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Abstract: We introduce an ~-Shuhan matrix as a real square matrix H = (h;;) with a common diagonal
entry 2 > 0, non-positive integral off-diagonal entries, and a Cartan-type condition on each unordered
pair {i, j}: either h;; = hj; or max{h;;, hj;} = —1 and min{h;;, h;} < —2. These conditions imply that the
scalar shift H + (2 — h)I, is a generalized Cartan matrix; not every generalized Cartan matrix arises
from an A-Shuhan matrix in this way. For 0 < h < 2, we classify all indecomposable 4-Shuhan matrices
that are positive semidefinite, generalized positive semidefinite, or virtual positive semidefinite (the last
notion means that all principal minors are non-negative). For i < 2, virtual positive semidefiniteness
forces H + (2 — h)I,, to be of finite Cartan type, the positive-type case of Vinberg’s trichotomy. At
h = 2, we describe the boundary case in terms of finite and affine Cartan matrices. The associated
determinant recurrences hold for general 4. We study congruences for integral 4 and asymptotic and
Fibonacci-type identities for 4 > 2. We also compare these positivity notions through the spectral radii
of the off-diagonal parts of the matrices and their symmetric parts. This comparison provides explicit
thresholds for nonsymmetric finite-type families and shows when generalized positive semidefiniteness
is stronger than virtual positive semidefiniteness. For the determinant sequences, we obtain recurrence
relations, closed formulas, and identities connecting special parameter values with Fibonacci-type
sequences. We include exact calculations that can be used to check the polynomials which determine
the nonsymmetric thresholds.

Keywords: positive semidefinite matrix; generalized Cartan matrix; Dynkin diagram; determinant
sequence; spectral radius
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1. Introduction

Cartan matrices are fundamental in the classification of finite-dimensional complex semisimple Lie
algebras and in the construction of Kac—Moody algebras; see [7, 8]. Positivity questions for matrices
with Cartan-type sign patterns also occur in the theory of symmetrizable and quasi-Cartan matrices,
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Z-matrices, and semimonotone matrices; see, for example, [1,2,5,9,10, 12].

The starting point is a deformation of the usual Cartan normalization. The diagonal entry 2 is
replaced by a common real parameter 7 > 0, whereas the off-diagonal entries remain integral and
non-positive. The name “Shuhan” comes from the diagrams introduced by Wu, Liu, and Xie [14] and
extended by Wu and Zhou [15]. Both Chinese papers write the name in Latin letters. We retain their
terminology and give the required matrix conditions explicitly in Definition 1.8.

The diagrammatic motivation can be stated without assuming familiarity with those papers. In
the notation of [15, Definition 1.2], each vertex carries a positive integer x;, and the directed edge

multiplicities A;; satisfy
2xl~ = Z ﬂ,’j.X'j.

J#i
Thus, for C = (¢;;) defined by ¢;; := 2 and ¢;; := —4;; for i # j, the vertex labels form a positive vector
satisfying Cx = 0. The connected generalized diagrams are related to affine Dynkin diagrams in this
way. We study the associated matrices with diagonal 4 without requiring such a positive integral null
vector. In particular, & = 2 restores the diagonal normalization used in [14, 15]; it does not assert that
every matrix in Definition 1.8 is an affine diagram matrix.

For comparison, Borcherds generalized Kac—Moody theory permits imaginary simple roots and
more general diagonal behavior [3], and Chapovalov—Chapovalov-Lebedev-Leites allow normalized
diagonal entries 0, 1, 2 for Lie-superalgebra Cartan matrices [4]. Our definition is different: All diagonal
entries equal the same real parameter 4, and

CH)=H+Q2-nI,

is a generalized Cartan matrix. In particular, an 4-Shuhan matrix need not itself be a Borcherds—Cartan
matrix. If 0 < & < 2, and H is virtual positive semidefinite, Proposition 2.4(ii) implies that C(H) is
of finite type. Hence, the classification of such matrices reduces to the finite Dynkin types, and the
determinants of the corresponding shifted families satisfy the recurrences studied in Sections 3 and 4.

Vinberg’s theory of linear reflection groups [13] provides the appropriate classical comparison. His
Cartan matrices have diagonal 2, non-positive off-diagonal entries, and the zero-pattern condition ¢;; = 0
if and only if ¢;; = 0. For each pair of distinct indices i, j, the product of the two opposite off-diagonal
entries satisfies

cijcii € 14 cosz(%) cmeZ, m=2}U[4,00).

The products c¢;jcj; for C(H) = (c;;) satisfy this condition: They are non-negative integers, and the
values 0, 1, 2, 3 correspond to m = 2, 3,4, 6, respectively. Vinberg’s trichotomy into positive, zero, and
negative types [13] therefore applies to C(H). Section 2 spells out its spectral relation to our positivity
conditions.

The finite-type reduction and the virtual-semidefinite classification are consequences of this classical
theory and the finite Dynkin classification. Our purpose is to determine the thresholds for the fixed
integral representatives, including the stronger condition x" Hx > 0. This condition depends on the
symmetric part (H + H")/2 and is not invariant under similarity with respect to a positive diagonal
matrix, namely a transformation of the form

H+— D 'HD, D = diag(d,, . ..,d,), d; > 0.
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The explicit nonsymmetric thresholds in Proposition 3.10, the affine bounds in Proposition 3.17, and
their comparison with the virtual thresholds are the results of matrix computations developed here.

Section 4 studies recurrences in n, closed formulas, and congruences modulo primes for af,h>, bff”, df,h>;
these are classical second-order recurrence identities [11]. We then study the two-index determinant
sequences a?ﬁf, b;ﬁ?, their invariants, the exceptional limits in Lemma 4.8, and the factorizations in
Theorem 4.12.

Let N, Z, R., and R, denote the positive integers, integers, non-negative real numbers, and positive
real numbers, respectively. Put [n] := {1,...,n}, and let S, be the permutation group on [n]. The identity
matrix of order n is denoted by I,,. For a real n X n matrix H and J C [n], let H[J] be the principal
submatrix with row and column set J; by convention, det H[@] := 1. When J = {i; < --- < i,,}, we also

7o H+H'
2

For a symmetric real matrix, “positive semidefinite” and “positive definite” have their standard
quadratic-form meanings. We write Q > 0 when the real symmetric matrix @ is positive semidefinite.

Definition 1.1. Let H € M,(R).

e H is virtual positive semidefinite if det H[J] > 0 for every nonempty J C [n]; it is virtual positive
definite if all these determinants are strictly positive.

e H is generalized positive semidefinite if x" Hx > 0 for every x € R"; it is generalized positive
definite if the inequality is strict for every x # 0.

For clarity, the three positivity notions used in the paper are compared below (Table 1).

Table 1. Three positivity notions.

Notion Criterion Symmetry required
Positive semidefinite x'Hx >0 H=H'
Generalized positive semidefinite x"Hx > 0 no

Virtual positive semidefinite detH[J]>0(@#JC[n]) no

For symmetric H, the three semidefinite notions coincide by the principal-minor criterion. For
nonsymmetric H, generalized positive semidefiniteness implies virtual positive semidefiniteness
(Proposition 1.4), but the converse fails.

Lemma 1.2. A real matrix H is generalized positive semidefinite if and only if H = (H+ H"/2 is
positive semidefinite.

Proof. Write H = H +K, where K = (H — H")/2 is skew-symmetric. For every real vector x, the scalar
x"Kx equals its transpose —x' Kx and hence is zero. Therefore,

x"Hx = x"Hx
for every x € R". The two non-negativity conditions are consequently equivalent. O
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Lemma 1.3. Assume that G is a real skew-symmetric matrix of order n.
(i) If H is positive definite, then det(H + G) > det H, with equality if and only if G = 0.
(ii) If H is positive semidefinite, then det(H + G) > det H.

Proof. (i) Because H is positive definite, there is an invertible P such that PTHP = I,,. The matrix PTGP
1s skew-symmetric, so an orthogonal change of basis puts it into blocks ( 0 8) and possibly one zero

block. Hence,
det(H + G)

- det(I, + P'GP) = U(1 +72) > 1.

Equality holds exactly when every ¢; = 0, equivalently G = 0.
(i1) For every ¢ > 0, the matrix H + I, is positive definite, so part (i) gives

det(H + tI, + G) > det(H + tI,).

Letting + — 0" and using continuity of the determinant proves the claim. O

Proposition 1.4. If H is generalized positive semidefinite, the following hold:
(1) Every principal submatrix H[J] is generalized positive semidefinite;
(i1) H is virtual positive semidefinite. The converse is false in general.

Proof. (i) Fix J C [n] and y € R¥I. Embed y into a vector x € R” by placing the entries of y in the
coordinates indexed by J and putting zero in the remaining coordinates. Then, x" Hx = y"H[J]y > 0.
(i1) By part (i) and Lemma 1.2, the matrix H[J] is positive semidefinite for every nonempty J.

Decompose
H[J] - H[JI"
> .
The second summand is skew-symmetric, so Lemma 1.3(ii) yields det H[J] > deth[?] > 0. Thus,
every principal minor is non-negative.

For the converse, take H = (_21 ‘72/ 2 ) Its principal minors are 2,2,1/2 > 0, so it is virtual positive
definite, whereas (1, )H(1,1)" = -1/2 < 0. O

H[J] = H[J] +

Remark 1.5. (i) If H and G are generalized positive semidefinite, then so is H + G. In particular, H + A1,
is generalized positive definite for every 4 > 0 whenever H is generalized positive semidefinite.

(i1) The analogous assertion for virtual positive semidefiniteness is false without further hypotheses.
For example, H = (_21 - 2) and G = (_72/2 o ) are virtual positive definite, but H + G = (_;‘/2 =/ 2) has
the determinant —17/4 < 0 and hence is not virtual positive semidefinite.

For each o € S,, set H, := (hy().o(j))1<i, j<n-

Lemma 1.6. For every o € S,, the following hold:
(i) det H = detH,,;
(i1) H is virtual positive semidefinite if and only if H, is virtual positive semidefinite;
(ii1) H is generalized positive semidefinite if and only if H is generalized positive semidefinite.

Proof. Let P, be the permutation matrix corresponding to o. Then, H, = PLHP,,, so
det H, = (det P,)* det H = det H.
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This proves (1).

For every J C [n], the principal submatrix H,[J] is permutation equivalent to H[o(J)]; hence, their
determinants are equal. As J — o(J) permutes the subsets of [#], this proves (ii). Finally, for every
x e R”,

x'H,x = (P,x)'H(P,x),

and P, is bijective on R", which proves (iii). O

Proposition 1.7. Assume n > 2. Then, H is virtual positive semidefinite if and only if every principal
submatrix H[K] with |K| = n — 1 is virtual positive semidefinite and if det H > 0.

Proof. The forward implication is immediate. Conversely, let @ # J C [n]. If J = [n], then det H[J] =
detH > 0. If |[J| < n—1, choose K C [n] with J C K and |[K| = n — 1. Then, H[J] is a principal
submatrix of the virtual positive semidefinite matrix H[K], so det H[J] > 0. Thus, all principal minors
of H are non-negative. O

Definition 1.8. An n X n real matrix H = (h;;) is called an h-Shuhan matrix if
(S1) h;; = h for every i, where h € R,;
(S2) h;j € Z, for every i # J;
(S3) for every unordered pair {i, j} with i # j, either h;; = hj; or

max{hij,hj,-} = —1, min{h,-j,hj,-} < -=2.

Equivalently, in the asymmetric case, {h;;, h;;} = {—1, —m} for some integer m > 2.

Condition (S3) is deliberately invariant under interchanging i and j. Hence, simultaneous permutation
of rows and columns preserves the class: Every principal submatrix and every H,, is again an h-Shuhan
matrix. This also makes clear that both orientations of a multiple Cartan edge are allowed.

For such a matrix,

CH)=H+Q2-nI,

is a generalized Cartan matrix: Its diagonal entries are 2, its off-diagonal entries are non-positive integers,
and ¢;; = Oif and only if ¢;; = 0.

2. Relations between the positivity properties of H and diagonal shifts H + 11,

Lemma 2.1. For every H € M,(R) and every scalar A,

det(H + AI,) = Z A" Vldet H[J],  detH[2] = 1.
JC[n]

Proof. In the Leibniz expansion of det(H + A1,), choose the diagonal term A at precisely the indices
outside a subset J. The remaining factor is exactly the principal minor det H[J]. Grouping the terms
according to J gives the stated identity. O

Proposition 2.2. If H is virtual positive semidefinite, then every real eigenvalue of H is non-negative.
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Proof. Suppose that p < 0 is a real eigenvalue, and put A := —p > 0. Then, det(H + A1,,)) = 0. On the
other hand, Lemma 2.1 and virtual positive semidefiniteness give

det(H + AI,) = Z 1V det H[J] = A" > 0,

JC[n]

a contradiction. m|

Lemma 2.3. (See [8, Chapter 4].) An indecomposable generalized Cartan matrix is of affine type if and
only if it is singular and all its proper principal minors are positive (equivalently, all principal minors
are non-negative, and the full determinant is zero).

Proposition 2.4. Let C be a generalized Cartan matrix.

(i) C is virtual positive semidefinite if and only if each indecomposable component of C is of finite or
affine type.

(1) If H € M,(R) is virtual positive semidefinite, and 1 > 0, then H + A1, is virtual positive definite.
In particular, if H is an h-Shuhan matrix with h < 2 and is virtual positive semidefinite, then H+(2—-h)I,
is a generalized Cartan matrix of finite type.

(i) If h > 2, and H + (2 — h)I, is of finite or affine type, then H is virtual positive definite.

Proof. (1) For an indecomposable generalized Cartan matrix, the finite and affine alternatives are
characterized by positivity and non-negativity of the principal minors; see [8, Chapter 4]. A
decomposable matrix is block diagonal after a simultaneous permutation, so the assertion follows
componentwise.

(i1) Let @ # J C [n]. Because every principal submatrix of a virtual positive semidefinite matrix is
again virtual positive semidefinite, applying Lemma 2.1 to H[J] gives

det(H[J] + Al;) = Z AR det HIK] = AV > 0.
KcJ

Thus, every principal minor of H + AI, is positive, which proves virtual positive definiteness. If now H
is an h-Shuhan matrix with 4 < 2, then C = H + (2 — h)I,, 1s a generalized Cartan matrix and is virtual
positive definite. Part (i) excludes affine components (their determinants are zero); hence, C is of finite
type.

(iii) Put C := H + (2 — h)I,,. By Part (i) directly above, a finite- or affine-type generalized Cartan
matrix is virtual positive semidefinite. Because H = C + (h — 2)I,,, and h — 2 > 0, Part (ii) shows that H
is virtual positive definite. O

Vinberg’s trichotomy and spectral criteria. An indecomposable generalized Cartan matrix C is
said to be of positive, zero, or negative type if there is a vector u > 0 with Cu > 0, Cu = 0, or Cu < 0,
respectively, where the matrix inequalities are understood componentwise [13].

For an indecomposable #-Shuhan matrix of order n, put

B+ B'
B:=hl,-H=2I,-CH), B :==——.
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The entries of both B and By are non-negative, and B is irreducible for n > 1. Writing p for the spectral
radius, we have that

H is virtual positive semidefinite <= h > p(B), *)
H is generalized positive semidefinite <= h > p(B).
To prove the first criterion of (*), note that 4 < p(B) gives a negative real eigenvalue of H, contradicting
Proposition 2.%. Conversely, if 1 > p(B), adjoin n — |J| zero rows and columns to B[J], supported on J,
to obtain 0 < B; < B. Monotonicity of spectral radius [6, Chapter 8] gives

p(B[J]) < p(B) < h.

For t > h, the real factors of det(¢1; — B[J]) are positive, and the nonreal factors occur in complex-
conjugate pairs, so this determinant is positive. By continuity, det H[J] = det(hl,;; — B[J]) > 0. Thus,
all principal minors of H are non-negative.

To prove the second criterion of (*), consider H= hl, — B. Recall that the spectral theorem for real
symmetric matrices states that there are an orthogonal matrix U and real numbers A, ..., 4, such that

U'B,U = diag(4y, ..., A,).

Consequently, UTHU = diag(h—A4,...,h—A4,). Because By is non-negative and symmetric, Ay, (Bs) =
o(By) [6, Chapters 4 and 8]. Thus, His positive semidefinite if and only if 4 > p(B;). By Lemma 1.2,
this proves the second criterion of (*). The corresponding definiteness criteria are &4 > p(B) and
h > p(By), respectively. When h = p(B), the matrix H = hl,, — B is singular; when h = p(B;), the
symmetric part H = hl, - B, is singular.

Choose a positive Perron eigenvector v of B (take v = 1 when n = 1). Then,

CH) = (2 - p(B)). (P)

Thus, the three types correspond to p(B) < 2, p(B) = 2, p(B) > 2, respectively. If h < 2, and H is
virtual positive semidefinite, then p(B) < h < 2 by the first criterion of (*). Because v > 0, (P) gives
C(H)y = (2 - p(B))v > 0. Thus, C(H) is of positive type and hence of finite type; see [8, 13].

The condition x"Hx > 0 for every real vector x can impose a larger threshold. For

h =2
Hh_(_l h)’

the virtual and generalized thresholds are V2 and 3/2. Similarity with respect to the diagonal matrix
D = diag( \/5, 1) makes D~'H,D symmetric; at & = \/i, it is positive semidefinite, whereas H), is not
generalized positive semidefinite.

Scalar rescaling to diagonal 2 need not satisfy Vinberg’s product condition. For H = (3_/12 3_/12 ), the
rescaled off-diagonal entries are —4 /3, whose product 16/9 lies between the consecutive allowed values
1 and 2.
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3. Semidefinite #-Shuhan matrices for 0 < h < 2

The main classification concerns 0 < h < 2. We also record determinant identities and threshold
statements for other values of 4, with their ranges specified below. Throughout, H = (h;;) denotes an
indecomposable #-Shuhan matrix and # > 0 unless otherwise stated. For a Cartan matrix S of finite or
affine type, define

S =S4 (h-2I, 5N :=detS?, T .= detS®.

Thus, $» = S, and only the diagonal entries are changed.

Finite-type families. We make the matrix conventions explicit. Given a finite Dynkin graph, put /
on every diagonal position, put 0 between nonadjacent vertices, and put —1 in both directions on every
single edge. On a double (respectively triple) edge, the two directed entries are —2, —1 (respectively
-3, —1). The orientation is part of the matrix data; Definition 1.8 allows either orientation, and transpose
reverses all such arrows. With this convention:

o A" is the path on n vertices with all edges single;

o B{" has h on the diagonal, (B{");;s; = (B{")i1; = =1 for 1 <i < n -2, and at the final edge,
(Bff”)n_lﬂ = -2, (Bflm)n,n_l = —1. We set Cflh> = (Bff”)T. For n > 3, these two matrices are

generally not permutation equivalent, although all three positivity notions considered here are
invariant under transpose;
° Dflh> is the simply-laced tree with one trivalent vertex and arms of lengths n — 3,1, 1;
° Eém, E§h>’ E§h> are the simply-laced trivalent trees. Their arm lengths are (2,2,1), (3,2,1),
and (4, 2, 1), respectively;
o F{" is the four-vertex path 1 —2 = 3 — 4, with (F{"),3 = =2, (F{");, = —1 and all single-edge
entries equal to —1 in both directions;
. G = (1)
Equivalently, these are obtained from the standard finite-type Cartan matrices in [8, Chapter 4] by
replacing every diagonal 2 by 4. This explicit convention will also be used when a principal submatrix
decomposes into smaller Dynkin components.
Set a<_h1> =0, ag” =1, bim := h, and d§h> = agm. We also use ng =1 and/b\ih> := h. The auxiliary
value a<_h1> extends the a-recurrence to its first step and will also be used when i = 1 in Theorem 4.12.
Expanding the corresponding determinants at an end vertex gives

=, a? = na® -a®  (n>2),
P =n -2, b =h?-3), bP=h" -b" (n23), 3.1)
dl’ = R(n* - 3), dl’ = hd’, ~d, (n25).

The same recurrences also give

b = haih_)l - 2a§zh_>z = ay’ - aizh—>2 (> 3),

d” = h(@®, —a™,) = nb™, (n=4).

n—1 n-3

(3.2)

These identities will be used repeatedly below.
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Let x, satisfy x, = hx,_; — x,_, whenever the three terms are defined. For 4 > 0, h # 2, define ¢, by

5 Vh2-4>0, h>2, h+ 6y, 5 h-96,
= @, = , = :
"Tlive—m, o<h<2, T2 )

Thus, a;, and S, are the two distinct roots of > — ht + 1 = 0; for h > 2, they satisfy a;, > 1 > ), > 0,
whereas for O < / < 2, they are complex conjugates. Then,

Xy = keay + L), (3.3)

where k, and [, are uniquely determined by two consecutive initial values (for example, by x, and x; when
those are specified). We have a;, + 8, = h, ), = 1, and o, — B, = 6. In particular, aj = a<h> \Xh — ff”z
and 8 = a<h> B = ﬁf’f Set
1+ V5 V5-1
2 S A R
Then, @ 5=, 85 = ¢, a3 = ®?, and B3 =
For every sequence x = (x;); satisfying the recurrence, define

ORES

o 2.2
Fi(Q) = hxixioy — x; — x;_,

A substitution of x;;; = hx; — x;_; shows that F,(i + 1) = ¥,(i); hence, this quantity is independent of i.
When the underlying recurrence sequence is clear, we denote this constant by f(x), omitting the index.

Proposition 3.1. Assume h > 0 and h # 2. Then:

(1) n+1 n+1
a =8 TP ey Z s 1,
an — P
(i1)
bl =ay+B M) =(@-B) (n=2)
(iii)

dP =h(@y" +87),  fdP) = (-5 (n24).

(h

Proof. For affﬁ, the initial values a0> =1and a<h> hin (3.3) give

ay . Bu

k, = , - .
@ — B ay, — B

a =

This proves the formula in Part (i), and the recurrence invariant equals k., (@), — 8,)* = —1.

For b, the initial values b<h> h* — 2 and b<h> h(h* - 3) give k;, = I, = 1. Hence, b{" = a) + B
and f(b') = (), — Bi)*.

Finally, )" = h(h* — 2) and d\" = h*(h* - 3) give k; = hf;, and I, = ha;,. Therefore,

dP = + 8N, @) = By - Bi)? = (a2 - BY?,

where the last equality uses & = a;, + ;. O
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Proposition 3.2. Assume h >0, h # 2, and n > 1. Then, we have

(1)

1 n+1
 — § hn—2k h2 —4 k
n (2k+1) ( )

05k<%

1 n+1 -
bf{ﬁ?] —— Z ( o )hn+l Zk(hZ _4)](,

n+2
2k

)hn+3—2k(h2 _ 4)k

(i) For 1 < m < n, we have

g

hy — ()
a,” =4, ay .y m—1"n-m-1"

(ii1) We have
(hy \2 2 N2 _
B = (0 = 4@y = 4.

Proof. Part (i) follows by applying the binomial theorem to the formulas for " and b given in
Parts (i) and (ii) of Proposition 3.1, together with the identity dfff3 = hbﬁﬁfz.

For Part (i1), fix m. Both sides satisfy the recurrence u, = hu,_, — u,_, and agree forn = m + 1 and
n = m + 2. Hence, the identity holds for every n > m.

For Part (iii), substitute the formulas for aﬁlm and bﬁlh> from Parts (i) and (ii) of Proposition 3.1 into
the left-hand side to obtain

(b))* = (W = 4)(a") = Ay = 4.

n+

The final equality follows from o8, = 1. O

For later use, note that if 4 > 2, then @, > 1 > 8, > 0. Proposition 3.1 therefore implies positivity of

aﬁlh>, bflh>, and df,h> in their natural ranges, and

1 1
o T w Tt e

Lemma 3.3. Assume 0 < h <2, and let 6 € (0, 71/2] be the unique number satisfying cos @ = h/2. Then,
(1)
i +1)6
aff‘> = M, bff” = 2 cos(nd), dflm =4 cosBcos((n — 1)0).
sin @
(i) Forn > 1, a,im >0forl <k <nifandonlyifh > 2cos(z/(n+ 1)).
(iii) Forn > 2, b,im > 0for2 <k <nifand only if h > 2 cos(r/(2n)).
(i) If0 < h <2, and n > 4, then d” > 0 for 4 < k < n if and only if h > 2 cos(n/(2(n — 1))).
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Proof. Because h = 2cos 6, the characteristic roots are ¢*’. Proposition 3.1(i), or the elementary
solution of the recurrence, gives afqm = (sin((n + 1)6))/(sin 8). Equation (3.2) then yields
sin((n + 1)0) — sin((n — 1)0)

b = , = 2 cos(nd),
sinf

and d'" = hbﬁlhfl =4 cosfcos((n— 1)0).

For (ii), if 8 < n/(n + 1), then 0 < (k+ 1)§ < n for 1 < k < n, so every a,im > 0. Conversely,
if 6 > n/(n + 1), choose the least integer r € {2,...,n + 1} with r6 > n. Then, (r — 1)6 < «, and because
6 <m/2,onehasm < rf <3m/2,so a@l < 0. Thus, 8 < 7/(n + 1), or equivalently, & > 2 cos(r/(n + 1)).

For (iii), the same first-crossing argument applied to bim = 2 cos(k6) shows that all b,im for2<k<n
are non-negative exactly when nf < n/2; that is, h > 2 cos(n/(2n)). For (iv), dftm =hh* -3)>0
and h > O first give 4 > V3, and hence, bém > (. The remaining conditions df{m > ( are equivalent to
b,@l > (. Part (iii), now applied to the full range 2 < k — 1 < n — 1, gives the asserted threshold. O

Lemma 3.4. Every principal submatrix of a finite-type family is, after a simultaneous permutation, a
direct sum of connected blocks of the following kinds:
1) A principal submatrix of A" is a direct sum of A,im blocks;
2) A principal submatrix of BY" (respectively C{") is a direct sum of A,im blocks and at most one B§h>
(respectively C§h> ) block;
3) A principal submatrix of D" is a direct sum of A,im and (possibly) one smaller D;,h> block;
4) A principal submatrix 0fE§£’> (m =6,7,8) is a direct sum of blocks of type A, D, and smaller E
whenever the latter occurs as a connected induced subdiagram;
5) A proper principal submatrix of F f{” is a direct sum of A-type blocks and at most one multiple-edge
block, of type B§h> or (in rank three) B§h> or C§h>; for G<2h>, the only proper connected principal
blocks are A<lh>.

Proof. The Dynkin graphs listed above are trees. Deleting vertices produces an induced forest, and
after simultaneously permuting rows and columns according to its connected components, the principal
submatrix becomes block diagonal. A connected component not containing a multiple edge is a simply-
laced path or subtree of the indicated A, D, E type. Because the B,,, C,,, and F, diagrams have only one
multiple edge, at most one component contains it, producing the stated oriented multiple-edge block.
The G, assertion is immediate. O

Proposition 3.5. (i) Af,h> is positive semidefinite if and only if h > 2 cos(n/(n + 1)), n > 1.
(i1) Bflm and Cf,h> = (Bf,m)T are virtual positive semidefinite if and only if h > 2 cos(n/(2n)), n > 2.
(ii1) ij” is positive semidefinite if and only if h > 2 cos(n/(2(n — 1))), n > 4.
@iv) Eg’> is positive semidefinite if and only if h > 2 cos(m/12).
(v) E§h> is positive semidefinite if and only if h > 2 cos(r/18).
(vi) Eg') is positive semidefinite if and only if h > 2 cos(rr/30).
(vii) F ih> is virtual positive semidefinite if and only if h > 2 cos(rr/12).
(viii) G;m is virtual positive semidefinite if and only if h > 2 cos(r/6).

Proof. For h > 2, the matrices obtained from the finite-type Cartan matrices by replacing each diagonal
entry 2 by h have strictly positive principal minors. At & = 2, this follows from the principal-
minor characterization of finite-type Cartan matrices (see [8, Chapter 4]); for & > 2, it follows from
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Proposition 2.4(i1). Consequently, the matrices in the symmetric A, D, E families are positive definite.
At h = 0, each matrix in the finite-type families under consideration (except A<10>) contains a principal
2 x 2 submatrix corresponding to two adjacent vertices of its Dynkin diagram. This submatrix has
the form ( 9 @) with a,b > 0, so its determinant is —ab < 0. Thus, among the displayed finite-type
families, only the 1 X 1 zero matrix A<1O> is positive semidefinite. It remains to consider 0 < i < 2.

By Lemma 3.4, virtual positive semidefiniteness is equivalent to non-negativity of the determinants
of the connected principal blocks listed there. For the symmetric matrices of types A, D, and E,
non-negativity of all principal minors is also equivalent to positive semidefiniteness.

Parts (1)—(iii) now follow from Lemma 3.3: for A, the strongest condition is a > 0 together
with the preceding a<h> for B,, it is the simultaneous non-negativity of a,i’”l and b<h> whose sharp
maximum threshold is 2 cos(rr/(2n)); the same holds for C,im = (Bﬁ,m)T because pr1n01pal determinants
are unchanged by transpose; and for D,, it is the simultaneous non-negativity of the relevant A-blocks
and d\", giving 2 cos(rr/(2(n — 1))).

For the exceptional types, the structural lemma reduces the verification to the full determinant plus
already-controlled proper connected subdiagrams. Direct end-vertex expansions give

el = (h2 DR = 2+ V) - (2 - V3)),
<”> = (0~ 2+ ) -2~ V3)),
<h> h2 3.
Together with the proper-subdiagram thresholds, these give (iv), (vii), and (viii). For E;, writing

h =2 cos 6 gives e<h> 2cos 8 (2cos 68 — 1), so on the range already forced by the E¢ subdiagram, the
sharp zero is 6 = 7r/ 18. For Ejg, the E; condition restricts 0 < § < 7/18 and

e = 2(~25in(56) sin(36) + cos(66) — 1}.

On this interval, the expression is strictly decreasing as a function of : Its derivative is

d
5e8 " = ~4[5 cos(56) sin(30) + 3 sin(56) cos(36)]

~125in(66) <0 (0<0< %)

The determinant vanishes at 6 = /30, yielding (vi). Every proper connected principal subdiagram has
a threshold no greater than 2 cos(rr/30), so no further condition is needed. O

To study the determinant polynomials fo') uniformly in n, we place the exceptional edge of weight
3/2 between the first two coordinates. More precisely, for n > 2, let J,, = (ji;) be the real symmetric
tridiagonal matrix with zero diagonal, whose only nonzero entries are

s i=n,
Jij+l = Ji+li = 1’ ) <i<n- 1

Thus,
3
o 3 0 2 0
Jz-(§ 5), 5=l 01
2 010
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Let P, denote the permutation matrix reversing coordinate order: P,e; = e, ;. In the symmetric part
of BY”, the last pair of adjacent coordinates has entries —3/2, and all other adjacent pairs have entries
—1. Consequently,

P'B"P,=hl,-J,  b" =det(hl, - J,). (3.4)

Lemma 3.6. All roots of/b\,gh) = det B, regarded as a polynomial in h, are real and simple.

Proof. By (3.4), the roots are the eigenvalues of the real symmetric matrix J, and hence are real. To
prove simplicity, let J,v = Av withv = (v{,...,v,)T # 0. The first row gives (3/2)v, = Av;; for
2 <k < n—1, the kth row determines v, uniquely from v;_; and v; because ji4+; = 1. Thus, v; =0
would imply v = 0, and every eigenvector is determined by its first coordinate. Each eigenspace is
therefore one-dimensional. Because a real symmetric matrix is diagonalizable, all its eigenvalues are
simple. O

Recall the following standard terminology and results. For an irreducible non-negative matrix M,
a Perron vector is a vector u > 0 such that Mu = p(M)u, where p(M) is the spectral radius. The
Perron—Frobenius theorem asserts that such a vector exists and that p(M) is an algebraically simple
eigenvalue. For a real symmetric matrix A and x # 0, the Rayleigh quotient is R4(x) := x"Ax/(x"x).
The Rayleigh—Ritz variational principle states that A,,.x(A) = max,.o Ra(x). See [6, Chapters 4 and 8§].

Write w, for the largest real zero of Zﬁ,m. By (3.4), w, = Amax(J,). Moreover, J, is entrywise
non-negative and irreducible, so u, = p(J,) > 0 by the Perron—-Frobenius theorem.

Lemma 3.7. For every n > 3, the largest roots satisfy p, > 1.

Proof. For n > 3, the definition of J, shows that its leading principal submatrix of order n — 1 is exactly
Jn—1. The only nonzero entry connecting this block to the last coordinate is (J,),-1, = 1. Thus,

_ Jn—l €,-1
Jn_(eT 0 )a

n—1

where e,_; = (0,...,0, )T e R*I.
By the Perron—Frobenius theorem, there is a vector u = (uy,...,u,_;)" with every u; > 0 such that
Jou = p,u.

Fort > 0,let z, = (u',1)". Multiplying out the displayed block matrix, we obtain

than, =u'J, u+tu'e, |+ te,Tl_lu
2
= ,un—lllu” + 2tun—1a
T 2., 2
2, 2 = ||u|l” + 1.

It follows that the Rayleigh quotient R (z;) = z] J,z:/(z] z,) satisfies

2
M llell™ + 21w,
Ry (z)) — pp-1 = — Hn-1
1.(Z0) = tn P 1 2 Hn

tQuy_y — Myt 2u,,_
= (2u 12 ’u21)>0 (0<t< “ 1).
||ee]|* + £ HMn-1
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Finally, the Rayleigh—Ritz characterization of the largest eigenvalue of a real symmetric matrix gives

Hn = Amax(J ) = max Ry, (z) 2 Ry, (z;) > pn-1.

Let € be the largest real root of

= 1
g(h) =" b = n* - n* - fh + %.

Numerically, € ~ 2.04998.
Lemma 3.8. The bound 3/2 < u,, < € holds for every n > 2.

Proof. The lower bound follows from u, = 3/2 and Lemma 3.7. Because g(2) = —1/4, g'(2) = 19/4,
and g”(h) = 6h —2 > 0 for h > 2, the largest root € is greater than 2, and g(h) > 0 for h > €. The initial
thresholds satisfy

,uz:%<2<e, u3:@<2<6.

Fix h > €, and put ¢, := /b\,im. Then, ¢,,q3 > 0, and g3 — ¢» = g(h) > 0. For k > 4, the determinant
recurrence gives

Gk = Gi-1 = (h = 2)qi-1 + (k-1 = Gr-2)-
Induction yields g; > gx-; > O for every k > 4. Thus, none of the polynomials /b\ff” has a zero in [€, 00),

and yy < e for all k > 2.
O

Equivalently, u, = p(J,) is the spectral threshold for generalized positive definiteness of both B
and Cf,m = (Bff’))T. Lemmas 3.7 and 3.8 show that these thresholds increase strictly with n and remain
below € =~ 2.04998.

Corollary 3.9. If h > €, then both BY” and C" are generalized positive definite for every n > 2.

For the B,, C, families, the restriction & < 2 requires yu, < 2. We show that g = 2. At h = 2, the
determinant recurrence with initial values 2, 7/4 gives

— 9_k
2y _
B N ()}
Set
oy 7 _[9s z
0 :=2I J9—(ZT Ik

The leading principal minors of Qg are ’l;;? =(9—-k)/4>0for1 < k < 8. Hence, Qs is positive definite
by Sylvester’s criterion.
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Recall the Schur complement criterion. Let M = (?T fz) be a real symmetric block matrix with A
positive definite, and put s = d — z"A~'z, the Schur complement of A. Block elimination gives the

congruence
1 0 I -A7'z A0
(—zTA-1 1)M(0 1 )‘(0 s)'

Because the two outer matrices are invertible transposes of one another, M is positive semidefinite if
and only if s > 0; moreover, det M = (det A)s (see [6, Chapter 7]). For Q, the Schur complement of
Qgiss=2— zTlez. As detQ = 79792) = 0, and det Qg > 0, the determinant formula gives s = 0. Thus,
0 =21, — ]y is positive semidefinite and singular, so the largest eigenvalue of Jg is 2; that is, yg = 2.
Lemmas 3.7 and 3.8 now yield

3
S TH < <Py <9 =2 <o <<€

Proposition 3.10. (i) I[f0 < h < 2, then ij” and ij” = (Bﬁ,m)T are generalized positive semidefinite if
and only if h > u, for 2 < n < 8, where

Il
00|
+
[
S
1]
()]

Hn
\/%+V]Tﬁcosél,n:6
\/%+%cos€)2+%§sin92,n:7
33,8 ,1 [541 _a, 17 _
6t tayoe “stxmg =38
where
p 1 ) 541327 g 1 ) 12V11919
= = n—-— —, = —arctan ——,
IR T T 2= garcl TS
1 3vV37701987 547 32
= 727 - t—’ = —+__
a:=VN cos(3 arctan 31607 ) B 3 3 a

The corresponding numerical values are

11> ~ 1.500000, 3 ~ 1.802776, us ~ 1.905308,
s ~ 1.950448, g ~ 1.973634, 1 ~ 1.986807,
ps ~ 1.994840.

() F ftm is generalized positive semidefinite if and only if h > 2.
(ii1) G;m is generalized positive semidefinite if and only if h > 2.
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Proof. By Lemma 1.2, B is generalized positive semidefinite if and only if B is positive semidefinite.
By (3.4), this is equivalent to the positive semidefiniteness of hl,, — J, and hence to

h> /lmax(Jn) = Hn-

This explains why the largest root rather than an arbitrary root of Ef” is the relevant threshold.
Because x" B{"x = xT(B{")Tx, exactly the same threshold holds for C{. Lemmas 3.7 and 3.8 together
with pg = 2, then show that only 2 < n < 8 can occur in the range 0 < h < 2.

For transparency, the determinant polynomials whose largest roots are used above are

. |5
9
2| n -2
13
3| w = L
17 9
4 h4 - Tl’lz + i
21 7.7 11
5 hs - Th% + 7]1
25 39 9
6| nS— Bt + ¥y~ 9
7|0 =21 + 150 - 3h
33 85 35 9
8 h8—7h6+7h4—7h2+z.

They are generated recursively from the tridiagonal determinant (equivalently from the recurrence
Zﬁf’) = hi;g’fl - Eff‘_)z once the initial cases are fixed). Thus, the displayed radical and trigonometric
expressions for u,, ..., ug can be checked by substitution into these explicit polynomials. Appendix A
gives a short exact-arithmetic script reproducing the polynomials and their largest real roots.

For F i}” and G<2h>, generalized positive semidefiniteness is again equivalent to positive
semidefiniteness of the symmetrization. For F f(’), the weighted path in the symmetrization has off-
diagonal weights 1,3/2, 1, so

7 1
det F{" = h* - Z7h2 +1= (- - D).

Thus, its largest adjacency eigenvalue is 2. For G§h>, the symmetrization is ( %, 7?), whose eigenvalues
are h + 2. Hence, both families are generalized positive semidefinite exactly for 4 > 2. O

Remark 3.11. For the classification theorem, only the largest real zero of each polynomial Eff” is needed.
In particular, the value pg = 1.994839578989595 is independently reproduced by the exact-arithmetic

computation in Appendix A; no Galois-theoretic assertion is used anywhere in the proof.

The reduction from H to the finite-type Cartan matrix C(H) = H + (2 — h)I,, in Proposition 2.4(ii)
together with the preceding spectral thresholds gives the following classification.

AIMS Mathematics Volume 11, Issue 11, 36870-36903.



36886

Theorem 3.12. Assume 0 < h < 2. Then, the following classifications hold.

(1) H is positive semidefinite if and only if after a simultaneous permutation of rows and columns, it
is one of

(1) AP withn > 1 and h > 2 cos(n/(n + 1));
(i) D withn > 4 and h > 2 cos(n/2(n — 1)));
(i11) Eg”, E§h>, Eg’) with thresholds 2 cos(r/12), 2 cos(n/18), and 2 cos(rr/30), respectively.

(2) H is virtual positive semidefinite if and only if it is positive semidefinite or after a simultaneous
permutation, it is one of

(i) BY” or C{" = (B{")", withn > 2 and h > 2 cos(r/(2n));
(i) F" with h > 2 cos(n/12);
(i) G{” with h > 2 cos(n/6).

(3) H is generalized positive semidefinite if and only if it is positive semidefinite or after a simultaneous
permutation,
H=B" or H=C!=B"),

where 2 < n < 8, and h > p,. The thresholds p, are listed in Proposition 3.10.

Proof. We give the details in the three steps on which the classification rests.

Step 1: Reduction to finite type. Suppose first that H is virtual positive semidefinite. This
includes the positive and generalized positive semidefinite cases by Proposition 1.4. Because i < 2,
Proposition 2.4(ii) shows that C = H + (2 — h)I, is a finite-type Cartan matrix. Because H is
indecomposable, so is C.

Step 2: Exhaustion of the finite families. The classification of indecomposable finite-type Cartan
matrices gives the types A,, B,, C,, D,, E¢, E7, Es, F4,G>; see [8, Chapter 4]. Both orientations of
the double edge occur in types B, and C,; for n > 3, they are transposes rather than permutation-
equivalent matrices. (For F4 and G,, the opposite orientation is permutation equivalent to the displayed
representative.) Consequently, H, must be one of

AP, B, ¢, pP, EP EV, EP, F{, G

n 2’

There are no further cases. Proposition 3.5 gives the exact virtual and positive-semidefinite thresholds
for these families, and Proposition 3.10 gives the generalized thresholds for the nonsymmetric families.

Step 3: Separation of the three positivity notions. For positive semidefiniteness, the matrix
must be symmetric. Among the representatives above this leaves precisely A, D, E; applying
Proposition 3.5(i),(iii)—(vi) gives Part (1).

For virtual positive semidefiniteness, all finite types may occur. Proposition 3.5 gives exactly the
additional nonsymmetric families B,<f‘>, C f,h>, F i’”, G<2h> with the thresholds stated in Part (2), proving both
necessity and sufficiency.

For generalized positive semidefiniteness, the symmetric matrices of types A, D, and E again give
Part (1). For B,<1h> and Cf,h>, Proposition 3.10(1) gives h > u,. Because ug = 2, and Lemma 3.7 gives
strict increase, the restriction /& < 2 leaves exactly 2 < n < 8. Proposition 3.10(i1),(iii) shows that F ff’>
and G;m would require & > 2, so neither contributes in the present range. This proves Part (3). The
sufficiency assertions in all three parts are exactly the corresponding propositions already cited. O
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Affine-type notation. Let X](\f) denote the standard affine generalized Cartan matrix in the notation
of [8, Chapter 4], and let m be its order. Define

X;\;Xh) = X}(\;) + (h =2, (3.5)

Thus, only the diagonal entries 2 are changed to 4; all off-diagonal Cartan entries remain unchanged.
In the comparisons below, S denotes the relevant unshifted affine matrix. For the nonsymmetric
comparisons immediately below, we use the standard affine types

D) 1 ) Q) 40
G,, D}, F,’, E_’, A,
B, A Ch A p®

2n—-1° 2n° n+1°
with the standard superscripts and ranks; symmetric affine types used later retain their usual symbols.
For the ranges used below, the weighted graphs of the symmetrizations (S +S7)/2 agree, up to relabeling
of vertices, in the pairs (or triples)

GV, DY), (FVED),
1 ) 1 ?2) nH®
(B,AS) ) (n>2), (CP,AS) . D” ) (n>1).

n 2n° +
A single edge has symmetrized weight 1, a double edge weight 3/2, and a triple edge weight 2;
hence, reversing an arrow does not change the weighted graph. The B’ pair gives a fork with one
double end-edge and the c triple a path with double end-edges; A(22) is treated separately. Hence, the
paired types have the same generalized-semidefinite threshold, although the original Cartan matrices

need not be permutation equivalent.

Proposition 3.13. If S is an indecomposable affine generalized Cartan matrix, then S is virtual
positive semidefinite if and only if h > 2.

Proof. If h = 2, then §% = § is virtual positive semidefinite by Proposition 2.4(i). If A > 2, then
S = 8§ + (h — 2)I is virtual positive definite by Proposition 2.4(ii). Conversely, if 4 < 2, and $¥ were
virtual positive semidefinite, Proposition 2.4(ii) would imply that § = §% + (2 — h)I is of finite type,
contradicting that S is affine. O

Proposition 3.14. (i) ngh) (and Dth) ) is generalized positive semidefinite if and only if h > V5.
(i) F glxh) and E(62)<h> are generalized positive semidefinite if and only if h > V17/2.
(iii) A;th) is generalized positive semidefinite if and only if h > 5/2.

Proof. For each matrix $% in (i)—(iii), Lemma 1.2 gives
S generalized positive semidefinite <= S® = hl — K » 0,

where K is a real symmetric non-negative matrix. Hence, the exact threshold is the largest eigenvalue
o(K), equivalently the largest real zero of det S For the three displayed affine types, the determinant
computations are

00 = JOW — it 5,

’Il)<h> :’e‘(62)<h> — h(hZ _ 1)(h2 _ % ,

25
GO0 2 =

The largest real zeros are respectively V5, V17 /2, and 5/2, which proves all three equivalences. 0O
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Lemma 3.15. For every n > 3 and every h > ¢,

AR S C )
Proof. By Lemma 3.8, the largest zero y of E,im satisfies y; < € for every k, so ’5}(::)
Moreover,

> (0 whenever / > €.
B B, = - 1L~

Starting with /b\<3h> —Zg’) = g(h) > g(e) = 0 for h > €, induction gives /b\,ih) —/l;,ih_)l >(0foreveryk>3. O

Lemma 3.16. The largest roots 0f79\f,1)<h> and /c"fll)w, regarded as polynomials in h, are simple.

Proof. For either affine family, the symmetrized matrix has the form
S® = hI - K,

where K is a real symmetric non-negative irreducible weighted adjacency matrix of the connected
affine Dynkin graph. Hence, the largest zero of det(hl — K) is the spectral radius p(K). By the Perron—
Frobenius theorem, p(K) is a simple eigenvalue of the irreducible non-negative matrix K. Therefore, the
largest root of the characteristic polynomial is simple. O

Define _
A, :=max{heR: bf}xh) =0}, n, :=max{h e R :'c*nlxh> = 0}.

Proposition 3.17. (i) For every n > 2, Bﬁ,l)<h> (and Agjﬁ? ) is generalized positive semidefinite whenever
h > V17/2. This uniform bound is sharp over the whole family, as equality is required when n = 3.
(i) For every n > 1, V" (and A(22n)<h>, Dgim ) is generalized positive semidefinite whenever

h > 32/2. This uniform bound is sharp over the whole family, as equality is required when n = 2.

Proof. By Lemma 1.2, the individual generalized-semidefinite threshold of an affine matrix S is the

spectral radius of the symmetric non-negative matrix K in $* = hl — K. Equivalently, it is the largest
zero of det S.

(1) Expanding the affine B diagram at its affine leaf gives

B = h® -b"),  n>3.

For n = 3, this is /b\(;)(h) = KA(h* — 17/4), so 43 = V17/2. Because g increases on [2, o), and
g(V17/2) = V17/2 -2 > 0, we have € < V17/2. If n > 4, and h > V17/2, then h > ¢, and
Lemma 3.15 yields /l;ﬁ,m > /l;ﬁlhfz > (. Hence, E;f,w’) > 0 throughout [\/ﬁ /2, 00). Therefore, its largest
zero satisfies 1, < V17/2 for n > 4, and equality occurs for n = 3. This proves the asserted uniform
sharp bound. -

(11) Let K, be the symmetric non-negative matrix determined by cP" = nI - K,. Tts graph is
a path on n + 1 vertices; the two end edges have weight 3/2, and every interior edge has weight 1.
PutR :=3V2 /2, and choose the positive vector

y=(1,V2,..., V2, )T e R*".
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For n = 2, direct multiplication gives

0201y [F
Ky={2 0 3||V2|=| 3 |=R
0 32 o)l 1 32

2

Because v > 0, the Perron—Frobenius theorem gives p(K,) = R. Suppose now that n > 3. At each
endpoint, (K,v); = (3/2) V2 = Rv,. Ata vertex adjacent to an endpoint, (K,v); = 3/2+ V2<3=RV2=
Rv;, and at every other interior vertex, (K,v); < 2 V2<3= Rv;. Thus, K,y < Rv componentwise. The
Collatz—Wielandt form of the Perron—-Frobenius theorem yields

32
nn:p(Kn)SR:T

for all n > 1. The equality already established for n = 2 proves that the uniform bound is sharp. By the
weighted-graph identification stated above, the paired twisted affine types have permutation-equivalent
symmetrizations; hence, the same spectral-radius bounds apply to them. O

Remark 3.18. For the exact threshold statements in Theorem 3.12 and Propositions 3.13 and 3.14,
replacing the relevant semidefinite condition by its corresponding definite condition replaces the weak
threshold inequality by the corresponding strict inequality. Proposition 3.17 is instead a statement about
sharp uniform sufficient bounds over affine families and should not be read as giving the individual
threshold for every rank.

Lemma 3.19. Let A be an indecomposable symmetrizable affine generalized Cartan matrix. Then, A is
generalized positive semidefinite if and only if A is symmetric.

Proof. Choose a positive diagonal symmetrizer D such that § = DA is symmetric. For affine type, S is
positive semidefinite of corank one, and ker S = Ru for some vector u > 0. Because Au = 0, one has
uTAu =0, where A = (A + AT)/2.

If A were positive semidefinite, the equality u"Au = 0 would imply Au = 0. However,

2Au=A"u =SD 'u.

Hence, D~'u € ker S = Ru. Because every entry of u is positive, this forces D to be a scalar matrix,
and, therefore, A = D~'S is symmetric. The converse is the standard positive-semidefiniteness of a
symmetric affine Cartan matrix. O

Proposition 3.20. (1) An indecomposable generalized Cartan matrix H is generalized positive
semidefinite if and only if after a simultaneous permutation of rows and columns, it is one of

2 2 2 2 2
AP (=1, DPn=4), EP EYP EY,
BP.CP2<n<9), F?.GP,
1)(2 )2 1){2 1)2 )2 D2
Ag)<>’ Ag)”(nZZ), D,(l)<>(n24), E(6)< >,E(7)< >,Eé)< >_

(2) It is generalized positive definite if and only if after a simultaneous permutation, it is one of

AP (m>1), DPn=4), EP EY EY, BP.CP@2<n<3).

AIMS Mathematics Volume 11, Issue 11, 36870-36903.



36890

Proof. The finite nonsymmetric types are controlled by Proposition 3.10. Because

~ 1
b =2-""—
" 4

we have ’b\ff) > (0 forn < 8,’19\;2> = 0, and ’b\f,z) < 0 for n > 10. Moreover, det Ff> = 0, and det G<22> =
0. Thus, Bfl2> and C§,2> are generalized positive definite for 2 < n < 8, and B;2>,C;2>, Fi2>,G<22> are
generalized positive semidefinite but not generalized positive definite.

For the symmetric finite types, the usual Cartan theory gives positive definiteness of

AP DY EP EY EY.

The symmetric affine types

A(11)<2>, Af11)<2>, D21)<2>’ Eél)@), E(71)<2>, Eé1)<2>
are positive semidefinite of corank one. By Lemma 3.19, no nonsymmetric affine type is generalized
positive semidefinite.

Finally, an indecomposable generalized Cartan matrix of indefinite type admits a vector u > 0
with Hu < 0; see [8, Chapter 4]. Hence, u" Hu < 0, so such a matrix cannot be generalized positive
semidefinite. These three cases exhaust the finite, affine, and indefinite possibilities and prove both
assertions. O

4. Determinant sequences associated with #-Shuhan matrices

The classification in Section 3 concerns 0 < 2 < 2, but the determinant recurrences themselves are
defined for every A. This section develops them as a second, complementary theme. The congruence
results require integral 4, whereas the asymptotic results in the later subsections assume /& > 2, where
the characteristic roots ay, 8, are real and satisfy a, > 1 > g, > 0.

4.1. Congruence periodicity of the determinant sequences

In this subsection, 4 € Z, and A := h* — 4. The determinant identities used here are polynomial
identities in A, so the formulas established for 4 > 0 extend to every real 4. For an odd prime p, write

A I,  Ais anonzero quadratic residue modulo p,
(;) :=41-1, Ais aquadratic nonresidue modulo p, 4.1
0, plA

Proposition 4.1. Let p be an odd prime.
(i) @i, = (A/p) (mod p), and by” = h (mod p).

(i) If (A/p) = 1, then a;hfm = af.m (mod p) for every i > 0.

(iii) If (A/p) = —1, then a = a§h> (mod p) for every i > 0.

p+1+i
(iv) If (A/p) = O, then the a-sequence has period p when h = 2 (mod p) and period 2p when h = =2
(mod p).
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Proof. (1) By Proposition 3.2,

=1 _ p B 12k Ak
Dp-1 Zp 2% + 1

0Sk<§
Modulo p, every intermediate binomial coefficient (‘Z) with 1 < k < p — 1 vanishes. Hence, using
Fermat’s little theorem 27~! = 1 (mod p),

p A
d” = AT = (—) (mod p)
p

by Euler’s criterion. Similarly,

N KEY (2k)h” *Ak=h"=h  (mod p),

osk<?

which proves (i).
(i1) Assume (A/p) = 1. Part (i) gives a<h> =1= a<h>. From

hy _ () <h> _ (hy (hy
bp =a, —a,,= 2a hap 1>
we obtain
hy _ p,(h) hy _ _
2ap = bp + hap_1 =h+h=2h (mod p),

SO aﬁ,m =h= aim Thus, the two consecutive pairs (a;hfl, afpm) and (ag”, a<1h>) are congruent modulo p.

(h> = ha'™ — (h> (h)
n

pol4i = a<h> (mod p) for every i > 0.

Because a,, , iInduction now yields a

(iii) Assume (Alp) = —1 The same identity gives 2a<h> = h—h =0 (mod p); hence, a<h> = 0.

Therefore,

<h> — hy _— (hy <h> — (h
p+1_—ap1_1—a0 p+2_h—a1.

hy = W)

The recurrence applied to these two consecutive initial congruences gives a1, = 4 (mod p) for

every i > 0.
iv) If (A/p) =0,thenh =2 or h = -2 (mod p).
If h =2 (mod p), the recurrence with (a<2> 2>) = (1,2) gives a<h> = a§12> =n+1 (mod p). Hence,

@, al?) =(1,2) = (a”,al") (mod p),

and the period p follows. If # = -2 (mod p), then a<h> =(-1)"(n+ 1) (mod p), so

(agy-asy,y) = (1,-2) = (a5”,a)")  (mod p).

The recurrence therefore gives the period 2p. This proves (iv). O
Proposition 4.2. Let p be an odd prime.
() If (A/p) = 1, then b

p—1+i

= bl@ (mod p) for everyi > 1.
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(i) If (A/p) = =1, then b, = b (mod p) for every i > 1.

p+1+i

(iii) If (A/p) = O, then the b-sequence has period 1 when h = 2 (mod p) and period 2 when h = -2
(mod p).

Proof. The recurrence b = hb{" — b,<1h->1 holds for n > 2. We shall repeatedly use the identity

n+l

2pM

_ (hy (hy
il = Aap_1 + hbp ,

which follows from bff') = haflhf1 - 2aff'_>2 and the recurrence for aff’).
(1) If (A/p) = 1, Proposition 4.1(i) gives bﬁ,m =h= bim and a;hfl = 1. Hence, this identity yields
268 = A+l =20 —2) = 2b”  (mod p).
Because p is odd, b;hﬁl = bg”. The two consecutive initial congruences now imply b;hfl = b§h> (mod p)
foralli > 1.
(i) If (A/p) = —1, then ag?l = -1, and bf,,m = h. The same identity gives 2bg‘jl =—-A+h*=4,and

hence, b M=

; +1 = 2. Consequently,

b =2h—h=h=0b]", b =K -2=0b)

p+2 — p+3 —

= b (mod p) foralli > 1.
(i) If (A/p) = 0, then h = £2 (mod p). For h = 2, the recurrence gives bff’> = 2 for all n and period
1. For h = -2, it gives bflm = 2(—1)" and hence period 2. This is exactly the assertion. O

; (h)
The recurrence gives bp i

Proposition 4.3. Let p be an odd prime.
1) If (A/p) = 1, then d§h> = 4" (mod p) for every i > 3.

p—1+i

(i) If (A/p) = =1, then d" = d\)?, .. (mod p) for every i > 3.

(iii) If (A/p) = 0, then dl@ = dﬁ)i or d§h> = dgfi (mod p) for every i > 3, according as h = 2 or =2
(mod p).

Proof. By (3.2), dfh> = hbf.f)]. All three parts follow immediately from Proposition 4.2 after multiplying
its congruences by A. O

Proposition 4.4. (i) If 2 | A (equivalently, h is even), then

a” =d? (mod2), b =b" (mod2)
foreveryi> 0.
(1) If 2 1 A (equivalently, h is odd), then
a”=d" (mod2), b =b" (mod?2),
and
d" =d" (mod 2)

for every i > 0 for which the displayed terms are defined.
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Proof. If h is even, the recurrence gives a<h> = a 2 (mod 2). Also, b<h> h=0,and b<h> W-2=0
(mod 2), so the recurrence forces bflm =0 (mod 2) for every n, proving (i).

If & is odd, both aﬁ,m and bfj” satisfy x, = x,,-; + x,_» (mod 2). Their initial residues are respectively
(a<h> h>) =(1,1)and (b<h>, b<h>) = (1, 1), so both residue sequences repeat the pattern 1, 1, 0 with period
3. Finally, dff’) hb<h> = b<h>1 (mod 2), and the same period-3 conclusion follows for a’<h> O

Remark 4.5. Propositions 4.1, 4.2, 4.3, and 4.4 give explicit periods modulo every prime. We do not
claim that the displayed periods are always minimal.

4.2. The sequences aflm, b,im, and dflh> with h > 2
Ifh>2,then0 < g, < 1.

Proposition 4.6. Assume h > 2. Then, the following statements hold.

<h>

(1) For each of the three determinant sequences x, ' = aff”, bff”, or dff’), we have, whenever the

fractions are defined,
()

n—1

(11) Each of the three determinant sequences a” b and d is strictly increasing for the indices
where it is defined. Moreover, the ratios aflh_)l / (aflm) are strictly increasing.

(ii1) The ratios bﬁlhfl / (b,ﬁh>) and dflhjl / (df,h>) form strictly decreasing sequences whenever the fractions
are defined.

Proof. Using the explicit formulas in Proposition 3.1 and @8, = 1,

(hy 2n+1 (h) 2n—1
an—l 18 _ﬁ " bn— IB +B "

aﬁlh) 1= ’82n+2 ’ b,<1h> 1+ IBh

2

and
dUi) ﬁ + BZn -3

dr<zh> 1 +ﬁin 2"
Because 0 < @), < 1, all three ratios tend to ), proving (i). The displayed formulas also show that all
three sequences are positive and that each consecutive-term ratio is < 1; hence, a” b d" are strictly

increasing.
It remains to determine the monotonicity of the ratios. Because f(a‘®) = —1,
aﬁlh>(l<h> _ ((1<h> - 1< (a<h> ,

SO
<h> (h>
n 2 n 1.
<h> C ;
n 1 n

thus, a<h> (@) increases. On the other hand, f(b") = (@, — B)* > 0 gives
b, = 1,07 + f6) > ),
whence bff’fl /(B < b<h>2 / (b<h> ). Finally, d® = hbff'j ;> 0 the same conclusion holds for the d-ratios.

This proves (ii) and (iii). ]
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Proposition 4.7. Assume that h > 2 and that n > 2. Then, we have
(1)
alP = pah — 2a<h> 2=a" + 0t -2,
(i)
(1)¢h)

a
n—1
(1)¢h) —)ﬂh (l’l - 00)

Proof. Expanding the determinant of the cyclic matrix AP® along the affine row (or column) gives

aV® = pa'h — 2af1h_>1 - 2.

pi =

" = hal” — 24", from (3.2), we obtain

Using

agl Dy — ph - _

n+1 n+l
= 2=a, +pB,

which proves (i). For (i1), divide numerator and denominator by a/'“rl and use a,;l =Bpand 0 < B, < 1:

(¢h)

a’ ar+pr -2 1
"llh: }1’ hl — — =P, (n — ).
(W giel 4 grtl — a

4.3. Two-index determinant sequences

Forl <i<n-1,let A<h> be obtained from A" by replacing both entries in positions (i,i + 1)

and (i + 1,7) by =2, and let BU’) be obtained from A" by replacing only the entry in position (i,i + 1)

by 2.
Set
(h) () (. (h)
a;, = detAm, bi’n = detBi’n.
We also put a<h> = a<h> and b<h> = a<h> Expansion at the last row gives the second-order recurrences
ol = thal” =4, al) = hall, =l
4.2)
(h) (h) <h> <h> <h> (h)
bjiv, = ha” =2a”\, b =hb; | —Db;,,

where the recurrences in the second column apply for 1 < i < n— 2. Reflection of the path gives the first
symmetry below; for Bf.’ff, one additionally uses invariance of the determinant under transpose, which
reverses the modified edge. Hence,

" = oM pim = pih

in n—i,n’ n n—i,n’

For each fixed i, the sequences (ag’f)nz,- and (bf.ﬁl))nz,- satisfy the recurrence y, = hy,_; — y,—, forn > i +2.
We write

Fih) = f(@™si),  FP(h) := f(OI),0),
where f(y) = hy,y,-1 — y,21 - yn_1 is the recurrence invariant of the whole sequence y = (y,). Thus, F¥(h)

and F’(h) do not depend on n. The next results determine positivity and asymptotic behavior in the
ranges needed later.
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Lemma4.8. Let h > 2. Then,

Fa h 29 h §a
tim — L _ B %
imeo FiE L, (R) 1 h=3

9

and

Nlawls

Fith) B h#
1m =
e FL 1L k=

More generally, for every admissible n > i + 2, the recurrence invariant satisfies

Fi(h) = 4ha”a, — (a”)* - 16(a")?,
Fi(h) = 2ha"a <h> — @™y - 4a" )
Proof. Using the recurrence in (4.2), the quantity f is independent of the second index once the first

index i is fixed. Evaluating it at n = i + 2 gives the two explicit formulas displayed in the statement. By

Proposition 4.6, a<h> / (a<h>) — B, and a<h> / (aff’}l) — Brasi — oo. If

P(By) = 4hB, — 1 — 166, = 3(1 — 4B;) # 0,
then dividing the first consecutive ratio by (aﬁf‘fl )? gives

o

A a
Fl?‘(h) 4h’<—’h§ -1- 16(?—73)2

4
( <h>) — B (i)

l+1

Fiohy 4h<_,1>_1 16( <,1>)2

iyl iyl

The exceptional equation P,(8;,) = 0 is equivalent to 5, = 1/2; hence, h = a;, + 8, = 5/2. In this case,
the closed form a!”'? = (4™! — 1)/(32) gives

F;‘(%):4—%—>4 (i > o),

so the consecutive ratio tends to 1.

For the b-sequence, the same argument uses Py(5;) := 2hB, — 1 — 4B; = 1 — 25} Thus, the generic
limit is 37, and the exceptional case is B, = 1/ V2, equivalently & = 3 V2/2. Using a;, = V2,8, = 1/ V2
in the closed form for a glves explicitly

3
Ff(%ﬁ):2—5—>2 (i > ),

so the consecutive ratio again tends to 1. O
Lemmad4.9. (i) Ifh > 2, then

<h>
a
/32}’ <h><,8h (i>1).

(i) If h > 5/2, then B, < a;/4, and F{'(h) >0 for1 <i<n-2.
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(i) If h > 3V2/2, then

<h>
2 a;_ .
—f” (,,) <By Gz,

and equality on the left occurs only for h = 3V2/2 and i = 1.
(iv) Ifh > 3V2/2, then B, < @;,/2, and F*(h) > O for 1 <i<n-2.

Proof. (i) Proposition 4.6 gives

& 1B,
ri = = < bp.
i agh) 1 - l821+2

For the lower bound, r; > 8,/2 is equivalent to 1 > (2 — ,8%),8,?. Becausei > 1,and 0 < B, < 1,

Q-BBI<Q-BBr=1-(1-6) <1,

which proves (i).

(i) If A > 5/2, then @), > a5, = 2. Hence, B, = a/,;1 < ay,/4. Moreover,
a, a, 2i+1 a
h_Th _Th o Th
4 4 4 4
S0 r; < ay/4. Part (i) gives r; > f8,/2 > B,/4. Because the roots of 4hx — 1 — 16x> = 0 are 8,/4 and a;,/4,
it follows that

2i+2 1 2 1
(1 _ ht+ ) l+ >ﬁ1 1+

b

Fih)
(a;"y?

= 4hr; - 1-16r} > 0,

proving (i1).
(iii) If & > 3 V2/2, then Vh? — 4 > h/3 and, therefore,

h+ Vh? -4 S 2h s 1 3
« —, = < —.
" 2 =3 P = 0y
Fori = 1, we have
(h>
a' _1_%
<h> h 3

Equality holds here precisely when i = 3V2/2. If i > 2, then the recurrence ham> = a<h> + a<h> and the

positivity of al_2 give
fh>1 <h> + a<h> 1
n o=
a? ha; h

2%,
b

The upper bound r; < B, was established in Part (i). This proves Part (iii), including its equality
statement.
(iv) Because & > 3V2/2, one has B, < 1/ V2; hence, B, < @;,/2. By Part (iii),

B 2 _h <<
2 3 <h> ns o
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The two roots of 2hx — 1 — 4x* = 0 are 8,/2 and a;,/2. Therefore,

F'(h al a® Y
’():Zh’—“—1—4 11 >0,

(hyy2 (h) (hy

which proves the assertion. O

Next, define y; and 7y, as follows. Let y; ~ 2.561924625 be the unique real root > 2 (equivalently,
the largest real root) of
3h* — 6k’ — 15h* +34h — 17 = 0,

and let y, = 2.173868929 be the unique real root > 2 of
h*—2h* = 3h* +8h -5 = 0.
The asserted uniqueness of these roots is elementary. The polynomial
pi(h) := 3h* — 6h° — 15h* + 34h — 17

satisfies p;(2) = =9, p(h) = 36h> —36h—30 > 0 for h > 2, and p;(2) = —2. Hence, p| has at most one
zero on [2, o); p; first decreases and then increases to +co, so it has exactly one zero greater than 2.
Likewise, for

pa(h) = h* =21 = 3h* + 8h - 5,

we have p,(2) = —1, pi(2) = 4 and p}(h) = 12h* —12h — 6 > 0 for h > 2, so p, is strictly increasing on
[2, o0) and has exactly one zero there.
Because
pd=-L<0, pER)=1-22<o,
uniqueness gives y; > 5/2 and y, > 3 V2/2, as required in Lemma 4.9(ii),(iv).
For h > 2, put g(h) :== h*> — h — 1. Using a;, + B, = h and a;,8;, = 1 gives

pi(h) = =[q(h) = 4(h — Dayllg(h) — 4(h = 1)B4],
p2(h) = =[g(h) = 2(h = Dayllg(h) = 2(h — D).

Because «;, > h/2, the factors containing «;, are negative. Hence, g(h) —4(h— 1)B;, and q(h) —2(h — 1)B},
vanish at 1, y,, respectively, and are strictly positive for 7 > vy, and h > vy,, respectively. These are the
inequalities used below.

Proposition 4.10. (i) If h > vy, then ai};) > 0 for every admissible pair 1 <i < n— 1, and for each
(h)

fixed i, the sequence n — a;’ is strictly increasing for n > i.

(1) If h > y,, then bfﬁf > 0 for every admissible pair 1 <i < n — 1, and for each fixed i, the sequence
n— bihrf is strictly increasing for n > i.

Proof. Fix i, and write r; = a'”’ /(a™). By Lemma 4.9(i), r; < 3.
For Part (i),
a”
S = h—4r > h- 48, =2V =4 —h >0
a;
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when & > y,. Moreover,

ah o gm

a. .
% =R -h-1)—4h-Dr;>H —h—-1)—4h - 1), >0,
4
where the last inequality is the defining property of ;. Thus, af’l’iz > af}l’i] >0.IfD, <h> ag;)_l,

then the recurrence gives
= (h-2)a” | + D,

in—1

Because & > 2, induction shows simultaneously that every a »and every D, is positive. Hence, a<h>

strictly increasing in n.
For Part (ii),
()

S = h=2r > h =28 = VP —4>0.
a

i

If & > y,, then

pi pim

22 I g2 = 1) = 20h = D> O — h— 1) = 20— Dy > 0.
a;

The same difference recurrence,

h h h h h
b§ > bz<n> = (- Z)bin)—l + (bfr? 1 b< > 2)
then proves positivity and strict increase by induction. m|
Proposition 4.11. For each fixedi > 1:
(1) if h > 4, then
<h>
t,n—l .
{/’l) _>ﬁh (n - OO),
(1) if h > y,, then
b<h>
i,n—1 — ﬂ (n N oo)
U |

Proof. Fixi > 1. In Case (i), let y, = al ) and assume h > v1; in Case (ii), let y, = bfh> and assume

h > vy,. Lemma 4.9(ii),(iv) and Proposition 4.10 give f(y) > 0and 0 < y,_; <y, forn > i+ 2. The
recurrence yields
f()’):)’n}’n—z—yf,_l >0, I’;l =h-r,_1 <h,

where r,, := y,_1/ys, and n > i + 3. Thus, r, decreases in (0, 1) and has a limit L > 1/h > 0. Passing to
the limit gives L™' = h — L. The roots of this equation are a;, 8;; because L < 1 < a;,, we obtain L = j3,,
in both cases. O
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Define

~

1, neven, 1, neven,
Wy = w, =
16, nodd, 4, nodd.

Let ug := h, and uj := h. Forn > 1, set

Lo ;h+>1 4aff’>l, n even, Y e jﬁfl 2a§lh>l, n even,
o al, n odd, " e, n odd.
Theorem 4.12. Assume thath > 2, and 1 <i <n— 1. Then,
(1) F?(h) = 3ui_u; — wy;
(ii) Fo(h) = u)_u, — w.
Proof. By Lemma 4.8,
Fi(h) = 4ha"a", - (a")* - 16(a")?, 4.3)
b (h) <h> (yy2 ()
F}(h) = 2ha; — (@) — 4(a™ ). (4.4)
We compare these expressions with the definitions of u;, u, and use only the identity f(a®) = —1 from

Proposition 3.1(i). For i = 1, the same identity holds at mdex zero because a< ) = 0, and ag” =1.
For Part (1) suppose first that iis odd. Then, u;_ | = a<h> 44" <h>

i—no Wi i

F(h) — Bui_yu; — w;) = 16(f(@™) +1) =0

() QRN PR

If iis even, then u;_y = a;” |, u; = a;,| > and w; = 1, and the same calculation gives

Fi(h) = Guiu; —w;) = f@)+1=0

This proves (1).

For Part (ii), if i is odd, then u/_| = a< 2afh>2, u, = a ). and w! = 4. Equation (4.4) yields

F(h) = (u_yu; —w}) = 4(f(@)+ 1) =0

hy (hy

LU =a - 24" and w; = 1, so

If i is even, then u;_, = q; i pvS

FY0) = (6, = w) = f@®) +1=0
Hence, (i1) follows, as well. m]

Remark 4.13. Regard 4! as a polynomial in the indeterminate 4. If n is odd, its recurrence shows
inductively that 4 divides a< ’. Hence, the products u;_ju; and u;_,u’ occurring in Theorem 4.12 are
divisible by h? in Z[h]. After specializing to an even integer value of /4, Theorem 4.12 therefore implies
that F¢(h) and F?(h) are congruent respectively to —w; and —w/ modulo 4; in particular, each is either
odd or divisible by 4.

Example 4.14. Recall that ¢ := (V5 — 1)/2. The special values / = 3 and & = V5 make the connection
with Fibonacci-type sequences particularly transparent.
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(i) For h =3,
(@M),s1 = 3,8,21,55,144,377,987,.. ., (Ex1)
which is (F4, Fs, Fs, ...) (OEIS A001906, beginning at index 2) [16], and ", /(aS) — ¢ as
n — o9,
(ii)
(3)
(), = 7, 18,47, 123,322, 843,2207, 5778, ..., bfg)l S>¢*  (no> ). (Ex2)

The sequence (b,<13> )ns2 18 OEIS A005248 beginning at index 2 [17], and

d<3>
(d),53 = 21,54, 141,369, 966,2529, 6621, ... ., d’gg > ¢ (> o). (Ex3)
(ii1) The first values of the two-index invariant are
F{(3),F53),...=11,80,551,3779,25904, 177551, 1216955, . . ., (Ex4)
and Fo3)
¢ (i)
F,0)
(iv) For h = V3,
a v
@ V)1 = V5,4,3V5,11,8V5,29,21 5,76, .. ., L,y (n—> ). (Ex5)
" oV
The odd and even subsequences satisfy
(V5) (V5)
2n-3 2 2n-2 2
SEoE o SEod o)
2n—1 2n

Moreover, Proposition 3.1 gives the exact identity
3y _ (V5
V542 = a1

Because a' = n + 1, the case h = 2 represents every positive integer through this determinant

sequence. The behavior changes for other values of 4. For example, at 4 = 1, Theorem 3.12 leaves only

the indecomposable virtual positive semidefinite types A<11> and A<21>, whose determinants are 1 and 0,
respectively; hence, the positive integer 2 does not occur. This suggests the following problem.

Conjecture 4.15. For every positive integer h # 2, there exists a positive integer m such that det H + m
for every indecomposable virtual positive semidefinite h-Shuhan matrix H.

The first unexplored integral case beyond the classical normalization is & = 3.

Question 4.16. Classify the positive definite 3-Shuhan matrices.
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5. Conclusions

We have classified indecomposable #-Shuhan matrices satisfying the three positivity conditions
for 0 < h < 2. The reduction to finite Cartan type explains the virtual positive semidefinite cases,
whereas the symmetric-part spectral criterion yields the more restrictive generalized positive semidefinite
thresholds for nonsymmetric families. At 7 = 2, the classification is governed by finite and affine
Cartan types. For the associated determinant sequences, we have established recurrences, closed forms,
congruences for integral 4, and identities involving Fibonacci-type sequences.

The classification for 0 < & < 2 relies on the fixed integral oftf-diagonal entries and the common
diagonal parameter; it does not by itself classify positive definite A-Shuhan matrices for larger /. In
particular, the classification at # = 3 and the determinant-value problem formulated above remain open.
Investigating these questions, as well as possible extensions to less restrictive Cartan-type sign patterns,
provides directions for further work.
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Appendix

A. Reproducibility check for the polynomials /b\f,m

The determinant polynomials in Proposition 3.10 can be reproduced exactly by the following

short SageMath script. This is included only as a verification aid; the proofs above use the
identity b,<1h> = det(hl, — J,) from (3.4) and do not depend on numerical experimentation.
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R.<h> = PolynomialRing(QQ)

def bhat(n):

M = matrix(R, n, n, 0)

for i in range(n):
M[i,i] = h

for i in range(n-1):
w =QQ(3)/2 if i == 0 else QQ(1)
M[i,i+1] = -w
M[i+1,i] = -w

return M.det()

for n in range(2,9):

p = bhat(n)

print(n, p)

print(max(r for r in p.roots(AA, multiplicities=False)))
For n = 8, this gives

33 . 8 , 35
Ll —

4 4 2

9

b = bt - h2+-Z, ps ~ 1.994839578989595.
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