 + azza + aj04)/x3; the
next two identify x7 and ¢ = z1x427210 — asagagais. The full seed updates and their inverses
give exchange support sizes (2,2,5,2,12) and degrees (1,1,1,1,4). The seed belongs to the
family J in [4]; the representative in their Table 3 uses za, not the z3 of this chart. This
identifies the Newton chart of Subsection 8.1 with a seed in the published mutation class.

C.2. The Cayley-plane chart and Newton coordinates. We use the Daisey—Ducat seed
(1,27, 23,24,t1). Put Kk = asagagaiz, and take the following ten characters of the initial
torus:

o =1/, 1= z127/(asay),
v =1z127/(a6a12), p1 = asx1/(ar1ag),
p2 = azr174/(a101209), p3 = a10717774/(a1a12a309),
pa = azr123/(araizag), ps = anx1r723/(a1a12a6a9),
pe = agr1x72423/(a1a12a306a9), p7 = asxirrryzs/(aiaiyazagag).
Their exponent vectors, followed by those of ag,...,a12, form a unimodular basis of the

seventeen-dimensional character lattice of the Cayley-plane torus. The dual coordinates are

(S,U,U,pl, s 7p7;C6> . '7(12)-

Thus s is dual to o, v to u, v to v, and p; to p;. Duality of lattices is meant here; the two
coordinate systems belong to dual tori.

Choose the chamber in which all ten characters of the initial torus have positive valuation.
The normalized numerators of the regular functions x1g, 22, ¥3, respectively, are

Ny=1+0, N.=01+p)(l+v)+o, Ne=Q1+v)(1+p1+p2+p3)+pat--+pr.
Their leading mutable denominators are xyx7x4, x12723, and t1. For a label
m = (Mg, My, My, My, ..., Mp, ),
we write a correction in the five mutable directions as b = (b1, b7, b,, bg, by) € 2520. Regularity
gives
b1 + by + by SA(m), b1 +b7r+ b, SB(m), by SC’(m) (Cl)

Here

A(m) = max (0, —m,),

B(m) = max(0, —=my, —my, —m, —my,, —Mmy),

C(m) = maX(Ov —My, {7m,0i}’i7:1’ {*ml/ - mpi}?:l)'
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Indeed these are the tropical defects of the three normalized polynomials paired with the
mutable parts of their leading exponents. All five correction coordinates are bounded, with

at most
min(A,B)

C+1) > GHYA-j+1)(B-j+1)
j=0
possibilities. Indeed, there are j+1 choices for (b, b7) with by+b7 = j, followed by independent
choices for b4, b,, b;. The intrinsic support bound follows from the model for contacts with
the mutable-coordinate divisors and the slope inequality proved below.

C.3. Affine charts and prime divisors.

C.3.1. The open set where s is invertible. Let

(C[pl’ - P7s k? U, U, U, T}]
(vu—1-Q, vo —1—TIk)’
The two equations involve disjoint sets of variables, so Z is a product of two smooth fivefolds
of the form ab = 14 cjcacsey. Such a hypersurface is smooth: a putative singular point would
have a = b = 0, hence all ¢; # 0, while the derivative with respect to each ¢; is nonzero. It is

integral by primitive linearity, or by localization and the same equation.
The last two equations of (8.4) are the linear system

e ) () = Gt )
pav —u ) \g ps(L+H))"
Its determinant is s. Therefore Yg|s0 ™~ Z|s20, and Cramer’s rule yields

sf=010+R)u+vL(1+ H), sg = pa(l + R)v + psu(l + H).
These imply (8.2)(8.3) on the initial torus.

Z = Spec

C.3.2. The open set where Pk is invertible. On this open all p; and k are units. Set J = 11k
and g = T'g. The eight characters (Q, J, R, H, L, ps, ps, k) are a unimodular basis of the torus

with coordinates (p1,...,p7, k). The exponent matrix is
0001 1110
111000 01
01 100110
11010010
0010111 0f dt=L
0000 10O00O0
000O0O0OT1TUO0OFD O
000 0O0O0OTU 01
The inverse is
p1 = HLps/(QR), p2 = Rps/L,
ps = QJ/(Hpspek), pa = Q°J/(H Lpspsk),
with ps, pg, £ unchanged.
The defining equations eliminate four unit characters:
Q=uu—1, J =vv—1,
i—1of —ug — L C.2
R=vg—uf —1, H:(uu )vé 49 . (C2)

Thus this open is a localization of
(C[U,’lj,’l),’f),f,g, Lilap%t17pz‘)t17kil]a
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obtained by inverting the four numerators in (C.2). It is smooth and integral of dimension
ten.

Since Pk — s = 1, the two opens above cover Yg. Their intersection is nonempty. This
proves smoothness and integrality globally, not just at generic points. It also proves that the
defining ideal has height four and gives the stated complete intersection.

C.3.3. The coordinate divisors. For p; = 0 one has s = —1, so the quotient lies in the s-open.
If ¢+ < 3, then vv = 1; if ¢ > 4, then wu = 1. In either case the remaining product description
of Z proves that the quotient is a domain. Thus every p; is prime.

For u = 0, the s-open quotient is a localization of Z/(u), which is integral because Q = —1
and the other fivefold factor remains integral. The Pk-open quotient is a localization of the
polynomial/Laurent ring above with u = 0, hence is integral. These quotient opens have
nonempty intersection, so %s/(u) is a domain. The same argument applies to v.

Finally, s = 0 implies Pk = 1, so this entire divisor is in the second open. There its
equation is (uu — 1)vv — uu = 0. As a polynomial in v, its coefficient (uu — 1)v is coprime
to its constant coefficient —uu. Primitive linearity proves irreducibility, and the localization
is nonzero. Thus s is prime. The same descriptions show that the ten primes are pairwise
nonassociate.

The torus charts. All fourteen generators of (8.4) are cluster variables for (8.1): w,v,p;
are initial, k, u, v, f are adjacent variables, and g comes from (u,v,s). The coordinate s is
recovered as Pk — 1.

By the LP Laurent theorem [12], the ring % embeds in every seed Laurent ring. In
particular each initial and adjacent cluster defines an open torus of Yg: localizing at its
coordinate product gives exactly that Laurent ring.

At the prime divisor s = 0, f is nonzero at the generic point; at © = 0 and v = 0, the
same holds for u and v; and at each p; = 0, it holds for k. All other initial coordinates are
units at the corresponding generic point. Hence these eleven tori meet every codimension-one

point. Normality gives
7

PBs=LoNLsNLyNLyN () Ly, (C.3)
i=1
The Laurent theorem and generation give
B C .A(Ev) - U(EV) CLgn ﬂLz = Bg.

This proves the algebra identity in Proposition 8.1.
The volume form and units. The initial logarithmic form

8 u v p1 p7
agrees up to sign with the analogous form on every adjacent LP torus: an LP exchange replaces
one logarithmic differential by its negative plus a linear combination of the other differentials.
Therefore w has no zero or pole at any codimension-one point. Smoothness and extension of
sections of a line bundle across codimension two make it a global nowhere-vanishing volume
form.

Localizing %s at the ten prime initial coordinates gives a Laurent polynomial UFD.
Nagata’s criterion then proves that % is a UFD. For units, a unit and its inverse in the
initial Laurent ring have the form \s®uv¢ ] p?i. Comparing with the adjacent Laurent ring
forces each corresponding exponent to vanish, because the exchange polynomial is a nonunit
irreducible there. Thus the only units of the core are constants. Restoring the seven coefficient
units gives precisely their free unit lattice, modulo constants.

w

C.4. The torus factor and the contact directions. We split off the seven invertible
characters and write X for the affine variety obtained from the frozen-inverted Cayley-
plane cone by splitting off the seven torus factors ag, ..., a12. Smoothness and this product
decomposition are justified below. Its initial torus has characters (o, u, v, p1,. .., p7). These
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are the Newton coordinates introduced above. The five mutable regular functions, in their
original order, are (x1,x7, 23,24,t1); the other five coordinates of the core are invertible
regular functions. Relative to the ten-character basis, the five mutable divisor directions are

O B VvV p1 P2 pP3 P4 P55 P P1
nn/0 1 1 1 1 1 1 1 1 2
n,|0O 1 1 0 O 1 0 1 1 1
n,0O OO 0 0O 0O 1 1 1 1 (C4)
ng|0 OO 0 1 1 0 0 1 1
mw|1 00 0 0 0 0 0 0 0

They are independent and generate a saturated sublattice. All entries are nonnegative. The
normalized centre equations in the corresponding toric blowup charts are

T1,X7,T4 140
23 14+w(l+v)+o (C.5)
t (I+v)(1 4 p1+ p2 + p3) + pa+ ps5 + pe + pr7.

The centre N, = 1 + ¢ occurs on three distinct boundary divisors with the same centre
equation. Repeated centres must not be replaced by independent binomial walls.

C.5. Contact interpolation on the Cayley-plane complement. The Cayley-plane
coordinate ring is factorial, and its five initial mutable functions are pairwise nonassociate
primes. Its initial and adjacent LP charts therefore cover codimension one. On the open
where the other coordinates are invertible, an associated exchange x;z; = F;/M; becomes
z,w; = F; w; = M;ax}. This is the blowup of the ideal (z;, F;) in the toric chart for the
ray n;, with the strict transform of its toric boundary removed. The centres in (C.5) are
smooth. For the second centre one can differentiate with respect to o; for the third, with
respect to psg. The repeated first centre is likewise smooth. Thus these charts give a big open
X° C X, with the stated centre equations.

The punctured Cayley-plane cone is smooth because it is the complement of the zero
section in the tautological line bundle. Inverting the boundary coordinates removes its vertex;
the torus-factor decomposition then preserves smoothness and splits the volume form. On
the initial torus take the standard logarithmic volume form. In a smooth rank-one chart
x;w; = Fj, choose F; as a local coordinate. The identity

dl‘i

Ly
shows that this form extends without a zero or pole across the generic point of each missing
mutable-coordinate divisor. The boundary complement is smooth, and the rank-one charts
cover codimension one, so the form extends everywhere and nowhere vanishing. Together
with the open torus this gives the log Calabi-Yau and maximal-boundary hypotheses of [10,
Section 2].

The unimodular character change defines an action of H = (G,,)” on the initial torus:
it fixes o, u, v, p; and scales ag, . .., a12 independently. The normalized exchange numerators
(C.5) are invariant, so every initial and adjacent coordinate is an H-eigenfunction. Normality
and the codimension-one chart cover identify O(Us) with the intersection of these Laurent
rings. That intersection is therefore Z7-graded. The units ag,...,a12 have the standard
basis degrees; multiplying a homogeneous element by the corresponding inverse unit makes it
degree zero. Consequently the coordinate ring is

O(X)lag",...,aid],  O(X) = OUs)".
Thus the decomposition is an isomorphism of affine varieties. Smoothness descends to X, and
the unimodular logarithmic volume form splits as the core form times ]1‘16 dloga;. For an

H-semi-invariant regular function on Ug, we multiply it by the unique Laurent monomial in
ag, - - - ,a12 that makes its H-degree zero before regarding it as a function on X. We keep the

AN dF; = dx; N\ dw;
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same symbols for these core functions, including 1, x7, 23, 4, t1, 10, 22, y3. This convention
changes neither the core divisor directions nor the normalized centre equations (C.4)—(C.5).

Choose a compactification satisfying the hypotheses of [10]. The common toric-blowup
model can be enlarged by the toric rays of this compactification. Away from a fixed
codimension-two subset it agrees with X° and with the generic points of the essential
boundary divisors. The counted maps lie in the smooth evaluation locus by [10, Lemmas
8.20-8.21]; generic avoidance then follows from [10, Lemma 3.9]. We also exclude the in-
tersections of distinct coordinate divisors. After the curve-class bound below, one generic
evaluation point suffices for all cases being counted.

We apply Proposition 5.2. It remains to check the two marked ends and to solve the
centre equations with distinct contact parameters; the generic transversality and avoidance
conditions are supplied by the cited evaluation results.

The leading-coefficient condition holds in every case below, as the following comparison of
end rays shows. For each contact vector b, inspect the two end rays m, —(m+ >, bing).
For the cases in (C.6) and the ten positive-coordinate labels, the end rays are not positive
multiples of a centre ray n;, except for the two straight labels +e,. Add these finitely many
end rays to the partial toric fan. The open toric divisors of the new rays are disjoint from the
blowup centres, so nonzero leading angular coefficients suffice there. In the two exceptions the
relevant centre numerator is N; = 1 + terms of positive valuation, which is nonzero. Hence
these marked ends also lie in the open essential stratum. This finite ray check is included in
the calculation below.

One can first complete this partial toric blowup without altering its open ray divisors.
The incidence solutions then give maps with the required boundary contacts in that compacti-
fication. Their simple incidence Jacobians make evaluation generically étale. The deformation
calculation in [10, Lemma 3.6] gives the trivial logarithmic tangent pullback, and the argument
of [10, Lemma 3.9] lets generic such curves avoid every fixed codimension-two locus. Apply
this to the centres of a common resolution with a compactification of X. Thus passing from
the partial blowup to X adds no maps, removes no generic maps, and introduces no extra
contact multiplicity. The necessity part of Proposition 5.2, which suffices for the all-label
support bounds, needs no extra toric-end assertion.

C.6. Finite expansions in the adjacent charts. Let C; be the chamber in which all
ten character valuations are positive. For an incoming label m, the total correction is
bini + brng 4+ byn, + byng + byng with b; > 0. The three functions x1g, 22, y3 give exactly the
bounds (C.1), with A, B, C defined in the preceding Newton-coordinate calculation. These
follow from the principal-divisor slope formula for regular source functions.

These functions also exclude a nonconstant tropical branch attached in C;. Indeed, such
a branch would give b > 0, b # 0, and the outgoing slope of every regular function at its root
is nonnegative. The three slopes in question are —b; — by — by, —by — by — b, and —b;, which
force b = 0.

For each of the ten character coordinates, let C; be the chamber where that coordinate
is negative and all others are positive. Each entire orthant lies in one chamber of the three
centre tropicalizations. The unique minimizing terms of the last two centres, and their slopes
on b, give the following recession tests:

negative coordinate ‘ x10 slope 2o slope y3 slope
(o} —bl—b7—b4+bt —bl—b7—bz+bt —b;
7 —b1 — by — by —b. —bt
v —b1 — b7 — by —b, b1+ b7y — b
Pi —bl - b7 - b4 —bl — b7 — bz <,0i, Ebjnj> — bt.

Nonnegativity of each triple, together with b > 0, forces b = 0. Hence these chambers also
contain no rooted twig and have bounded correction polytopes for every incoming label. The
actual contact directions generate a free pointed correction monoid, including the bends of
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infinitesimal cylinders. Lemma 5.1 therefore bounds the contributing classes. The specialized
local expansions are Laurent polynomials in all eleven chambers. The straight coefficient is
one.

In C;, the theta labels —e; and e; for j # i are straight. We give the extra argument
needed to exclude an alternative bent spine, rather than merely observing that one straight
ray stays inside the chamber. Trace a contributing spine backwards from its terminal point.
Every intermediate exponent is its incoming label plus a nonnegative combination of (C.4).
For j # i these exponents have nonnegative j-component. Consequently those coordinates
stay at least as large as their strictly positive values at the marked ends. The entire spine
lies in C;, C4, or their common facet. Neither open chamber permits a bend. Every possible
facet bend has zero i-component: on the o facet the ys slope forces by = 0; on the p facet
the 19, y3 slopes leave only b,; on the v facet the x1g slope leaves only b, b;; on a p; facet
the x19, 22 slopes leave only b;. In each case the remaining directions have zero component
normal to that facet. Thus the i-component of the spine direction is unchanged. It is —1 for
—e;, and zero for each unchanged coordinate ej, so the backwards spine cannot reach the
facet from its incoming end. There is no bend anywhere. The corresponding local expansions
are therefore precisely z7% and z%. At a generic point of the common facet there is only the
one integral hyperplane in question. The wall-crossing automorphism is therefore determined
by its value on this one transverse monomial, by [10, Theorem 20.9 and Proposition 20.13].

Here are the required expansions in the positive chamber:

incoming label ‘ O, in Cp ‘ allowed contact types
—ey E/s 2,1,7,2,4,{4, 2}
—e, (14+Q)/u o,z (C.6)
—ey (1+s4+Q)/v J, z,t
—e€p; (1+38)/pi a,t.

Every listed incidence scheme has length one. The formula for —e, follows by placing an
x-contact at —o and a z-contact at —o /((1+ p)(1+v)); the mixed {4, z} contacts are distinct
for generic data. The next and last cases have linear centre equations. For the third case
the only additional possibility is {z,¢}. With contact parameters r, ¢, subtraction of the two
centre equations factors as

t(pa+ -+ pr) _
(=1 {(1+M)(1_t) <1+ (1+p1+p2+p3)(1—r)) +Jr} =0

All evaluation coordinates have positive valuation. Thus 1+ p; + p2 + p3 and 1 — r are units,
while t(pa + -+ -+ p7)/((1 4+ p1 + p2 + p3)(1 — 7)) and or have positive valuation. The bracket
consequently has residue 1. Hence » = ¢, and the remaining centre equation gives r =t = —v.
This collision is excluded. This proves (C.6).

The resulting wall functions are

E, 14+ Q, 14+s+ @, 1+ s (the last repeated seven times).

The source bounds and common compactification verify [7, intrinsic Laurent expansion and
trace theorem]. The resulting faithful Laurent realization is compatible with the computed
wall transformations. The associated normalizers are monomials in the unchanged variables,
so these transformations give exactly the ten adjacent LP Laurent rings. Their straight
coordinates form unimodular monomial systems; localizing the intrinsic algebra at them
identifies the corresponding open tori. By the intersection calculation (C.3),

D A (X)1 — B C (C[sil,uﬂ,vﬂ,pfd, ... ,p?l]. (C.7)
C.7. Recognition of generators and markings by Laurent regularity. The map

(C.7) is already Laurent in the initial and ten adjacent charts. We apply [7, finite Laurent
interpolation] to the following source-bounded supports, using the notation of §8.1.
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A finite refinement of the source bounds. Write a contact vector in the order f =
(B1, B7, B2y Pa, Bt). The three previously established bounds are

B1+ Br + Ba < A(m), p1+ Br + 5. < B(m), By < C(m).

They alone do not make every normalized regular lift unique. Four additional regular
source coordinates suffice: x3, x5, x9,x11. Their mutable leading gradients in source order
(z1, 27, 23, x4,t1) and the required tropical defects are

| —h™ | 6(g) 6(W3) d(Wy) 6(Wiz)
73 | (1,1,1,0,1) | 1 2 2 2
zs | (1,0,0,0,1) | 1 1 1 2
zo | (2,1,1,1,1) | 2 2 3 2
en | (1,1,0,1,1) | 2 1 2 2

Coefficient units in the W; are removed. Substitution in the Cayley-plane quadrics gives this
finite table. These source computations precede the mirror comparison. The coeflicient equa-
tions resulting from the support bounds are reproduced in verification/e6_recognition_
certificates. json; these calculations use the full ten-character lattice. The seven split
unit directions are removed by homogeneity, not by specialization.

FEach row supplies the inequality —hg;utﬁ < dg,(m). Together with the three coarse
bounds, these inequalities give the following possible numerator supports. In every row the
displayed incoming numerator coefficient is normalized to one.

function | possible numerator monomials size | rank
f supp F 6 5
i 1,Q p 1
v 1,Q,s,sQ 4 3
k 1,s 2 1
g supp EF U {s,sR} 8 7
W3 supp E U {s,sQ} 8 7
Wy supp F U {s,sR,sQ,sRQ,suvl} | 11 10
Wig suppE U {s,sQ,sR, suvL, s*} 11 10

The first four rows already follow from the coarse bounds; the extra candidate s@) in the v
row is removed by adjacent divisibility. Their denominators, in the same order, are

su, u, UQ? P7 SUT? sup3pepr, SUP7 Svp2p3p4p5p6p$'

Proposition C.1. FEach of these eight finite support spaces has a unique Laurent-
regular function with incoming coefficient one. They are exactly the displayed functions
fyu,v,k, g, W3, Wy/Co, Wi2/C12, and hence are the corresponding intrinsic theta expansions.

Proof. The table gives the ranks of the Laurent-divisibility systems. Each rank is one
less than the support size, as shown by a maximal minor +1. The normalized kernel is the
displayed numerator. The exact matrices, minors and kernel vectors are in verification/e6_
recognition_certificates. json. The finite Laurent interpolation criterion of [7] therefore
applies. The eliminations can also be read directly: In each of the last four rows, the s~! slice
is divisible by F, fixing its six coefficients. The p5_1 slice fixes the two remaining coefficients of
g, and the p3 ! glice does the same for W5. The pl_1 slice fixes the five remaining coefficients
of Wy. For the last row, write

E + s(ap + agQ + agR + apuvLl) + azs’.

The p7 2 slice requires (1 + )% | 1 4 ags + ags?, hence ag = 2 and az = 1. The v™! and p; !
slices then give ag = ar = ar, = 1. The extra s allowed in the support of v is eliminated by
divisibility by 1+ s + Q.

Every intrinsic expansion belongs to its indicated space by the source bounds and
the already established adjacent Laurentness. Uniqueness therefore identifies the eight
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enumerative functions; no candidate expression is substituted for a theta function in setting
up the calculation. O

APPENDIX D. CALCULATIONS FOR THE FREUDENTHAL MIRROR

D.1. Newton characters and support bounds. We use the following mutable and frozen
orders:

(h,b,c,d,e,f,g,r,q,u), (a07"'aa17)-
The following twenty characters are expressed in the source seed of Theorem 4.2.

to| Xi L] Xi

1 | bdagai7/(qasaie) 11 | hqas/(bdgay)

2 | herays/(guayy) 12 | faio/(cais)

3 | qais/(hbays) 13 | bfar/(ceas)

4 | faq/r 14 | ras/(dgay)

5 | daiag/(eazais) 15 | bdgao/(qazaie)

6 faﬁan/(cealg) 16 bega15/(fqa5)

7 | agais/(cars) 17 | degayz/(fqas)

8 u/(healg) 18 dag/(agalg)

9 | u/(hfas) 19 | gas/(cas)

10 | begaia/(fqas) 20 | fqas/(erays).
Follow these by ag,...,a7, and let C' be the resulting exponent matrix. Exact integral
elimination gives det C' = 1. The normalized support differences of the fifty-six linear

coordinates have Hermite normal form equal to the 20 x 20 identity matrix. They therefore
generate the full lattice of the ;.

All fifty-six coordinate expansions are positive. In the chamber val(y;) > 0, each has
one coordinatewise least mutable exponent, with coefficient one and a fixed coefficient-unit
exponent. Dividing by that term gives a polynomial in the y;. They also hold for f# = Fy/(hf).
The 56 expansions contain 6050 terms in total and satisfy all 144 cyclic translates of the
defining quadrics.

Let Hy be the mutable exponent of the least term of one of these 57 functions, and
let Ny be its normalized polynomial support in the x;. For the mutable part m € 720 of

a label, set dy(m) = —mingen, (a,m). A permitted correction 8 € leoo satisfies Hy[ >
—dy(m) for all ¢p. The product G = :U125x2y14w5y11x10x13w02y§ has mutable least exponent
(—1,...,—1), yielding the finite bound Z}gl Bj < 6g(m) We enumerate the lattice points in

this simplex and retain those satisfying all the inequalities.
For the ith primitive facet, use instead the axis degrees

dy; =max{a;:a € Ny, a; =0 (j #1)}.

Impose Hy 8 > —dy; and the tangency equation }; C;;3; = 0. The weighted sum obtained
from G again bounds }_; §;. Besides zero, the unique permitted vector is listed below. The

symbols ey, ..., e, denote the standard basis in the ten original mutable directions.
1 B 1 B
1,5,15,18 en + ey 2 ef
6,7,12,13,20 ey 3 ed
11,14 eg +er + €4 4 €g
16,17,19 er 8 e+ eq

9 €

10 | ec + e + ey.

Mapping these two-point supports by C and clearing their monomial factors gives the ordinary
mirror exchanges. Their coefficient-one normalization is proved in Proposition 8.4.
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For the boundary label Ce,,, let m; be its first twenty coordinates; its last eight coordinates
give €;. The full normalized supports, not their axis restrictions, give:

J o 1 2 3 4 5 6 7 8
dq(mj) o 0o 3 3 2 3 0 2
support size 11 3 2 3 5 1 3

0
1
J 9 10 11 12 13 14 15 16 17
0
1

dq(m;j) o 0o 2 1 3 6 2 0
support size 1 1 2 2 5 5 2 1

For a Laurent polynomial P =}, vak. supported in one of these sets, adjacent regularity
is equivalent to E; k | P, for k < 0 in the Laurent ring of the unchanged coordinates. This
gives a rational linear system. In every one of the eighteen cases its kernel is one-dimensional.
Normalizing at the boundary label makes every coefficient one and yields precisely W;. The
normalizing monomials of the LP exchanges are units in these unchanged-coordinate Laurent
rings and are included in the seed checks.

D.2. Intrinsic comparison in the primary chart. We use the primary coordinates and
Newton characters introduced above. Put ¢; = x; and N = C{y _ 20},(1,..,10}- 1ts columns
Ny, in the order v = (h,b,c,d, e, f,g,7,q,u), are the contact directions of the ten mutable
coordinate divisors. These columns span a saturated direct summand: the remaining eight
rows of C' are the original characters ay, ..., a7, so are zero in the mutable columns. The
degree-and-weight grading makes every normalized coordinate expansion independent of
ag, - - . ,a7. Since the character change is unimodular, those eight invertible characters split
off in the localized coordinate ring. Thus Urp = X7 X an The formulas below concern X7; we
restore the coefficient torus by [7, compatibility with torus products].

D.2.1. The initial intrinsic chart. Normalize the ordinary exchange F;, of the original seed
by its coordinatewise least monomial in the characters (¢;,ao,...,a7). The quotient is a
polynomial P,(t) with positive coefficients and constant term one. It is independent of the
agp, . ..,a7 and satisfies (a,n,) = 0 for each exponent o € supp P,. Thus P, = 0 is the
equation of the blowup centre on the toric divisor in direction n,. For instance,

P, =1+ tatstatstiotiatietao, Py =1+ tatgtetstiotiitsy, Py=1+1y.

This prescription and the original exchanges define all ten centres. They need not be expanded
into their 87 monomials in the argument.

The coordinate-ring theorem and the logarithmic Jacobian identity for LP mutation
give a volume-preserving initial torus. They identify the rank-one charts along the ten
coordinate divisors with the corresponding toric blowup charts. Their centres are smooth on
the relevant tori: each original exchange is primitive linear in an invertible coordinate with
monomial leading coefficient. The charts cover codimension one. Resolving their birational
identifications with a smooth compactification gives a common model; its discrepancy loci
have codimension at least two.

Let G be the regular product in Proposition 8.3. Its mutable leading exponent is —1. The
regular-function slope inequalities therefore bound every contact vector at a fixed incoming
label by a finite simplex. They also exclude a nonconstant branch rooted in the positive
chamber: its outgoing contact vector would satisfy —1 -5 > 0, so 8 = 0; a branch with no
contact is toric and constant. Every bend is a nonnegative combination of the independent
ny. Lemma 5.1 now bounds the complete numerical curve classes before specialization.

The intrinsic Laurent expansion and trace theorem of [7] now gives finite theta expansions
with distinct coefficient-one least terms and a faithful algebra map

D Aint(X7)1 — (C[vitlv cee 705%1]'

This theorem includes the multiplication and trace comparison. The defects vanish on
nonnegative coordinate labels, so their theta functions are the corresponding monomials.
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Inverting the v; therefore gives an open torus of the intrinsic spectrum. The next step is local
coefficient recognition, before assuming any adjacent mirror chart.

D.2.2. Initial forms and the eight mized-contact calculations. At facet i, the inequalities with
the axis-degree bounds in Appendix D allow precisely the zero vector and the vector 5
listed there. All coordinates of 5(?) are zero or one. There are therefore twelve single-contact
cases, five pairs, and three triples.

Lemma D.1. The twelve single-contact directions have coefficient-one nonstraight terms.
They are determined by the following siz first-mutated source tori:

mirror directions i | source variable v | least monomial of F, | source normalizer
2 f aiagu h
3 d a15bgh bg
4 g T 1
9 c asfgh g
6,7,12,13,20 U ayscdeghr dg
16,17,19 r ascdf ghq 1

The last column records the associated normalizer M, in v' = F,/(vM,); it is retained in the
original source ring.

Proof. Let p; be the actual first-mutant label and let P, be F, divided by its least character
monomial. The source formulas and the full unimodular 28 x 28 matrix give

Supp Oy, C (i + Ceu},  min {aypg) = —1.
acsupp Py
For g, = v'[[,, w, its least exponent h, satisfies (h,,Ce,) = —1. The corrected term is

therefore uniquely least at the required g,-value, and [7, coefficient determination from an
initial form] gives its coefficient one. The transverse normal pairing is one, so this determines
the wall. The exact exponents, including all eighteen frozen characters and the associated
source normalizers, are checked in verification/e7_calibration. json. O

For directions 1, 5,8,10,11, 14, 15, 18, the correction term has strictly larger value than the
straight term for each of these ten valuations. We determine its coefficient by the following
contact calculations.

We compute the remaining local counts over an algebraically closed, complete non-
archimedean field of residue characteristic zero. Choose § > 0 and generic evaluation
coordinates ¢; with v(¢;) = 6 and v(cj) > 1000 for j # i. These valuations lie in a
sufficiently small transverse neighborhood of a generic point of the facet. We choose the
angular components outside the finitely many loci of cancellation in the coefficient sums.
Proposition 5.2 gives the character map with evaluation c at 1:

— (nv);

v:ﬁgi):l

(D.1)

At contact v we impose P,(t(r,)) = 0. Its own factor drops out because P, is invariant in
direction n,.

The infinitesimal spine has its bend at the chosen facet. Its unmarked contacts consequently
have valuation §. We will in fact check that the incidence equations have exactly one solution
in the larger region 0 < v(r,) < 20 and that this solution has all valuations ¢. This excludes
extra roots from the local count.

We check the end and compactification conditions of Proposition 5.2. The centre equations
extend a solution across its distinct contacts in the rank-one charts. The two essential-end
directions are —e; and e; — N3, Neither is a blowup-centre ray; this follows directly from
the columns of N. Thus both ends extend to the indicated open toric strata. The simple
incidence solutions below give a generically étale evaluation map. The smooth-evaluation and
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avoidance results [10, Lemmas 3.6, 3.9 and 8.21], on the common compactification, then give
trivial logarithmic tangent pullback and avoidance of the fixed codimension-two loci. The
preceding curve-class bound permits one common generic evaluation choice.

On the principal annulus the tropicalization is

g — de; +min(\, NS, g = (v(c)));.

Tangency (N B(i))i = 0 puts the two cuts at 0,29 on opposite sides of the facet. There are
no unmarked contacts on the two outside annuli. Thus the toric-tail condition holds, and
deformation invariance identifies these reduced incidence solutions with the local cylinders of
[10, Definition 20.2]. All contact types here are distinct, so the unordered-contact convention
in Proposition 5.2 introduces no permutation quotient.

Pairs. The pairs are (h,u) at i = 1,5,15,18, and (b, q) at i = 8. Write s, ¢ for the first and
second contacts. Grouping the two centre polynomials gives

1—t W 1 -
14+ Ms——" =0, U+(V+) ° 0,
¢ t)i—s

where € = 1 for ¢ = 5,8 and is zero otherwise. The coefficients have the form
L =0

V=LV, W=LaW,, M= 7%

Lcieg, e€e=1,

where U, Vy, Wy have residue one and L, ¢y are monomials in the other evaluation coordinates,
of valuation greater than 1005. More precisely,

i ‘ L ‘ €0
1,15,18 | craci6c20c3¢4 | C10C2C5

5 €14€16€20C3C4 | C10C2

3 €11C€17C4 €10€2C6-

These factorizations follow by collecting the terms with the same powers of ¢; and the other
contact factor in P,.
If € = 0, elimination gives
1+ M)W
UM+ (14+ M)V’
Both contacts have valuation 9, their difference is nonzero, and this is the unique solution.

Ut2+Vi+ W ;
TV The first reduces, after removing the

s=14+M)t—M, t=

If ¢ = 1, the second equation gives s =
inadmissible factor ¢t — 1, to
UVE + (MU +V?+UW +VHE +2W (MU + V) + V)t + (1 + M)W? =0,
Writing ¢ = v(L), the coefficient valuations, from constant to cubic, are 2¢ 4 2§,2¢ + 0, ¢ + 6, L.
The Newton polygon gives one simple root of valuation § and two roots of valuation (£+6)/2 >
2§. The admissible root gives v(s) =, and s —t = —M (1 —t)/s # 0. Thus each of the five
pair cases contributes one.
Triples of types g,7,q. These occur at ¢ = 11,14. Put a = ¢4, and use contacts s, 7, of types
g,7,q. The g-equation gives s = (1+a)r—a. Set V= (r—t)/(1—t)and V= (t —7)/(1 —7).
The identities obtained by this substitution in the other two centres are
1 ‘ r-equation ‘ g-equation
11 A+ K(B+Y/r)/V=0 1+ cnna(B+Y/t)/(tV)=0
14| A(r)+ K(r)(B+L/r)/V=0| 1+cpna(B+L/t)/V =0.
For ¢ = 11, the quantities satisfy
7 K — a(1+614(1+a))
1+a

A=1 . v(B)>1006, v(Y/B) > 1000.
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For i = 14, they satisfy

1+a r
with v(B),v(L/B),v(T) > 1005. Here congruences mean equality in the residue field. The
coefficients are defined by regrouping the normalized source exchange polynomials as in the
table. The coefficient groups are obtained directly from the source exchange polynomials,
with all eighteen frozen variables independent; see verification/e7_calibration. json.
The valuation estimates use their monomial factors and generic nonzero leading coefficients.
For both facets, let H(r) be the nonconstant term of the r-equation before division by V/,

divided by A or A(r). Then t = ;igg:; Throughout 0 < v(r) < 2§, we have v(H(r)) > 24.

A(r)=Ao+T/r, Ag=1, K(r)=— <1+(1+“)Cl4),

Thus ¢ and s have the same valuation as r. At ¢ = 11, the g-equation becomes
aA B+Y/t
t=—-c1—1+H)———.
cng (I H) s

The factor after —c;; has residue one; hence v(r) = 0. After writing r = ¢11 R, the equation
reduces to R 4+ 1 = 0 modulo the maximal ideal. All its remaining coefficients, and their first
derivatives on the unit annulus, have positive valuation. Hensel’s lemma gives exactly one
solution.

At i = 14, the equation instead becomes

1+a)c B+ L/t
HT)“ = —en(1+a)A(r)(1 + H)BiL?T.
Its right side has positive valuation, so again v(r) = §. Writing r = ¢4 R reduces it to
R + 1 =0, with the same strict Hensel condition. Thus there is precisely one solution. In
both cases s — r = —a(1 —r) # 0. The other gap ¢ — r is nonzero and has strictly larger
valuation, so the three contacts are distinct. The elimination and the simple Hensel root also
prove reducedness.
The triple e, f,u. This occurs at i = 10. Set z = ¢19, a = co, and let s,t,w be the three
contacts. Exact grouping of the centre polynomials gives

(s +zaZ)(s — w) + zaA(l —w) =0,
t(t —w)+a(B+2Y/t)t(1 —w) =0,
B+ 2Y/w+ (C + zLY/w)V + AV/U + DV? =0,

where U = (w —s)/(1 —s) and V = (w —t)/(1 —t). Here B has residue one, and
a,A,Y,Z,C, D, L have valuation greater than 1006. Also v(Z/A) > 1006: the polyno-
mial A contains ¢34 cg, whereas Z = cjic17¢4c8(c13+ ¢6). The exact coefficients are obtained
as follows: the terms of P, are 14+2aZ/s+zaA/(sVe), the terms of Py are 1+a(B+2Y/t)/Vy,
where V., = (s —w)/(1 —w) and V; = (t —w)/(1 — w). The six coeflicient groups of P, are
the six terms in the last equation above. This determines the notation without expanding all
the centres.

For 0 < v(w) < 20, the first two equations each have one solution in that annulus,
with s = w + terms of valuation greater than 2§ and the same assertion for ¢. Their other
quadratic roots have valuation greater than 26. Moreover

B zaA V= a(B + zY/t)

s+ za(Z+ A)’  1+a(B+zY/t)
Substitution in the third equation gives B(1 4+ w/z) plus terms of strictly larger valuation.
Thus any solution in the annulus has v(w) = §. For existence and simplicity, put

w = zW, s=w+ aAS, t=w+al.

1+

The first two equations, divided by zaA and at, and the third multiplied by S, reduce to
WS+1=0, T+1=0, S+T=0.



LP ALGEBRAS ON MINUSCULE GRASSMANNIANS 55

All omitted coefficients have positive valuation, and the denominators are units at (W, S,T) =
(—=1,1,—1). The reduced Jacobian has determinant —1. Multivariate Hensel lifting therefore
gives one simple solution. Conversely, the first two equations force S, 7T to be units for every
admissible solution, so this is exhaustive. Finally, v(s — w) = v(a) + v(4) > v(a) = v(t — w),
and the contacts are distinct.

Proof of Proposition 8.4. The support bounds exhaust all possibilities. Lemma D.1 settles
the twelve single-contact directions. The five pair and three triple calculations above give
one reduced solution each; their interpretation by (D.1) and the toric-tail condition gives the
remaining local cylinder coefficients. (]

D.2.3. The first mutations and boundary functions. By wall-crossing consistency [10, Propo-
sition 20.35], the initial intrinsic expansions continue by these binomial wall transformations.
The positive-series argument of Lemma 5.3 proves that the continuations are Laurent polyno-
mials. The image of ® is consequently contained in the twenty-one-chart intersection, which
is the upper LP algebra.

Put b; = NBW, and let M; be the normalizing monomial of the ith mirror exchange.
Write m; for its exponent vector. The first-mutation label is m; = —[bi]- — m; — e;, where
[b]— denotes the coordinatewise minimum of b and zero. The full support inequalities at m/
have exactly two solutions: 0 and 3%). The bound on the sum of their entries is 1,2, or 3,
according to the number of contacts in 3. Adjacent Laurent divisibility has rank one on
this two-dimensional monomial space and fixes the second coefficient to one. Thus every first
mutation v} is itself a theta function in this chart. There is no additional correction term.

For the eighteen boundary labels, the complete bounds and one-dimensional regularity
spaces are given in Appendix D. The same reasoning identifies each intrinsic boundary
function with the stated Wj. There is a particularly simple check of uniqueness. Every
negative coordinate exponent is —1. In each binomial-divisibility test, the terms group in
pairs differing by an odd multiple of the exchange exponent difference, so their coefficients
must agree. The resulting graph on the allowed monomials is connected for every boundary
function. Thus all coefficients are forced to equal the straight coefficient one. The eighteen
coefficient matrices, normalized kernels, and maximal minors equal to +1 are given in
verification/e7_boundary_certificates.json. We use the full normalized supports of
the 57 regular source functions. The source inequalities bound the supports, and the Laurent
divisibility equations determine their coefficients over Q.

Restoring the coeflicient torus, let M be the intrinsic image. We have

Frlvi, vl W] € M CUTY).
Inverting the product of all v; gives the initial torus. With d; = [];; vj, localization of the
starfish intersection gives
Sl : j # i[vi, Vi
(v;V; — E;) 7
where Vj is the monomial multiple of v} that clears its normalizer. These are actual intrinsic
open sets. The remaining problem is whether they meet every prime divisor.

Md Y =

)

D.2.4. A linear test for all prime divisors. Write
ﬁ = {/Uiv oo 7UQO7W0) cee 7W17}7

where the coefficient unit has been removed from W;. There are 24 distinct functions in this
list. They involve only the mutable coordinates and have at most five terms each. The factors
remain irreducible after adjoining the eight independent coefficient characters, on which the
valuations vanish. The logarithmic form then includes their eight dlog factors, while the
inequalities still involve only the twenty mutable values.
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For a homogeneous face factor ¢ = Av, + B, with A = cv® a monomial, choose o € supp g.
For each f = v'P(v) € Z, let d = deg,, P and collect

AdP(Up =(u—DB)/A) = ZujRj(U#p)-

Jj=20
By [7, divisorial inequalities for a linear centre], regularity forces
(l+e—da+ jo,w) > —j (e € supp Rj). (D.2)

This necessary condition follows from the divisorial valuation formula, with coefficients
collected before substitution. We apply it to the following finite list of face factors.

Proof of Proposition 8.5. We use the ordinary exchanges, their associated normalizers, and
the eighteen boundary functions from Section 8.2.

First, if every monomial in every f € .# has nonnegative value, a nonnegative rational
combination of these inequalities gives >, w; < 0. Hence w = 0. Otherwise [7, divisorial
valuation formula] gives an irreducible factor ¢ of a negative face. To include every possible
face, take all nonempty subsets of each support, rather than finding the normal fans. After
removing monomial factors, the 100 nonmonomial subset checks give 80 distinct irreducible
factors. Each is primitive linear in some v,, with monomial leading coefficient coprime to
its constant coefficient. This proves absolute irreducibility and gives the hypothesis of [7,
divisorial inequalities for a linear centre].

Every irreducible factor of a weighted-homogeneous Laurent polynomial is weighted-
homogeneous: the connected grading torus cannot permute its finite set of prime factors. For
each ¢, we therefore impose the homogeneity equations (o — o/, w) = 0 for its exponents, and
impose (D.2) for every f € .#. The resulting rational inequalities give

Z < 0, for seventy factors,
Ws
p "~ 11, for the other ten.

The ten latter factors are exactly the ten distinct mirror exchanges. Write the inequalities
as Aqw > by and the homogeneity equations as Hyw = 0. Each certificate supplies rational
vectors \q > 0 and p, with

MNAg+ phHy < —(1,...,1), — by € {0,1}.

Since w > 0, this gives exactly the asserted bound. The file verification/e7_divisor_
certificates. json contains all matrices and rational multipliers. The ancillary calculation
constructs the factors and substitution matrices from the stated Laurent functions, then
verifies each identity in rational arithmetic. Since w is integral, the resulting bounds leave
only w = 0 or a coordinate vector. O

Ancillary calculations. The accompanying files give the Cayley-plane coefficient systems,
the Freudenthal boundary systems, the initial-form calculations, the 56 source-coordinate
expansions, and the divisorial inequalities. They also contain exact checks of the 144 defining
quadrics, the first mutations, the 204 adjacent-chart divisibility conditions, and the primality
calculations. The conventions and verification instructions are given in verification/
README . md.
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During the development of the paper, the author used ChatGPT to assist in exploring
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of the paper.
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