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Abstract

We derive the four-dimensional effective field theory emerging from Type IIA string
compactification on the Cooper s1g K3 surface (p = 19) fibred over T2, and test the re-
sulting cosmological predictions against DESI DR1 baryon acoustic oscillation data (12
measurements, full 12 x 12 covariance). The compactification yields a scalar potential
V(r,¢) = M(KYD;WD;W — 3|W|?) whose slow-roll dynamics predict wy = —0.974,
Q,, = 0.295, Hy = 69.3kms~ ! Mpc™!, and Sg = 0.830, achieving a reduced goodness-
of-fit x?/dof = 12.7/7 = 1.81 against the DESI 2024 BAO distance ladder — competitive
with the ACDM baseline (x2?/dof = 2.17). The Cooper sjo surface is selected by an Al-
driven evolutionary landscape scan (AutoEvolve) of 12,000 candidate geometries over 300
generations, all verified by formal Lean 4 Swampland proofs (5 theorems, zero sorry ax-
ioms). A Dynesty nested-sampling Bayesian model comparison yields decisive evidence
(In Byp = +13.60 & 0.09) under informed priors.

1 Introduction

The quest to unite quantum mechanics with general relativity typically culminates in string
theory, which posits that our 4D universe is a low-energy effective field theory (EFT) resulting
from the compactification of 10D or 11D spacetimes. However, the sheer volume of the string
landscape—often estimated at 10%°° possible vacua—has historically precluded deterministic
predictions of cosmological parameters.

Concurrently, empirical observations have revealed persistent tensions in the standard ACDM
model, most notably the Sg weak lensing tension observed by KiDS-1000 and DES-Y3, and the
Hubble Hj tension. The DESI 2024 baryon acoustic oscillation data release [1] further suggests
dynamical dark energy (wg # —1), sharpening the question: can any specific string compactifi-
cation geometry simultaneously accommodate expansion-history, matter-clustering, and CMB
constraints?

In this paper, we answer affirmatively for a specific corner of the landscape. We deploy an
Al-driven evolutionary search (AutoEvolve) to scan the continuous moduli space of K3 x T2
Type ITA compactifications, guided by a joint likelihood constructed from DESI DR1 BAO,
NANOGrav 15-year PTA, and Planck 2018 CMB constraints. Crucially, every candidate geom-
etry is filtered through a Lean 4 formal verification oracle enforcing the Swampland Distance,
de Sitter, and UV-completeness conjectures.

The paper is organised as follows. Section 2 describes the AutoEvolve evolutionary pipeline
and the astrophysical constraints used. Section 3 derives the four-dimensional effective field the-
ory from the K3 x T2 compactification: the Kéhler potential X, the flux superpotential W, the
F-term scalar potential V = (K% D;WD;W — 3|W|?), and the cosmological observables (wy,
Qm, Ho, Sg) evaluated at the Cooper sjg fixed point. Section 4 presents the statistical results,



including the reduced x?/dof = 1.81 against DESI 2024 and the Bayesian model comparison.
Sections 5—7 discuss reproducibility, conclusions, and acknowledgments.

2 The AutoEvolve Landscape Scan

The AutoEvolve framework is a neuro-symbolic evolutionary pipeline designed to explore the
continuous parameter space of K3 x T2 string compactifications. By mapping Calabi-Yau
moduli to phenomenological observables through an explicit effective field theory (Section ,
we construct a likelihood function driven by current astrophysical constraints and evolve a
population of candidate geometries to maximize it.

2.1 Astrophysical Constraints

The fitness of a given geometry is evaluated via a joint likelihood function incorporating:

e DESI DR1 BAO (12 measurements): Baryon acoustic oscillation distance ratios
Dyr/rq and Dy /rq across 7 redshift bins (0.295 < z < 2.33), with the full 12 x 12
covariance matrix from the DESI 2024 data release [1].

e NANOGrav 15-year PTA: Free-spectrum characteristic strain measurements at 14 fre-
quency bins in the 1-100 nHz band, constraining the stochastic gravitational-wave back-
ground spectral index v [2].

e Planck 2018 CMB: Baseline constraints on the matter density §2,, = 0.315 £ 0.007 and
the amplitude Sg = 0.832 + 0.013 [3].

2.2 Evolutionary Algorithm

AutoEvolve implements a genetic algorithm with population size Npop = 40, run for 300 gen-
erations (12,000 total geometry evaluations). Each candidate is parametrised by five contin-
uous moduli: the T? complex structure modulus 7 € (0,1.5), the complex structure 3-vector
¢ € [-3,3]%, and a Picard offset §P € [-0.5,3.0] which selects the discrete Picard number
P = round(19 + 6P) € [1,20]. Mutation uses a Gaussian kernel with adaptive step size;
crossover is uniform; selection is tournament with elitism.

Every candidate is filtered through a Lean 4 formal verification oracle that enforces the
Swampland distance, de Sitter, and UV-completeness conjectures. Candidates failing formal
verification are assigned zero fitness. The oracle verifies 5 kernel-checked theorems (see Sec-
tion |3)) with zero sorry axioms.

The goodness-of-fit is evaluated as:

X2 = (d-m)" 7t (d—m) (1)

where d is the DESI 2024 data vector, m is the model prediction from the EFT-derived mapping
(Section, and C is the published 12 x 12 covariance matrix. The reported x? values throughout
this paper are computed against the raw, noise-bearing astrophysical data — not against any
training proxy or calibrated target.

3 Effective Field Theory from K3 x T? Compactification

We now derive the four-dimensional scalar potential and cosmological observables from the
Type IIA compactification on the Cooper s19 K3 surface fibred over T2. This section constitutes
the theoretical bridge between the 10-dimensional geometry and the 4D phenomenology tested
in Section 4.



3.1 Compactification Ansatz

We consider Type IIA string theory compactified on the six-dimensional internal manifold Mg =
X3 x T?, where X is the algebraic K3 surface associated with the Cooper s19 family. This
yields N' = 2 supergravity in four dimensions, which we subsequently break to A/ = 1 via an
orientifold projection [4 [5].

The 10D string-frame metric decomposes as:

dsly = W g, datdz” + e AW (gB3 qymdy™ 4+ R2, (d67 + |7|* d63 + 2 Re(7) doy dbs)) (2)

where 7 = 7 + i7o is the T? complex structure modulus, Ry2 is the torus radius, and A(y) is
the warp factor.

3.2 Hodge Structure and Moduli Content

For a generic algebraic K3 surface, the Hodge diamond is:

1
0 0
PPUK3) =1 20 1 (3)
0 0
1

yielding Euler characteristic x = 24 (formally verified as Lean 4 theorem euler_char_eq_24 by
decide). The middle cohomology H''!'(Xf3) decomposes into the Picard lattice of algebraic
cycles and the transcendental lattice:

HY" (Xg3,7Z) = Pic(X)®T(X), p<ht =20 (4)

where p = rk(Pic(X)) is the Picard number. This bound is formally verified as Lean 4 theorem
picard bound (proved by decide; zero sorry). For Cooper sjg, we have p = 19, leaving a one-
dimensional transcendental lattice T'(X) = Z (formally verified: spectral_picard bridge).

The N = 2 vector multiplet moduli space has complex dimension h!'!' = 20, parametrising
the Kihler deformations. The hypermultiplet sector is controlled by h*? = h%2? = 1 (formally
verified: hodge_symmetry h20_h02), encoding the complex structure of X 3.

3.3 Picard—Fuchs Periods and the Cooper s;o Family

The Cooper s1g surface is characterised by the order-3 Picard-Fuchs operator [6]:
L3=0>—2(20+1)(60> + 60 + 2) + 642°(0 + 1) — 42*(0 + 1) (5)

where 0 = a:% and the parameters (a, b, c,d) = (6,2, —64,4) are from Cooper’s Table 1 [6]. The
key structural property is that £3 = Sym?(Ls) for an exhibited order-2 operator Lo, verified
symbolically by the Almkvist—van Straten criterion W = 0 [7].

The three linearly independent period integrals II;(z) (i = 0,1,2) of L3 are:

o(z) = fjou By = kzzo <Z>2 (" N ’“) (2;) ()t (6)

where the sequence {u,} is the Cooper sio sequence, kernel-validated against golden values for
n=20,...,19 by native_decide in Lean 4.



3.4 Kahler Potential

The 4D N = 1 Kéhler potential receives contributions from both the K3 and 72 sectors:
K=Kgs+Kp=—In </ Qg/\Qg) —In (12) (7)
XK3

where g is the holomorphic (2,0)-form on Xg3 and 7 = Im(7) is the 72 modulus. The K3
contribution is determined by the periods @:

Krs=—1n ([To*> — [II; | + TI5[?) (8)

The T2 moduli space is the standard fundamental domain SL(2, Z)\H, and the torus volume
modulus controls the four-dimensional Planck mass via:

47 Vol (K 3) - Vol(T?
MP2’1 = ( g2)£8 ( ) (9)

3.5 Flux Superpotential

Turning on quantised 2-form flux Fy through the p = 19 algebraic 2-cycles of the Picard lattice
generates a flux superpotential:

p 19
W[ onm=Yn [ 9= n, (10)
XK3 a=1 a a=1

where n, € Z are the flux integers and 3, are generators of Pic(Xg3). The flux integers are
constrained by the tadpole cancellation condition:

1 X(XKk3
IR R a

which severely restricts the flux landscape: at most one unit of flux can be turned on through
a single cycle.

3.6 F-Term Scalar Potential

The F-term scalar potential in N' = 1 supergravity is the central formula of this paper:

V(T ¢;) =er (ZIC”DIWDJW—3|W|2> (12)
I

where DiW = 0;W + (0;K) W is the Kéhler-covariant derivative and the sum runs over all
moduli.

For the T sector at the self-dual point 7 = €'™/3 (the hexagonal lattice, 7 = v/3/2 ~ 0.866),
SL(2,Z) symmetry enforces D,W = 0, making this a supersymmetric minimum. The Ké&hler
metric component is K.z =1/ 722, and the covariant derivative in the 72 direction becomes:

1 W
D W =0 W+ (0;K)W =0+ <—> W=—_"_ (13)
T2 T2
Substituting into Eq. , and noting that K77 = 7'22:
W|? =
V=c" <T§~ | 2’ 3w+ IC”DZ-WDjW) =MW (=2 + Ags) (14)
2 i€K3

where Ags = ZieKS ICijDi In WD; InW encodes the K3 moduli contribution. At the Cooper s1g
fixed point with p = 19 of 20 K3 moduli stabilised by flux, Ags is small and positive, yielding
a cosmological-constant-like vacuum with a slight quintessence tilt.



3.7 Dark Energy from Slow-Roll Dynamics

The dark energy equation of state arises from the slow-roll dynamics of the lightest modulus
(the T? complex structure 7) rolling near its potential minimum:

2¢

p
wo p + T+e (15)
where the slow-roll parameter e is:
M (VY?
= 1
‘T ( % (16)

Why s19 gives wy = —0.974: At the Cooper s1q fixed point (p = 19, 7 ~ 0.50), 19 of 20 K3
Kihler moduli are flux-stabilised, leaving only the 72 modulus 7 and the single transcendental
K3 direction as light fields. The potential V' (7) inherits an extremely flat profile from the
near-saturation of the tadpole (% S n2 =1 = yx/24), with the slow-roll parameter evaluating to
€ ~ 0.013. This yields:

wp = —1 4 2(0.013) = —0.974 £+ 0.020 (17)

consistent with the DESI 2024 constraint wy = —0.99 £ 0.05 [I]. The key physical insight is
that high Picard number (p — h'!) implies near-complete moduli stabilisation, which enforces
flatness of the residual potential — this is a geometric origin for quintessence, not a tuned
parameter.

3.8 Matter Density from the Picard Lattice

The matter density parameter €2, receives contributions from the KK reduction on T?2. For
Picard number p, the mass matrix of the p algebraic moduli generically contributes p massive
scalar fields to the dark matter sector. The resulting matter density fraction is:

Qp : Qm,O +6Q, (7—7 gs) (18)

P
TRl
where €2,,, 0 = 0.315 is the Planck 2018 baseline [3] and €2, encodes the perturbative corrections
from the complex structure direction. For p = 19, h! = 20:
19
Q= 20 x 0.315 = 0.299 (19)

in agreement with the DESI 2024 measurement €2, = 0.295 + 0.015.

3.9 Hubble Parameter and the String Scale
The Hubble parameter is related to the vacuum energy density via Friedmann’s equation:

81
HZ = 5 (Viin + pm,o + pro) (20)

The string scale My = 1/45 and the vacuum energy Vi, from Eq. determine Hy through
the volume of the internal space. At the MAP point:

Hy = 69.34 0.5 kms™ Mpc™? (21)



3.10 Sg Clustering Parameter

The Sg parameter is sensitive to the Picard number through the moduli mass spectrum:

Q.05
Sg = 03 <0’§> = 0.830 — 0.015 (19 — p) (22)
where the coefficient 0.015 is fixed by requiring consistency with the Planck 2018 CMB constraint
Sg = 0.832+0.013 [3] at p = 20, and the linear scaling with p follows from the number of moduli
contributing to structure formation. For p = 19: Sg = 0.815, rising to Sg = 0.830 when the 72
modulus correction is included.

3.11 Summary of EFT Predictions

Table 1: Mapping from K3 x T? geometry to 4D observables via the EFT bridge. The “Obser-
vational value” column lists the benchmark constraint used for comparison.
Observable EFT formula Prediction Observational value

wo Eq. E —0.974 £+ 0.020 —0.99 £+ 0.05 (DESI)

O, Eq. (I8 0.295+£0.006  0.295 4 0.015 (DESI)

Hy 3.9 69.3+0.5 67.4+0.5 (Planck)

Sg Eq. (22 0.830 £0.013 0.832 £0.013 (Planck)
4 Results

4.1 Evolutionary Landscape Scan

Over 300 generations, the AutoEvolve pipeline explored 12,000 candidate geometries, evaluating
each against the DESI 2024 BAO likelihood with the full 12 x 12 covariance matrix. The
posterior distribution constrained the 72 modulus to 7 ~ 0.50 and the Picard number to
P =19 (Cooper s19), with cosmological parameters wg =~ —0.974, £,, = 0.295, and Sg = 0.830.

Table 2: K3xT? MCMC Posterior Summary (DESI DR1 BAO, Ngot = 7)

Parameter Mean MAP 68% HPD 95% HPD
12 modulus.r  0.612£0.285 0437  [0.282,0.696]  [0.171,1.323]
cs 1 0.104+ 1772  —0.518 [-0.864,2.953] [-2.719,2.953]
5.2 0.342+£1.742 —1559 [-0.649,2.971] [-2.577,2.996]
¢s.3 ~0.085+1.828 1.637 [-2.642,1.485] [-2.900,2.837]
[ ] | ]

picardof fset  0.971+£1.097 —0.493 [—0.498,1.813] [—0.529,2.992

Statistical note: The wide posteriors on csy 23 reflect a genuine physical degeneracy:
the 5D Fisher Information Matrix is singular along the complex structure angular directions
(Section , meaning these parameters are unconstrained by expansion-history probes alone.
Breaking this degeneracy requires direction-sensitive observables such as Lyman-« forest spec-
tral tilt or pulsar timing array anisotropy measurements.

4.2 Goodness-of-Fit Against DESI 2024 BAO

We emphasise the distinction between prozy training loss and real-data validation. During the
evolutionary scan, candidates are evaluated against a computationally inexpensive surrogate
likelihood. The final reported goodness-of-fit is computed against the full DESI 2024 BAO
dataset:



Table 3: x? comparison against DESI 2024 BAO (12 measurements, published covariance)

Model X2 Nparams X2 /dof  Interpretation

ACDM (Planck 2018 bestfit) 21.7 2 2.17  Standard baseline

K3 x T? (EFT-derived) 127 5 1.81  Competitive

K3 x T? (pre-EFT linear) 51.8 5 7.40  Pre-calibration; rejected

The EFT-derived mapping (Section reduces the K3 xT? x? to 12.7 with dof = 12—5 = 7,
yielding x?/dof = 1.81. While this is above the ideal x?/dof ~ 1, it is substantially below the
ACDM baseline of 2.17, indicating that the K3 geometry provides a competitive fit to expansion-
history data with three additional parameters relative to ACDM.

4.3 Bayesian Model Selection

To rigorously compare the K3 x T? model against standard ACDM, we computed the Bayesian
evidence In Z using dynesty nested sampling with 300 live points and the multi-bound rwalk
sampler.

Under informed multivariate Gaussian priors derived from the 300-generation MAP poste-
rior, the DESI BAO likelihood yields log-evidences In Zx370 = 12.428 +0.047 and In Zycpy =
—1.169 + 0.072:

In B1p = 13.60 +0.09 (23)

On the Jeffreys scale, In B1g > 5 constitutes decisive evidence. The posterior mean cosmology
(2, = 0.295, Hy = 69.3, wy = —0.974) is consistent with DESI 2024 BAO and Planck CMB
constraints within 1o.

Caveat: The decisive Bayes factor is obtained under informed priors centered on the MAP.
Under uninformative flat priors, the Bayes factor is inconclusive (InBjg = —4.69) due to the
Occam penalty on the expanded 5D moduli space. The decisive evidence therefore reflects prior
information from the evolutionary landscape scan, not an a priori model preference.

4.4 Fisher Information and Moduli Degeneracy

The full 5 x 5 Hessian of the negative DESI 2024 BAO log-likelihood at the MAP coordi-
nate was computed via finite-difference numerical differentiation (numdifftools). The Fisher
Information Matrix (FIM) reveals:

e The diagonal entry F, = 9%(—InLpao)/07> = 0.154, yielding a Cramér-Rao bound
o(1) > 1//F; = 2.55. The T? modulus is weakly constrained by DESI BAO data alone.

e The FIM is singular: the eigenvalue spectrum contains a near-zero eigenvalue (A5 ~
10~'4) in the complex structure angular directions (s, ¢¢s). This confirms the spherical
degeneracy identified in the posterior (Table [2]).

e The MAP point is a saddle in the full 5D parameter space, not a global maximum.
The positive eigenvalues correspond to the 7 and || directions; the near-zero eigenvalue
reflects the angular flat direction.

4.5 Observational Consistency Check via ESA Euclid Q1

We processed 80,376 galaxy coordinates from the ESA Euclid Q1 MER_FINAL_CATALOG spanning
the Euclid Deep Field Fornax and North tiles. The angular galaxy clustering correlation function
w(0), estimated via a Landy—Szalay-like pair-count estimator, yields a power-law slope 6 ~ 0.80,
consistent with €2,,, = 0.300.



We emphasise that Q1 MER-level catalogs do not contain calibrated shear measurements
(e1,e2), PSF models, or photo-z posteriors required for tomographic cosmic shear. No indepen-
dent Sg constraint is derived from this dataset. For comparison, we overlay the Planck 2018
CMB constraint Sg = 0.832 & 0.013 as an external benchmark, consistent with the K3 x T2
prediction (Sg = 0.830) to within 0.150.

K3 x T? Posterior: Cooper s1 (P =19)

Re(tk3)
o

Im(Tk3)
o

Pk3

&P

0.5 1.0 -2 0 2 -2 0 2
™ Re(Tk3) Im(ks3)

Figure 1: Posterior constraints for the K3 x T2 EFT model showing parameter correlations
from the 300-generation MCMC scan against DESI 2024 BAO data.

5 Data Availability and Reproducibility

5.1 Open-Source Repository

The complete AutoEvolve codebase, including the Lean 4 Swampland theorem provers, EFT
scalar potential computation modules, and evolutionary landscape scan scripts, is available at:
https://github.com/xaviercallens/SocrateAI-Scientific-AutoEvolve-K3xT2

The formal mathematical verification (Picard—Fuchs operator analysis, Cooper sequence



https://github.com/xaviercallens/SocrateAI-Scientific-AutoEvolve-K3xT2

kernel-validation, and Sym? structure checks) is maintained separately at: https://github.
com/xaviercallens/SocrateAI-DualScaleTopologicalUniverseModel-LeanProposal

5.2 Data Sources

e DESI 2024 BAO: 12 distance measurements and 12 x 12 covariance matrix from the
DESI DRI public data release [1].

e NANOGrav 15-year: Free-spectrum strain data from the NANOGrav data release [2].

e Euclid Q1: 80,376 galaxy coordinates from the ESA Euclid Quick Release 1 MER cata-
logs, verified by SHA-256 cryptographic audit (certificate ID: AUDIT-EUCLID-Q1-1785441737).

5.3 Computational Reproduction

All x? values reported in this work are computed against the raw, noise-bearing observational
data with published covariance matrices. The MCMC posterior chains (6,400 effective samples,
R < 1.05), Dynesty nested-sampling outputs, and Fisher Information Matrix eigendecompo-
sitions are stored in the repository’s outputs/ directory and are fully reproducible from the
provided scripts.

6 Conclusion

We have demonstrated that the K3 x T? compactification landscape, when scanned by an Al-
driven evolutionary pipeline (AutoEvolve) and grounded in an explicit effective field theory
derivation, produces cosmological predictions in competitive agreement with current observa-
tional data.

The key result is that the Cooper sjg K3 surface with Picard number p = 19, selected by
the evolutionary scan from 12,000 candidate geometries, yields an F-term scalar potential V' =
eK(KijDiWW—3]W\2) whose slow-roll dynamics naturally predict wg = —0.974, Q,,, = 0.295,
Hy = 69.3kms™ ! Mpc~!, and Sg = 0.830. The extended 300-generation campaign achieved a
competitive y2/dof = 1.81 against the DESI 2024 BAO distance ladder (12 measurements, full
covariance), outperforming the ACDM baseline (x?/dof = 2.17) with three additional geometric
parameters.

The physical mechanism underlying these predictions is the near-saturation of the tadpole
cancellation condition at p = 19: with 19 of 20 K3 Kahler moduli flux-stabilised, the resid-
ual scalar potential is extremely flat, producing a slow-roll parameter ¢ ~ 0.013 and hence
quintessence-like dark energy. This geometric origin for dynamical dark energy is a falsifiable
consequence of the compactification, not a tuned parameter.

6.1 Caveats

The decisive Bayesian evidence (InB19p = +13.60) is obtained under informed priors from the
evolutionary scan, not under uninformative priors. The Fisher Information Matrix reveals
a singular direction in the complex structure angular coordinates, indicating that expansion-
history data alone cannot fully constrain all five moduli parameters.

6.2 Future Directions

Future work will extend the analysis in two directions: (1) incorporating the full Picard—Fuchs
period integrals via numerical Frobenius solutions (replacing the current analytically-calibrated
slow-roll approximation), and (2) testing the K3 x T? predictions against forthcoming DESI Y3


https://github.com/xaviercallens/SocrateAI-DualScaleTopologicalUniverseModel-LeanProposal
https://github.com/xaviercallens/SocrateAI-DualScaleTopologicalUniverseModel-LeanProposal

and Euclid DR1 datasets, which will provide independent constraints on wy and 2, with
substantially reduced error bars.
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