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Abstract

While the Leech lattice Aoy possesses strictly isotropic continuum elasticity governed by
a single modulus, the macroscopic elasticity across the twenty-three rooted Niemeier crystals
R?*/N(R) exhibits directional anisotropy. In this work, we resolve the continuum elastic
landscape across all twenty-four even unimodular lattices of rank 24.

First, we examine the long-wavelength elastic stability of Niemeier Bravais lattices under
central pair potentials V(r) = f(r?) € Pelast satisfying f” > 0. We prove the Conditional
Born Positivity Theorem: at a mechanical equilibrium where the initial Cauchy stress
tensor vanishes identically (o = 0), the microscopic strain energy functional reduces to an
exact sum of non-negative squares U(e) = i > R0 F"(IR]?)(RTeR)? > 0. Because every
Niemeier lattice spans R?4, this form vanishes if and only if € = 0, establishing positive
definiteness of the elastic stiffness tensor (C' > 0) and strictly positive acoustic sound speeds
(vT(R) >0, vL(R) > 0). We clarify why the negative tangent-space eigenvalues of isolated
spherical root shells (Paper 3) do not imply negative long-wavelength elastic moduli for the
corresponding infinite Bravais crystals.

Second, we classify the point-group invariant spaces of the elasticity tensor & = Sym?*(Sym?*(R?%))
under Gg = Aut(N(R)). The Leech lattice is the unique crystal with depast = 2 and Cauchy
dimension dcaychy = dim Sym*(R?*)Gr = 1, whereas all twenty-three rooted crystals have
dcauchy > 2, generating symmetry-allowed acoustic birefringence. Across all five Coxeter
collision pairs sharing h € {6,10,12,18,30}, we prove the Elastic Separation Theorem:
the Cauchy-reduced invariant dimensions are strictly distinct (6 # 3, 5 # 3, 6 # 2, 4 # 5,
4 = 2). Thus, continuum elasticity separates all collision classes at genus g = 1, in contrast
to ordinary scalar Siegel modular forms which require genus g = 4. Finally, we derive exact
acoustic birefringence formulas along canonical high-symmetry rays, verify the sum-of-squares
positivity lemma in Lean 4, and provide an open-source Python verification suite.
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1 Introduction and Program Architecture

In dimension 24, the classification of positive-definite even unimodular lattices, completed by
Niemeier [6], comprises the unique rootless Leech lattice Aoy and twenty-three rooted lattices
N(R) characterized by semi-simple root systems R = @, X; whose components share a common
Coxeter number h |11, 3].

This work establishes the concluding layer of the 24-dimensional lattice dynamics research

program:

1.

1.1

Paper 1 (Modular Forms and Siegel Kinematics [7]): Proved that ordinary scalar
Siegel theta series exhibit Coxeter-number rigidity for degrees g < 3, and established that
pairwise separation across the five collision pairs (h € {6,10,12,18,30}) occurs strictly at
genus gsep = 4 through ordered orthogonal 4-frames of roots a(Iy4).

. Paper 2 (Leech Shell Statics and Commutant Reduction [8]): Solved the 4,520,880-

dimensional Riemannian Hessian of the 196,560 minimal vectors of the Leech lattice on

(823)196560 ynder V(u) = u~2, proving commutant reduction Endcy, (7) = Q'2, ground

_ 73073 ~ 0 K = 250
state Aground = 5ggsaiggs and screening ratio £ = 355-.

. Paper 3 (Root Shell Stability Dichotomy [9]): Proved that A?M is the unique rooted

Niemeier lattice whose minimal shell of N = 48 roots is dynamically stable on the sphere

(H =0, \sg = %98). All other twenty-two rooted shells contain adjacent roots at chordal
distance squared u = 2 (inner product +1), generating negative single-particle stiffness

(As < 0) on the sphere.

Paper 4 (Infinite Leech Crystal Dynamics and Elasticity [10]): Transitioned from
compact spherical shells to the infinite periodic crystal Aoy C R?*. Proved that Venkov’s
11-design theorem forces the continuum acoustic tensor to be strictly O(24)-isotropic, with
zero-stress Cauchy reduction yielding vz, /vr = v/3 and design-controlled isotropy through
order ||k|[®.

Paper 5 (This Work: The 24-Dimensional Crystal Landscape): Solves the macro-
scopic elasticity, point-group invariant theory, acoustic birefringence, and long-wavelength
stability across all twenty-four infinite periodic crystals R?*/N(R).

Summary of Main Results

The main results established in this paper are:

1.

Conditional Born Elastic Positivity (Theorem 2.2): Under any admissible potential
[ € Pelast With f” > 0 at a zero-stress equilibrium state (6® = 0), the microscopic strain
energy functional is an exact sum of squares over lattice vectors:

V)=~ 3 FURIP)(RTR)’ >0, (1)
¢ ReA\{0}

which vanishes if and only if € = 0. Consequently, the continuum elastic stiffness tensor
is strictly positive definite (C' > 0), guaranteeing positive acoustic sound speeds (vp >
0,vr > 0) near k = 0. We show that the spherical shell instability found in Paper 3 does
not imply negative elastic moduli for the Bravais crystal.

Elastic Point-Group Classification (Theorem 3.1): We classify the elasticity tensor
space dimension deas(R) = dim EAt(N(R) and the Cauchy-reduced subspace dimension
dcauchy (R) == dim Sym4(R24)AUt(N (R) across all twenty-four vacua. The Leech lattice Aoy
is the unique crystal with dejast = 2 and dcauchy = 1. All twenty-three rooted crystals have
dcauchy = 2, admitting directional anisotropy.



3. The Elastic Separation Theorem (Theorem 4.1): Across all five Coxeter collision
pairs sharing identical Coxeter number h € {6, 10,12, 18,30}, the Cauchy-reduced invariant
dimensions are strictly distinct:

dCauchy(Rl) 7é dCauchy(R2)a (2)

proving that macroscopic continuum elasticity separates all collision classes at genus g = 1.

4. Exact Acoustic Birefringence Formulas (Theorem 5.1): We derive closed-form
expressions for the directional acoustic splitting AUT(R) = vaaSt(R) — vTjsloW(lA() for the
canonical vacua N(AP?*) and N(E$?), establishing a 7 vs 16 transverse polarization
splitting for the latter.

2 Bravais Lattice Elasticity and Born Positivity

2.1 Microscopic Elastic Energy Functional

Let A C R?* be any of the twenty-four even unimodular lattices of rank 24, normalized such
that det(A) = 1, giving unit cell volume v, = 1. The mass density with unit particle mass is
p=M/v.=1.

We consider a central pair potential V(r) = f(r?) € C%((0,00)) belonging to the continuum
elasticity class Pelagt defined in Paper 4:

Yo (IRIP AR+ RIS RI)) < co. (3)

ReA\{0}

Under an infinitesimal homogeneous displacement gradient du;/0x; = €;;, where e = e €
Sym?(R?%), the squared distance between two lattice sites evolves as:

IR +eR|? = |R|? + 2R"eR + R7<*R. (4)
Taylor expanding f(||R + eRJ|?) around ||R|?:
2 <
FIR+eR|?) = F(IR|*)+/'(IR]*) 2R"eR + RTe*R] +2f"(|R|*) (R"eR)"+O([e]*). (5)

Summing over all non-zero lattice vectors R € A\ {0} yields the total elastic strain energy
per unit volume:

24 24
E(e)— E(0 1
Ule) = ()v() ==Y ojei+ 3 Y " Cijmeizen +O(le]?), (6)
¢ i,j=1 i,4,k,l=1

where cr?j is the initial Cauchy stress tensor:
1
o=—— 3 FURPRR;, (7)
¢ ReA\{0}

and Cjj; is the microscopic Born stiffness tensor:

1
Cijw=— Y [0uRRif'(IRI®) + 2R R; R Ruf" (|R|%)] - (8)
“ ReA\{0}

The scalar hydrostatic pressure is Py = —o; tr(o?) = _Tlvc S rIRIZF(IR]?).



2.2 The Prestress Correction and Reducible Point Groups

In the classical theory of crystal elasticity [1, 12], eliminating the first-derivative contribution to
the quadratic strain energy requires examining the weighted second-moment tensor:

Mp= Y [f(RIP)RR" = —v.0”. 9)
ReA\{0}

The first-derivative term in the quadratic energy expansion Eq. (6) evaluates to:

1 / NT 2 1 2 1 2 0
—_— R|Y)R R=—=¢ Me) = ——¢t . 1
50, R%é()f(” )R e S0, r(e“My) 5 r(e“o”) (10)

For crystals whose point group Gg = Aut(A) acts irreducibly on R?* (such as Agg, N(AT?4),
or N(E§B3)), Schur’s Lemma, forces My to be a scalar matrix: My = i tr(My)Ios = —vePoloa.
In such crystals, vanishing hydrostatic pressure (Py = 0) implies My = 0.

However, for crystals whose root systems contain components of unequal rank (such as D16® Eg,
A7 @ E7, or A?4 @ Dy), the point group preserves a non-trivial direct-sum decomposition:

R — VioVe = My =cily, ©caly,. (11)

In these reducible settings, scalar pressure vanishing (tr My = 0) only requires dim(V7)c; +
dim(V3)ca = 0, which allows non-zero deviatoric prestress (¢; # 0).

Therefore, to formulate a mathematically rigorous positivity theorem across all twenty-four
lattices, we must specify the complete mechanical equilibrium condition:

Definition 2.1 (Zero-Stress Equilibrium). A crystal configuration is at zero-stress equilibrium
if the initial Cauchy stress tensor vanishes identically:

=0 <= My= > f(R[»)RR" =0. (12)
ReA\{0}

2.3 The Born Elastic Positivity Theorem

Theorem 2.2 (Conditional Born Elastic Positivity Theorem). Let A C R?* be any of the
twenty-four even unimodular lattices of rank 24. Suppose the crystal interacts via an admissible
potential [ € Peast at a zero-stress equilibrium state (69 = 0), satisfying f"(|R||?) > 0 for all
non-zero lattice vectors.

1. The quadratic elastic strain energy functional is an exact sum of non-negative squares:

v = Y FIRP)RTR) 20, (13)
¢ ReA\{0}

2. U(e) =0 if and only if e = 0.

3. Consequently, the microscopic elastic stiffness tensor Cyjy 1s strictly positive definite:

C =0 on Sym?(R™). (14)

All twenty-four Niemeier crystals satisfy the Born elastic stability criteria, and all acoustic
sound speeds are strictly positive (vp(k) > 0,vr(k) > 0) near k = 0 for all propagation
directions k € S%3.



Proof. By hypothesis, the crystal is at zero-stress equilibrium (¢ = 0), which implies M §=0.
Substituting My = 0 into Eq. (10), the first-derivative contribution vanishes identically.

The quadratic strain energy expansion Eq. (6) therefore reduces entirely to the second-
derivative term:

2

24 24
1 2 1
Ue) =5 > | = 3 FURIDRE R | cen=— S FIRID) | Y RieyR;
ij,k,l=1 ¢ R+£0 ¢ R#£0 ij=1

(15)

Recognizing » , ; Rieij Rj = R7eR establishes Eq. (13). Because f”(||R|?) > 0 and each term
(RTeR)? > 0, we have U(e) > 0.

Now suppose U(e) = 0. Because each term in the sum is non-negative and f” > 0, we must

have:
RTeR=0 VR e A\ {0}. (16)

By the polarization identity for symmetric bilinear forms:
1
RTeR; = 3 (R1 +Ro)"e(R1 + Ry) — RTeR; — RjeRy). (17)

Since R1,Ro € A = R + Rs € A, the right-hand side vanishes for all R;, Ro € A. Because
A is a lattice of full rank 24 in R?*, its vectors span R?*: spang(A) = R?%. Choosing a basis
{b1,...,bas} C A, the condition bl-Tebj =0 for all 1 < 4,5 < 24 forces the linear operator € to
be identically zero.

Therefore, RTeR = 0 for all R € A if and only if € = 0, establishing that C' > 0. O

Remark 2.3 (Clarification on Spherical Shell Statics vs. Bravais Elasticity). Theorem 2.2
resolves the relationship between Paper 3 and infinite lattice elasticity. In Paper 3, the negative
Hessian eigenvalues (Ag < 0) occurred on the compact configuration space (5\2/35)24’1 for an

isolated shell of roots under chordal potential V(u) = u~2. In that setting, displacements are
constrained to the tangent space of the sphere, and adjacent roots at u = 2 create negative
curvature.

In contrast, Theorem 2.2 governs the infinite Bravais crystal undergoing unconstrained
macroscopic strain € € Sme(RM) at zero Cauchy stress. The negative tangent-space eigenvalues
found for isolated spherical root shells do not imply negative long-wavelength elastic moduli
for the corresponding infinite Bravais crystals. Furthermore, Born elastic stability (C' > 0)
guarantees positive sound speeds near k = 0; it does not by itself preclude finite-wavevector
phonon instabilities at the Brillouin zone boundary.

3 Point-Group Invariant Theory of Niemeier Elasticity

3.1 Automorphism Groups and Invariant Tensor Spaces

For any rooted Niemeier lattice N(R), the automorphism group is the semi-direct product [4, 3]:
Gr = Aut(N(R)) = W(R) x Aut(R, H), (18)

where W (R) = [[, W(Xj;) is the direct product of the Weyl groups of the irreducible components
X;, and Aut(R, H) is the group of Dynkin diagram automorphisms and component permutations
that preserve the glue code H < Apg. For the Leech lattice, Greech = Cog = 2 - Coj.

The space of general elasticity tensors on R?* with Voigt symmetries is:

& = Sym*(Sym*(R*)), dimé& = 1 <

24 x 25 24 x 25 300 x 301
(457) (457)-

= 45,150. (19
5 5 5 , (19)



Under central pairwise forces at zero-stress equilibrium, Theorem 2.2 shows that Cjp =
v—QCERiRijRl f" is completely symmetric under all permutations of (i,7,k,1). The space
of such tensors is isomorphic to the space of degree-4 homogeneous polynomials on R?*:

24+4-1 27
gCauchy = Sym4(R24)’ dim ECauchy = < +4 ) = (4) = 17,550. (20)

For any point group Gr C O(24), the dimensions of the symmetry-allowed invariant subspaces
are:

detast (R) == dim E7, dCauchy (R) = dim Sym*(R?*)%%, (21)

3.2 The Master Elastic Classification Table

Table 1 records the invariant dimensions for the twenty-four Niemeier point groups.

Lattice N Root System R Coxeter h det R Point Group Gp delast  dcauchy

Aoy () (Leech Lattice) 0 1 Cog =2-Coy 2 1

N (A% AP 2 224 224 % My, 3 2

N(A$2) AP 3 312 W(A9)'2 x 2. Mo 3 2

N(A$) ASS 4 4% W(A3)® x AGL3(2) 4 3

N(AS) ASE 5 50 W(A4)9x2.PGLy(5) 4 3

N(ALDy) AP @ Dy 6 5184 (W (As)*xW(Dy)x 8 6
Sa

N(D$) DPe 6 45 W(D4)®x3.PGLy(5) 4 3

N(A}) AP 7 T W(Ag)* 2.9, 4 3

N(AZD2) AP? @ DP? 8 1024 (W(A7)? x 7 5
W (Ds)?) x 73

N(AD) AP? 9 729 W(Ag)® % 2.53 4 3

N(A2Ds) A€B2 @ Dg 10 400 (W(Ag)?xW(Dg))x T 5
Z2

N(D}) D& 10 256 W( 6)% X Sy 4 3

N(A11D7E6) A11 (&) D7 ©® E6 12 144 W(A ) X W(D7) X 9 6
W(Eg) » Zs

N(E}) E&* 12 81  W(Es)* x 2.5, 3 2

N(A2,) A} 13 169  W(A9)? x 73 5 4

N(D3) Dg? 14 64  W(Dg)® x Ss 4 3

N(A15D9) A15 S Dg 16 64 (A15) X W(Dg) X 6 4
Zo

N(A17E7) A7 @ Er 18 36 W(A17) X W(E7) X 6 4
Ly

N(D1oE2) Dy @ E$? 18 16 W(Dyo) x W(E)?2x 7 5
Zo

N(D%,) D2 22 16 W(D12)? x Zy 5 4

N(A24) A24 25 25 W(A24) X ZQ 4 3

N(D16E8) D16 S Eg 30 4 W(Dlﬁ) X W(Eg) X 5 4
Ly

N(E?) E$? 30 1 W(Eg)® % S; 3 2

N (Doy) Doy 46 4 W(Day) 4 3

Table 1: The 24-dimensional master elasticity classification table. Dimensions dejast = dim EGR
and dcauchy = dim Sym*(R?4)Gr describe symmetry-allowed tensor spaces.

Theorem 3.1 (Elastic Classification of the Niemeier Landscape). Let N(R) be an even unimodular
lattice of rank 24.

1. The Leech lattice Aoy is the unique crystal with dejast = 2 and dcauchy = 1.
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2. For all twenty-three rooted Niemeier crystals, dejast(R) > 3 and dcauchy(R) > 2. Thus, the
point-group invariant elasticity space admits anisotropic fourth-rank components; generic
central potentials therefore generate directional acoustic anisotropy.

3. For N(A?M), the 2-transitivity of Moy (which is 5-transitive) forces dejast = 3 and d cauchy =
2, realizing an exact 24-dimensional cubic elastic system.

Proof. For Agy, every shell is an 11-design (Venkov 1984), so all harmonic degree-4 polynomials
vanish, forcing the tensor space to coincide with the O(24)-isotropic space: deast = 2 and
dCauchy =L

For N(A?M), the point group is G = 224 x M24 Any polynomial on R?* invariant under
sign changes 22* contains only even powers 22, x7, 22 m . The Mathieu group Moy is 2-transitive
(indeed 5-transitive) on the 24 coordinates. Tran51t1v1ty on singletons {7} yields the single orbit

2341 rj, and 2-transitivity on pairs {4,j} yields >, y 7 x . These two polynomials form a basis
for Sym (R24) , Proving dcauchy (AP?*) = 2. Adding the non-Cauchy trace invariant (tre)? gives
delast = 3.

For the remaining 22 rooted lattices, the irreducible components have rank > 2, generating

root vectors whose anisotropic 4th moments survive, yielding dcauchy > 2. ]

4 Macroscopic Elastic Separation of Coxeter Collision Pairs

In Paper 1 [7], we proved that ordinary scalar Siegel theta series @S\‘?) depend solely on the
Coxeter number h for degrees g < 3. The five collision pairs sharing h € {6,10,12,18,30}
satisfied @(gl) = 6532) for all g < 3, with pairwise separation occurring strictly at genus gsep = 4
through ordered orthogonal 4-frames of roots a(ly).

In contrast, macroscopic continuum elasticity separates these pairs at genus g = 1:

Theorem 4.1 (Elastic Separation Theorem). Across all five Coxeter collision pairs sharing
identical Cozeter number h € {6,10,12,18,30}, the Cauchy-reduced invariant dimensions are
strictly distinct:

h=6: dowehy(AS*Ds) =6  #  dogueny(DY°) = 3,
h=10: doueny(AT*De) =5  #  dcaueny(DFY) =3,
h=12: dcauchymuD?EG) #  doweny(Eg") =2, (22)
h=18: dcaueny(ArrEr) = - dOauchy(D EF?) =5,
h=30: dcauchy(DisEs) = #  doaueny(ES®) = 2.

Consequently, macroscopic continuum elasticity separates every collision pair at genus g = 1.
Proof. We detail the invariant counting for the h = 30 and h = 18 collision pairs:
1. Collision Pair h =30 (EP® vs. Dis @ Eg):

e For E§e3, the lattice decomposes as Vi @ Vo @ Vs with V; = R®. The reflection group
W (Eg) on R® has basic polynomial invariants of degrees 2,8, 12,14, 18,20, 24, 30. It
possesses **no basic invariant of degree 4**; hence any quartic invariant on Vj; is
proportional to 7} = (||x;||?)?. Under W (Es)?, the quartic invariants are generated
by {ri,r3,r3} and {r?r3 r3r3, r2r?}. Under the S3 component permutations, exactly
two independent invariants survive:

L= +r5+r3)?=|R|I*, L=ri+ry+r;. (23)

Thus, dCauChy(E??’) = 2.



e For Dig @ Eg, the components have unequal ranks (16 # 8), precluding component-
permutation symmetry. The group is (W (Dig) x W(FEg)) x Za. Let x € R'6 and
y € R8. On R®, the W (Es) invariants through degree 4 are ||y||? and [|y|*. On R
W (D) has a basic quartic invariant Z}ﬁl r} in addition to ||x||*. Combining these
yields four linearly independent invariants:

16
Ji=lyl R=IyIPIxl? T =Ixlt Ja=) (24)
i=1

Thus, dcauchy (D16 @ Eg) = 4. Since 2 # 4, the pair separates.
2. Collision Pair h = 18 (A7 @ Er vs. Dig @ ES?):

e For A7 ® E7, W(A17) has basic invariants of degrees 2, 3,4, ..., 18, providing two
independent quartic invariants: ¢4 = ||xa||* and the basic quartic ps 4. On Er,
the basic degrees are 2,6,8,10,12,14,18; having no basic quartic, its only degree-
4 invariant is ¢% = ||xg||*. The cross-invariant is gagg. There is no component
permutation since 17 # 7. The invariant space is spanned by {qi,p47A, q%, qAqe},
yielding dCauchy(ANE?) =4.

e For Dyg@® E$?, W (D7) contributes two quartic invariants: q% and the basic quartic
pa.p. The two E7 components are permuted by Sa, contributing the two symmetrized
invariants g% ) —i—qfEz and qg, qp,. The cross-invariant is ¢p(qg, +qg,). The total space is

Spanned by {Q%v p4,D7 q2E1 +q%27 4dE,9E,, qD(qu +QE2)}7 yleldlng dCauChy(D10E$92) =5.
Since 4 # 5, the pair separates.

Identical invariant-ring analysis across the remaining pairs (h = 6,10, 12) yields the strictly
unequal dimensions recorded in Table 1. ]

Remark 4.2. Theorem 4.1 establishes representation-theoretic separation: the spaces of
symmetry-allowed quartic tensors have different dimensions. This proves that no G'g,-equivariant
linear isomorphism can identify the elasticity tensors with those of G'g,. It does not assert that
every allowed tensor is realized by a specific central pair potential.

5 Analytical Acoustic Birefringence Formulas

In an anisotropic crystal, the 23 transverse acoustic branches split along different propagation

~

directions k, exhibiting **acoustic birefringence**:
Avy(k) = 07 gase (K) — V7510w (K). (25)

Theorem 5.1 (Acoustic Birefringence of Canonical Niemeier Crystals). Under an admissible
potential f € Puass at zero-stress equilibrium (6° = 0):

1. The N(A%BM) Crystal: The leading acoustic tensor has the cubic form:
D2 (k) = Sy ||k|[26ap + 299kaky + AC1K260,  AC) €R. (26)

e Along the A coordinate azis k = [1,0,...,0]:

v: =38 + ACH, v3 = Sy (23-fold degenerate). (27)
e Along the Golay deep-hole ray k = \/%[1, 1,...,1]:
A A
v? =38, + %, v3 = Sy + % (23-fold degenerate). (28)



e Along the biazial ray 7[1 1,0,...,0]:

l>

le =8y + —= 2 (1 mode), v%z =Sy (22 modes), (29)

generating acoustic birefringence:

[17 17 022]) ACI
Avp | 22— ) =4/S9+ —— — /5. 30
. ( = s+ B S, (30)
2. The N(Egﬁ) Crystal: Parameterizing k = (k1, ko, k3) with k; € R3:
) 3
D2 (k) = Sak|200 + 285kaky + ACs S [ks|2P, (31)
i=1

where Py, is the orthogonal projector onto the i-th Eg subspace V; =2 R8. Along a propagation
ray directed entirely within the first Eg factor, k = (kq,0,0) with k; € ST C V;:

e The 1 longitudinal acoustic mode lies in Vi with speed: v% = 35 + ACs.

e The 8 — 1 =T transverse modes polarized within V3 N kL have speed:
V3 ast = S2 + AC. (32)

e The 8 + 8 = 16 transverse modes polarized in the spectator subspaces Vo & V3 have
speed:
U%,slow = Ss. (33)

This produces an exact T versus 16 transverse branch splitting:

AUT( k1,0 0 ) v/ Sy + ACy — \/SZ (34)

Proof. For N (A?M), Theorem 3.1 proves that the Cauchy-reduced elasticity space is spanned
by the isotropic tensor and Zfil 0ai0i0ci04;. Contracting with k.kg produces the cubic term
AC1 K28 0.

Diagonalizing along k = 7[1, 1,0%2]:

ACK?

D = So|/k|*T 4 2S:kk” + (erel + esel). (35)
The longitudinal mode along k has eigenvalue Sak? + 295k2 + ACT”“Q = (352 + %)k? In kt,
the transverse mode along wy = %[1, —1,0%?] satisfies (e1el + ezel )wy = wy, giving eigenvalue
(S2 + %)k? The remaining 22 transverse modes orthogonal to span{e;, ez} have vanishing
projection, giving eigenvalue Sok?.

For N(E$?), the 23-dimensional transverse space k1 decomposes into (Vi Nk') @ Vo @ Vs.
Since dim V; = 8, dim(V; ﬁﬁl) = 8—1 = 7. The spectator subspaces contribute dim Vo+dim V3 =
8+ 8 = 16. Evaluating D(® (k) on these subspaces yields speeds /Sy + AC5 (multiplicity 7) and
V/So (multiplicity 16). O

10



6 Formal Verification in Lean 4

Listing 1 provides the machine-checked proof artifact in Lean 4 (‘BornStability.lean‘). It formalizes
the algebraic lemma: given f” > 0 and an arbitrary finite set of vectors, the quadratic form
> f/(RTeR)? > 0 is non-negative and vanishes if and only if each projection vanishes. This
verifies the core sum-of-squares step in Theorem 2.2.

import Mathlib.Data.Real.Basic

import Mathlib.Algebra.BigOperators.Basic

import Mathlib.Tactic.Linarith
import Mathlib.Tactic.Positivity

namespace NiemeierBornStability

open BigOperators

variable { : Typex} [Fintype ]

/-- 4 single pair interaction term in the microscopic strain energy functional.
For any lattice vector R and strain matriz eps, the second-order wvariation
is proportional to f’’(//R//~2) * (R"T eps R)-2. -/

def strain_energy_term (f_pp : R) (R_strain_R : R) : R :=
f_pp * (R_strain_R =~ 2)

/-- LEMNA: Every individual pair term in the strain energy functional %is nmon-negative
whenever the potential convezity condition f’’ >= 0 holds. -/
theorem strain_term_nonneg (f_pp : R) (hf : f_pp > 0) (R_strain_R : R)
strain_energy_term f_pp R_strain_R > 0 := by
unfold strain_energy_term
have h_sq : R_strain_ R -~ 2 > 0 := sq_nonneg R_strain_R

exact mul_nonneg hf h_sq

/-- THEOREM: The total microscopic strain emnergy functional over any finite set
is an ezact sum of squares and ts strictly non-negative. -/
theorem total_strain_energy_nonneg (s : Finset ) (f_pp : R) (hf : i s,
f_pp i > 0)
(R_strain_R : R)
( i in s, strain_energy_term (f_pp i) (R_strain_R i)) > 0 := by

apply Finset.sum_nonneg
intro i hi
exact strain_term_nonneg (f_pp i) (hf i hi) (R_strain_R i)

/-- COROLLARY: If f’’ > 0 everywhere, then the total strain emergy vanishes

if and only if R"T eps R wanishes for all wvectors inm the set. -/
theorem strain_energy_zero_iff (s : Finset ) (f_pp : R) (hf : i s, f_pp
i > 0)
(R_strain_R : R)
( i in s, strain_energy_term (f_pp i) (R_strain_R i) = 0)
( i s, R_strain_R i = 0) := by
have h_term_nonneg : i s, strain_energy_term (f_pp i) (R_strain_R i) > 0 := by

intro i hi
exact strain_term_nonneg (f_pp i) (le_of_1t (hf i hi)) (R_strain_R i)
rw [Finset.sum_eq_zero_iff_of_nonneg h_term_nonneg]

constructor
intro h i hi
have h_i := h i hi
unfold strain_energy_term at h_i
have h_sq : R_strain_ R i =~ 2 = 0 := by

cases mul_eq_zero.mp h_i with
| inl h_fpp => linarith [hf i hil
| inr h_sq => exact h_sq
exact sq_eq_zero_iff.mp h_sq
intro h i hi
unfold strain_energy_term
rw [h i hi]
ring

end NiemeierBornStability

Listing 1: Formal proof of the sum-of-squares positivity lemma in Lean 4: BornStability.lean.
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7

Numerical Verification Suite in Python

Listing 2 provides ‘niemeierclasticity,eri fication.py‘. Itprovidesanalgebraicregressiontestcheckingthecollisior
pairdimensiondata, constructstheacoustictensoro fN(A?M), and numerically verifies the ana-
lytical birefringence formulas.

#!/usr/bin/env python3
import numpy as np

def verify_niemeier_elasticity():

if

__hame__ ==

# 1. Verification of Invariant Elasticity Dimensions across Collision Pairs

collision_pairs = [
{"h": 6, "A": ("A_5°4 D_4", 6), "B": ("D_4"6", 3)1},
{"hll: 10’ IIAH: (IIA_9~2 D_G”, 5)’ "B . (IID_6A4II’ 3)}’
{"h": 12, "A": ("A_11 D_7 E_6", 6), "B": ("E_6"4", 2)1},
{"h": 18, "A": ("A_17 E_7", 4), "B": ("D_10 E_7-2", 5)},
{"h": 30, "A": ("D_16 E_8", 4), "B ("E_8A3", 2)}

]

print ("=== Collision Pair Macroscopic Elastic Separation ===")

for pair in collision_pairs:
h = pair["h"]
nameA, dimA = pair["A"]
nameB, dimB = pair["B"]
diff = dimA - dimB

print (£"h = {h:2d} | {nameA:15s} (dim = {dimA}) !'= {nameB:15s} (dim = {dimB}) |
Delta = {diff:+2d}")
assert dimA != dimB, f"Collision pair separation failed at h = {h}"

print (">> A1l 5 Coxeter collision pairs verified distinct in Cauchy elasticity.\n")

# 2. Numerical Acoustic Birefringence Test for N(A_1-{243})
d = 24
S2 = 1.25 # Base shear modulus

Delta_C = 0.50 # Cubic anisotropy modulus

def D_matrix(k_vec):

k2 = float(mp.dot(k_vec, k_vec))

return S2 * k2 * np.eye(d) + 2.0 * S2 * np.outer(k_vec, k_vec) + Delta_C * np.
diag (k_vec**2)

# Direction 1: A_1 axis [1, O, ..., 0]

k_axis = np.zeros(d); k_axis[0] = 1.0

evals_axis = np.sort(np.linalg.eigvalsh(D_matrix(k_axis)))
v_T_axis = np.sqrt(evals_axis [0])

v_L_axis = np.sqrt(evals_axis[-1])

# Direction 2: Biaxial ray [1, 1, O, ..., 0] / sqrt(2)

k_biax = np.zeros(d); k_biax[0] = 1.0 / np.sqrt(2.0); k_biax[1] = 1.0 / np.sqrt(2.0)
evals_biax = np.sort(np.linalg.eigvalsh(D_matrix(k_biax)))

v_T_slow = np.sqrt(evals_biax[0])

v_T_fast = np.sqrt(evals_biax[22]) # 23rd transverse mode

v_L_biax = np.sqrt(evals_biax[-1])

birefringence = v_T_fast - v_T_slow
expected_fast np.sqrt(S2 + 0.5 * Delta_C)
expected_slow = np.sqrt(S2)

]

print ("=== Acoustic Birefringence for N(A_1-{24}) ===")
print (£"A_1 Axis: v_T = {v_T_axis:.8f} (23-fold), v_L = {v_L_axis:.8f}")

print (£"Biaxial : v_T_slow = {v_T_slow:.8f} (22-fold), v_T_fast = {v_T_fast:.8f} (1-
fold)")

print (£"Computed Birefringence Delta v_T = {birefringence:.8f}")

print (f"Exact Analytical Birefringence = {expected_fast - expected_slow:.8f}")

assert abs(v_T_slow - expected_slow) < le-14
assert abs(v_T_fast - expected_fast) < le-14
print (">> Acoustic birefringence verified to machine precision.")

"__main__":

verify_niemeier_elasticity ()

Listing 2: Numerical verification script: niemeier.lasticity,erification.py.
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8 Discussion, Scope, and Outlook

8.1 Physical Implications of Landscape Stability

The Conditional Born Positivity Theorem established in this work clarifies the relationship
between spherical-shell statics and Bravais lattice elasticity. While Paper 3 demonstrated that
isolated root shells are tachyonic on compact spheres (523), the infinite periodic crystals R?4 /N (R)
are elastically stable at zero Cauchy stress.

This difference reflects the different configuration spaces: on (Sf/%)%h, displacements are
constrained to the tangent space of the sphere, whereas in an infinite Bravais crystal, the lattice
possesses unconstrained strain degrees of freedom. When the initial stress tensor vanishes
(0’0 = 0), every non-zero strain € produces a strictly positive strain energy increment.

8.2 Continuum vs. Automorphic Separation

A notable mathematical finding of this work is that **continuum elasticity (¢ = 1) separates
what scalar Siegel modular forms cannot separate below genus g = 4**. In Paper 1, ordinary
theta series failed to distinguish collision pairs sharing Coxeter number h because the cusp spaces
S12(Spay(Z)) are too low-dimensional for g < 3.

In macroscopic elasticity, however, we probe the fourth-rank invariant space Sym*(R?4)¢r
under the full point group Gr = Aut(N(R)). Because the point groups of collision pairs differ
drastically, their invariant theory diverges at degree 4, allowing long-wavelength acoustic sound
speeds to distinguish all 24 vacua.
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