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We investigate whether Einstein-Cartan-Holst (ECH) spin-torsion gravity can produce late-time
dark energy or distinctive cosmological signatures. Within this framework, LQC holonomy cor-
rections yield a nonsingular quantum bounce at ρcrit ≈ 0.27–0.41 ρPl (depending on the entropy-
counting scheme for the Barbero-Immirzi parameter), while the ECH parity structure generates a
unique four-fermion interaction. Through systematic analysis of 7 foundation studies and 17 re-
search branches, we establish 14 independent structural barriers that close all minimal routes from
the bounce to dark energy. Our central theoretical result is a perturbation-transparency theo-
rem: for canonical scalar field matter, torsion vanishes at all perturbation orders, the Holst term
reduces to a topological invariant, and the Barbero-Immirzi parameter γ is invisible in all pertur-
bation observables. Independent MCMC verification (Cobaya v3.6.1, 424,181 samples across three
dataset combinations, two frozen) finds ∆Neff consistent with zero (−0.020 ± 0.169 full-tension;
+0.065 ± 0.17 Planck+BAO+SN) and H0 = 67.68 ± 1.06 km s−1 Mpc−1, recovering standard
ΛCDM values. The conclusion: ECH provides a clean bounce mechanism but cannot produce late-
time dark energy or distinctive perturbation-level observables through any standard mechanism
tested. The surviving science case for bouncing cosmology rests on generic, mechanism-independent
predictions—principally the matter-bounce non-Gaussianity fNL = −35/8, testable by SPHEREx
at 4–6σ.
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I. INTRODUCTION

The nature of dark energy remains one of the most pro-
found challenges in modern physics. While the ΛCDM
model successfully accounts for the observed cosmic ac-
celeration [1], it faces severe theoretical difficulties—most
notably the cosmological constant problem, where the
observed vacuum energy density ρΛ ∼ (2.3 meV)4 is
∼ 10120 times smaller than the naive quantum field the-
ory estimate ∼M4

Pl [2]. This spectacular fine-tuning has
motivated extensive theoretical work on dynamical dark
energy, modified gravity, and quantum gravitational ap-
proaches.

Simultaneously, precision cosmological measurements
have revealed growing tensions within ΛCDM. The Hub-
ble constant measured from the early universe via the
cosmic microwave background (CMB) by Planck (H0 =
67.36 ± 0.54 km s−1 Mpc−1) [1] disagrees at ∼4.9σ
with late-universe determinations from the SH0ES col-
laboration (H0 = 73.04 ± 1.04 km s−1 Mpc−1) [3].1
The matter clustering amplitude σ8 inferred from Planck
(σ8 = 0.811± 0.006) exceeds weak lensing measurements
from KiDS-1000 (S8 = 0.759+0.024

−0.021) [4] and DES Y3 [5]
by 2–3σ. The DESI 2024 BAO results [6] suggest dy-
namical dark energy at 2.5–3.9σ, with the subsequent
DESI DR2 analysis [7] strengthening this preference to
3.1σ (BAO+CMB) and up to 4.2σ (with supernovae),
adding urgency to the search for extensions of the stan-
dard model.

This work presents a phenomenological framework that
addresses these challenges through quantum gravita-
tional effects in spin-torsion cosmology. Our approach
builds on three well-established theoretical pillars, syn-
thesized here for the first time into a unified cosmological
model:

1. Loop Quantum Cosmology (LQC), providing a non-
singular quantum bounce replacing the classical Big
Bang singularity [8]. The bounce occurs at a crit-
ical density ρcrit ≃ 0.27–0.41 ρPl (depending on the
entropy-counting scheme for the Barbero-Immirzi pa-
rameter; see Sec. II B).

2. Einstein-Cartan theory incorporating fermionic spin-
torsion coupling, which generates four-fermion con-
tact interactions and prevents gravitational singulari-
ties through torsion-induced repulsion at extreme den-
sities [9, 10].

1 (73.04 − 67.36)/
√
1.042 + 0.542 = 4.86σ; we quote ∼4.9σ

throughout.
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3. Black hole universe origin, where a rotating parent
black hole spawns a non-singular baby universe be-
yond its event horizon through torsion-regulated grav-
itational collapse [11, 12]. The baby universe inherits
angular momentum, establishing a preferred cosmic
axis.

A. Theoretical Foundations and Novel Synthesis

Our framework synthesizes well-established theoreti-
cal components into a unified cosmological model with
testable outputs:

Einstein-Cartan Theory.—The inclusion of spacetime
torsion coupled to fermionic spin has been extensively
studied since the pioneering work of Hehl et al. [9].
Popławski [10, 13] demonstrated that torsion-induced
four-fermion interactions can generate a small positive
cosmological constant through condensate formation,
and that the parity-violating pseudoscalar density modi-
fies this interaction, providing a candidate mechanism for
dark energy generation. The Einstein-Cartan-Sciama-
Kibble (ECSK) framework avoids singularities through
torsion-induced repulsion at extreme densities. Recent
work by Liu et al. [14] showed that Einstein-Cartan tor-
sion is preferred over ΛCDM by AIC criteria, providing
independent statistical support for torsion-based cosmol-
ogy.

Loop Quantum Gravity and Parity Violation.—The
connection between LQG’s Barbero-Immirzi parameter
and parity-violating effects has been rigorously estab-
lished by Freidel, Minic & Takeuchi [15] and Mercuri [16,
17]. They showed that the Holst term in LQG, when
coupled to fermions, generates effective four-fermion ax-
ial interactions that violate parity. The Barbero-Immirzi
parameter γ, originally introduced as an ambiguity in the
LQG quantization, acquires physical significance through
its role in parity-violating observables.

Black Hole Universe Origin.—Popławski [11] pio-
neered the “universe in a black hole” scenario, demon-
strating that every black hole with torsion spawns a
non-singular, closed baby universe beyond its event hori-
zon. His subsequent work extended this to rotating black
holes [12], showing that the baby universe inherits angu-
lar momentum and develops a preferred cosmic axis, pro-
viding a candidate origin for observed cosmic anomalies.

B. Original Contributions

Each theoretical ingredient above has been studied in-
dependently. Our contribution is to assemble them into a
single quantitative framework and test it systematically.
The original contributions are:

1. 14-barrier catalog and perturbation-transparency the-
orem: Through 7 foundation studies and 17 research

branches, we establish 14 independent structural bar-
riers closing all minimal routes from the bounce to
dark energy. The central result is that minimal
ECH gravity is perturbation-transparent: for canoni-
cal scalar field matter, torsion vanishes at all pertur-
bation orders and γ is invisible in all observables.

2. MCMC verification revealing null result: Independent
Cobaya verification across two frozen dataset combi-
nations demonstrates that ∆Neff is consistent with
zero, H0 recovers the standard Planck ΛCDM value
of 67.68 ± 1.06, and the spin-torsion extension alone
does not resolve cosmological tensions.

3. ALP birefringence consistency check (secondary): A
spectator ALP with natural parameters (fa ∼ MPl,
m ∼ H0) accommodates the observed β = 0.242◦ ±
0.061◦ (3.9σ) without fine-tuning. This ALP model
class was previously studied by Fujita et al. [18]; our
contribution is the ECH-motivated parameter identi-
fication and independent MCMC inference, not the
model itself. The result is a consistency check, not a
prediction of minimal ECH (which does not derive the
photon-torsion coupling; see Sec. XIV C).

C. Paper Organization

This paper is organized as follows. Section II devel-
ops the theoretical framework. Section III presents ob-
servational signatures and evidence, including the inde-
pendent MCMC verification (Sec. III D). Sections IV–
VI summarize supplementary derivations and data meth-
ods (details in the companion supplementary material).
Section VII presents cosmological fits and model com-
parison. Sections VIII–X provide condensed systematic
analysis, falsification criteria, and related work. The core
results occupy Secs. XI–XIII: the 14 structural barriers,
perturbation-transparency theorem, and hybrid loophole
rejection. Section XIV discusses the inflationary sup-
pression factor and birefringence analysis. Sections XV–
XVI address limitations and conclusions. Appendices
provide the parameter summary (Appendix A), dimen-
sional analysis (Appendix B), reproducibility materials
(Appendix C), and claims classification (Appendix D).
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TABLE I. Executive summary: what the investigation found. Most routes fail; the surviving testable prediction is the
mechanism-independent fNL = −35/8.

Question Result Status
Does the framework resolve H0 tension? H0 = 67.68± 1.06 km/s/Mpca No. Standard ΛCDM recovered.
Does the framework resolve σ8/S8 tension? σ8 = 0.803; S8 = 0.814b No. Planck-consistent.
Can the bounce derive dark energy? 14 barriers close all routes No. Scaling ansatz onlyc.
Is there a nonsingular bounce? LQC: ρc ≃ 0.27–0.41 ρPl Yes (from LQC, not ECH-specific).
Is ECH visible in perturbations? Perturbation-transparency theorem No. γ invisible at all orders.
Is there a testable prediction? fNL = −35/8 (SPHEREx 4–6σ) Yes (mechanism-independent).
a(67.68− 73.04)/

√
1.062 + 1.042 = 3.61σ. bVerified σ8 = 0.803± 0.008 and S8 = 0.814± 0.008 (full-tension), consistent with

Planck ΛCDM (σ8 = 0.811, S8 = 0.832). The ∆Neff extension does not reduce the σ8/S8 tension; the original lower values
were SH0ES-prior-driven.

Note: Independent Cobaya v3.6.1 verification yields H0 = 67.68± 1.06 (full-tension) and 67.79± 1.09 (Planck+BAO+SN),
consistent with Planck ΛCDM. The ∆Neff extension does not by itself resolve the Hubble tension; it is the SH0ES prior in the

original analysis that pulls H0 upward. See Sec. III D.
cReparameterized as sensitivity to Ntot, not solved; see Sec. XIV A.

II. THEORETICAL FRAMEWORK

A. Loop Quantum Cosmology and the Holst Action

1. Einstein-Cartan-Holst Action

The fundamental action combining Einstein-Cartan
theory with the Holst term is

SECH =
1

16πG

∫
d4x e

[
eµa e

ν
b R

ab
µν +

1

γ
εabcd e µ

a e ν
b Rcdµν

+
1

4
T abcTabc

]
+ Smatter, (1)

where e = det(eaµ) is the tetrad determinant, Rab
µν is the

curvature of the Lorentz connection, γ is the Barbero-
Immirzi parameter, and T abc is the torsion tensor. The
Holst term εabcdeµae

ν
bRcdµν/γ is topological in the absence

of torsion but contributes non-trivially when fermions are
present.2 This construction builds directly on the foun-
dational work of Freidel, Minic & Takeuchi [15], who es-
tablished that the Barbero-Immirzi parameter becomes
physically observable through its coupling to fermionic
matter.

The Barbero-Immirzi parameter is fixed by the LQG
black hole entropy calculation [8, 19]:

γ = 0.274± 0.020, (2)

2 The explicit TabcTabc term in Eq. (1) represents the torsion-
squared contact interaction that emerges after integrating out
the non-propagating torsion in the standard EC framework. We
include it in the action for pedagogical completeness; in the first-
order (Palatini) formulation, torsion is determined algebraically
by the spin density and this term is not independently specified.
The results of this paper depend only on the standard EC tor-
sion equation of motion, not on an independent kinetic term for
torsion.

Different entropy-counting schemes yield different val-
ues: the Ashtekar-Baez-Corichi-Krasnov (ABCK) calcu-
lation [19] gives γABCK ≈ 0.274, while the Domagala-
Lewandowski-Meissner (DLM) full SU(2) state count-
ing [20, 21] gives γDLM ≈ 0.2375. We adopt γ =
0.274 (ABCK) throughout this paper; the DLM value
would shift ρcrit upward to ≃ 0.41 ρPl without qualita-
tively changing any conclusion. Whether γ constitutes
a genuine physical observable or a quantization arti-
fact absorbable by canonical transformations remains de-
bated [15, 16]. This distinction does not affect our results
at leading order: if γ is non-physical, the torsion-fermion
coupling factor γ2/(γ2 + 1) in Eq. (4) reverts to unity
(the standard ECSK value), modifying the parity-odd
coefficient by O(10%) without eliminating parity viola-
tion, which originates from the Holst term’s coupling to
fermions independently of the Barbero-Immirzi interpre-
tation.

2. Derivation of the Parity-Odd Term

Starting with the complete action S = Sgravity +
SHolst + Sfermion, we derive the parity-odd effective ac-
tion through four steps:

Step 1: Torsion Activation.—When fermions are min-
imally coupled to gravity with torsion, the torsion tensor
is determined algebraically by the fermionic spin density:

T abc = 8πGSabc, (3)

where Sabc = 1
4 ψ̄γ

[aγbc]ψ is the fermionic spin density
tensor (we use natural units c = ℏ = 1 throughout; see
Appendix XVI). Unlike in general relativity, torsion is
not dynamical but is determined instantaneously by the
matter content.

Step 2: Four-Fermion Contact Interaction.—
Substituting Eq. (3) back into the action and integrating
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FIG. 1. Energy density hierarchy from the Planck scale
to the observed dark energy scale. The Einstein-Cartan-
Holst action generates a parity-odd vacuum energy ρvac ∼
[(α/M)MPl]M

4
Pl at one loop. Inflationary dilution by ∼

e−3Ntot bridges the gap to the observed ρΛ ≈ (2.3 meV)4. Left
axis: comparison of the residual fine-tuning in this framework
(105, from uncertainty in Ntot) versus ΛCDM (10120).

out torsion yields an effective four-fermion interaction [9]:

Lint = −3πGN

2
× γ2

γ2 + 1
× J(A)µ J

µ
(A), (4)

where Jµ
(A) = ψ̄γµγ5ψ is the axial current. The Barbero-

Immirzi parameter enters through the γ2/(γ2+1) factor,
which is purely a consequence of the Holst modification
and would be absent (→ 1) in standard Einstein-Cartan
theory.

Step 3: Parity-Odd Effective Action.—The effective ac-
tion acquires a parity-odd term through quantum correc-
tions, as shown by Mercuri [17]. The origin of this term
is the Holst term: in first-order variables (tetrad eI and
Lorentz connection ωIJ , with I, J, . . . internal Lorentz
indices), the ECH action’s parity-odd piece is

SHolst =
M2

Pl

γ

∫
eI ∧ eJ ∧RIJ (ω), (5)

where RIJ = dωIJ + ωI
K ∧ ωKJ is the curvature 2-

form. This is a manifestly diffeomorphism-invariant 4-
form (two tetrad 1-forms ∧ one curvature 2-form). When
the connection is decomposed as ωIJ = ω̊IJ +KIJ (Levi-
Civita + contorsion), Eq. (5) generates terms involving
contorsion coupled to curvature. After integrating out
torsion (which is algebraically determined by fermion
spin density, Eq. 3) and including quantum corrections
at one loop, the effective parity-odd action takes the form

Seff =
α

M

∫
eI ∧ eJ ∧ FIJ [K, R̊], (6)

where FIJ collects the contorsion-dependent pieces
(D̊KIJ+KI

K∧KKJ at leading order), M =Marea-gap ∼√
γMPl is the LQG area-gap mass scale, and α is a di-

mensionless coupling ([α] = M0). In components, the
leading contribution reduces to

Seff =

∫
d4x

√
−g α

M
εµνρσ eIµ e

J
ν FIJρσ, (7)

where the operator εµνρσeIµe
J
νFIJρσ has mass dimen-

sion +2 and α/M has dimension −1, giving a total La-
grangian density of mass dimension +1—three short of
the required +4 (see Appendix B for the full counting).
The missing three powers of mass arise through on-shell
evaluation at Planck-scale densities (Sec. B), where the
spin-sourced contorsion evaluates to K ∼ MPl and the
curvature to R ∼M2

Pl. The relation ρΛ = ΞM4
Pl is there-

fore a scaling ansatz—dimensionally correct on-shell at
the bounce—not a derivation from a renormalizable ef-
fective field theory. Throughout this paper, we adopt
the convention that the Einstein-Hilbert action carries
the standard M2

Pl/2 prefactor, while the parity-odd sec-
tor carries α/M independently.

This operator is parity-odd (it changes sign under spa-
tial reflection) but fully diffeomorphism-covariant. Gen-
eral covariance does not forbid parity-odd terms; it con-
strains only the tensor structure. Since classical gravity
preserves parity, the coefficient α/M must be generated
through quantum corrections.

Notation.—For brevity, we sometimes write the
component-form integrand as “εabcdKabRcd” (where
a, b, c, d are internal Lorentz indices) as shorthand for the
full 4-form expression Eq. (6). This shorthand suppresses
the tetrad factors that make the expression a proper 4-
form; all variational calculations use the complete first-
order expression.

Torsion remains algebraic.—The effective action Seff

(Eq. 6) contains derivatives of the contorsion through
D̊KIJ in FIJ , which could in principle promote torsion
from algebraic to dynamical. However, this kinetic con-
tribution is suppressed by α/M ∼ 10−21 GeV−1 relative
to the original EC torsion equation (sourced by M2

Pl),
making the correction O(α/MM2

Pl) ∼ 10−3 to the torsion
equation of motion. Torsion therefore remains effectively
algebraic (determined instantaneously by the spin den-
sity) at all energy scales below the Planck scale. A full
stability analysis (ghost/tachyon checks) of the modified
torsion sector is warranted but is not expected to reveal
pathologies at this suppression level.

Step 4: Parity-Odd Coefficient.—The existence of a fi-
nite parity-odd coefficient is motivated by one-loop esti-
mates in a torsionful background. Following the one-loop
analyses of Freidel et al. [15] and Shapiro & Teixeira [22],
which established the divergence structure and renormal-
ization of the effective Barbero-Immirzi parameter, the
expected order of magnitude is

α

M
∼ g2

32π2

γ

M
ln

(
Λ2
UV

µ2

)
+ δNY, (8)
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where g is the effective dimensionless axial–torsion
Yukawa coupling defined by the vertex g ψ̄γ5γaψKa

(with g2 ∼ 8πGNM
2 γ2/(γ2 + 1) ∼ O(1) at the area-

gap scale), ΛUV is a UV scale, µ is the renormaliza-
tion scale, and δNY encodes the finite Nieh–Yan con-
tribution whose precise value depends on the regular-
ization scheme—particularly the treatment of γ5 in di-
mensional regularization [22] (the ’t Hooft–Veltman and
Breitenlohner–Maison prescriptions yield different finite
parts for parity-odd traces). We therefore treat α/M
as a phenomenological parameter constrained by
data (see Table V), with Eq. (8) providing the theoret-
ical motivation for its existence and order of magnitude
([(α/M)MPl] ∼ 10−2), not a controlled first-principles
prediction.

A one-loop RG estimate suggests logarithmic running:

dα

d lnµ
∼ − g2

16π2
× 2Nf , (9)

where Nf is the number of fermion species contribut-
ing at scale µ. However, this equation inherits the same
scheme dependence as the coefficient itself: its derivation
requires specifying how γ5 is handled in d = 4− ϵ dimen-
sions and which counterterm conventions are adopted for
the Nieh–Yan sector. The physical content is that α runs
weakly (the loop factor g2/(16π2) ∼ 10−3 ensures pertur-
bative suppression), so its value is approximately scale-
independent over cosmological history. A first-principles
derivation of α/M from non-perturbative quantum grav-
ity (spin-foam amplitudes or lattice methods) remains an
important open problem (Sec. XV).

3. Parameter Naturalness

The parent black hole mass must exceed Mcrit =
(M4

Pl/ρvac)
1/3 ≈ 10−3M⊙, easily satisfied by any astro-

physical black hole. The required dilution of inherited
rotation is naturally achieved through ∼ 50 e-folds of
inflation.

B. Black Hole Interior and Quantum Bounce

In Loop Quantum Cosmology (LQC), holonomy cor-
rections to the gravitational Hamiltonian constraint pro-
duce a non-singular bounce at Planck-scale densities [8].

The effective Friedmann equation is3

H2 =
8πG

3
ρ

[
1− ρ

ρcrit

]
, (10)

where the critical density is

ρcrit =
3

8πGγ2 ∆
=

√
3

32π2γ3
ρPl ≃ 0.27 ρPl, (11)

with ∆ = 4
√
3πγ ℓ2P being the LQG area gap and

ρPl ≡ c5/(ℏG2). The numerical value ρcrit ≃ 0.27 ρPl

corresponds to γ = 0.274 (ABCK); the DLM value
γ = 0.2375 gives ρcrit ≃ 0.41 ρPl [8]. The range γ ∈
[0.2375, 0.294] brackets both counting schemes and gives
ρcrit ∈ [0.22, 0.41] ρPl. The factor (1 − ρ/ρcrit) ensures
that H2 → 0 as ρ → ρcrit, producing a smooth bounce.
Key properties of the bounce:

• For ρ≪ ρcrit: standard GR is recovered exactly.

• For ρ→ ρcrit: H → 0 (the universe momentarily stops
expanding/contracting).

• For ρ slightly below ρcrit (contracting phase): Ḣ > 0,
triggering the bounce.

• The bounce creates a new expanding region with ini-
tial conditions completely determined by the parent
black hole properties, with no free parameters.

In a rotating black hole, the collapsing matter carries
angular momentum through the bounce. The baby uni-
verse inherits this rotation, establishing a preferred cos-
mic axis ω̂a. This is the physical origin of cosmic parity
violation in our framework.

C. Cosmic Rotation and Dark Energy

The effective cosmological constant in our framework
is parameterized as:

Λeff = ΞM2
Pl + cωω

2, Ξ ≡
[ α
M

MPl

]
Dinf , (12)

where the first term identifies the parity-odd vacuum en-
ergy with the cosmological constant (a central assump-
tion, not a derivation) and cωω

2 is the vorticity con-
tribution from the 1 + 3 covariant decomposition [23].
CMB isotropy bounds give (ω/H)0 < 5 × 10−11 [24], so

3 The LQC bounce (from quantum geometry holonomy correc-
tions) is physically distinct from the Einstein-Cartan torsion
bounce of Popławski [10], which produces a qualitatively simi-
lar ρ2 repulsion through classical spin-torsion coupling at high
fermion density. In this paper, we adopt the LQC effective
equation for its well-studied perturbation dynamics. The ECH
framework provides the broader theoretical context for the parity
structure (Sec. II A 2) but is not the source of Eq. (10).
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|cω|ω2/H2
0 < 2.5×10−21—rotation is completely negligi-

ble for background expansion. The dark energy scale
is set entirely by Ξ ∼ 10−123 (Sec. XIV A). The ex-
pression ρΛ = ΞM4

Pl is a parameterization (two free pa-
rameters matching one observable), not a first-principles
derivation; the “fine-tuning reduction from 10120 to
105” reparameterizes the hierarchy as sensitivity to Ntot

(Sec. XIV A).

1. Inflationary Suppression

The contorsion Kab, sourced by the fermion spin den-
sity, dilutes as a−3 during inflation. The dilution factor
is:

Dinf = exp[−3Ntot]×
(

Treh
MGUT

)3/2

. (13)

Matching ρΛ ≈ (2.3 meV)4 requires Ntot ≈ 92 (a fit-
ted parameter, not predicted), reducing fine-tuning from
10120 to ∼ 105 as sensitivity to ∆Ntot ≈ 4 e-folds. This
reparameterizes the fine-tuning problem as an initial-
condition question (“why ∼92 e-folds?”) rather than a
fundamental-constant question, but does not solve the
cosmological constant problem.

We assume w = −1 at late times; deriving this re-
quires showing that the early-universe spin-torsion oper-
ator generates an IR-constant vacuum term, which has
not been achieved. Four minimal routes (NJL conden-
sate, one-loop effective action, dynamical Immirzi field,
parity-sensitive CMB phenomenology) all yield negative
results [25].

2. Galaxy Spin Alignment Mechanism

The galaxy spin asymmetry amplitude evolves as
A(z) = A0(1 + z)−pe−qz, with A0 ∈ [0, 0.02]. The
parity-odd operator introduces systematic chirality into
the tidal field, but the framework’s coupling α/M ∼
10−21 GeV−1 underpredicts the empirical A0 ∼ 0.003
by > 100 orders of magnitude. The galaxy spin dipole
is retained as an empirical phenomenological fit, not a
prediction of the theory.

III. OBSERVATIONAL SIGNATURES AND
EVIDENCE

A. CMB E-B Cross-Correlations

The parity-odd effective action generates CMB po-
larization signatures through cosmic birefringence: the
parity-odd operator rotates the CMB polarization plane
by a small angle β. For a spatially uniform (isotropic)

rotation, the standard result [26] is

CEB
ℓ ≈ sin 4β

2

(
CEE

ℓ − CBB
ℓ

)
≈ 2β

(
CEE

ℓ − CBB
ℓ

)
,

(14)
where the small-angle approximation holds for β ≪
1 rad. This produces nonzero EB power across all mul-
tipoles, tracking the EE − BB spectrum shape—not lo-
calized to any particular ℓ range. Similarly, the induced
TB cross-correlation is CTB

ℓ ≈ 2β CTE
ℓ .

Connecting to Planck.—The Planck measurement re-
ports β ≈ 0.30◦ at 2.4–2.7σ [26, 27]. Our framework’s
parity-odd operator (Eq. 6) is qualitatively consistent
with cosmic birefringence, since it violates parity. How-
ever, deriving the photon polarization rotation angle β
from our gravitational/torsion operator requires an ex-
plicit effective coupling between the parity-odd sector
and the electromagnetic field—for example, a term of
the standard axion-like form

L ⊃ φ(τ)

4f
Fµν F̃

µν , (15)

where φ is a pseudo-scalar field sourced by the spin-
torsion sector and f is the associated decay constant,
generated by integrating out torsion at one loop with
an electromagnetic vertex. This coupling has not yet
been derived in this work. We therefore treat the consis-
tency between our framework’s parity violation and the
observed β ≈ 0.30◦ as suggestive, not as a quantitative
prediction.

Relation between φ/f and β.—For a spatially uni-
form pseudo-scalar rolling over conformal time, the stan-
dard result [28] gives a uniform polarization rotation
β = ∆φ/(2f), where ∆φ is the net field excursion be-
tween last scattering and today. This relation assumes
three conditions: (i) spatial uniformity of φ over the last-
scattering surface (justified if the correlation length ex-
ceeds the Hubble radius at decoupling), (ii) photon prop-
agation along FLRW geodesics (valid for the isotropic
component), and (iii) φ/f ≪ 1 so that the rotation is
in the small-angle regime (consistent with β ≈ 0.30◦ ≈
5 × 10−3 rad). Deriving φ and f from the spin-torsion
operator (α/M)εabcdKabRcd requires computing the one-
loop photon-torsion vertex and matching to the effective
Lagrangian (15); this calculation is beyond the scope of
the present work. We use the literature values of β as
consistency benchmarks throughout.

Anisotropic component.—In addition to the uniform
rotation, the cosmic rotation axis defines a preferred di-
rection n̂, which introduces an anisotropic birefringence
field β(n̂) with power concentrated at low multipoles.
This anisotropic component contributes primarily to off-
diagonal ℓ-ℓ′ correlations (detectable via quadratic esti-
mators [27]), with additional diagonal power at ℓ ≲ 10. A
detailed derivation of the anisotropic component’s spec-
trum from the spin-torsion mechanism is deferred to fu-
ture work (Sec. XV); here we note that alternative models
predict different angular spectra:
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• Axion cosmic birefringence: Scale-invariant power in
β(n̂), producing EB correlations across all ℓ.

• Chern-Simons gravity: Peaks at ℓ ∼ 100–1000.

• Spin-torsion (this work): Isotropic birefringence (all
ℓ; angle not derived, requires photon-torsion cou-
pling) plus anisotropic low-ℓ component (amplitude
and shape TBD).

Observational support comes from Minami & Ko-
matsu [26], who found cosmic birefringence in Planck
data at β ≈ 0.35◦±0.14◦, inconsistent with β = 0 at 2.4σ.
Subsequent analysis by Eskilt [27] found β = 0.30◦±0.11◦

(2.7σ). A dedicated ACT DR6 analysis by Diego-
Palazuelos & Komatsu [29] measured β = 0.215◦±0.074◦

(2.9σ), providing independent confirmation from a dif-
ferent instrument. Joint constraints combining birefrin-
gence with early dark energy and DESI+Planck data
have been explored by Yin et al. [30], demonstrating that
nonzero β is compatible with—and potentially comple-
mentary to—solutions to the H0 tension. A combined
analysis by the SPIDER collaboration [31] using SPI-
DER, Planck, and ACT data yields a total polariza-
tion rotation angle (instrumental α + cosmological β)
detected at ∼7σ, though cleanly separating the instru-
mental and cosmological contributions remains an active
challenge. The combined significance depends sensitively
on the treatment of shared calibration systematics be-
tween Planck and ACT [32].

Calibration caveat.—The cosmic birefringence signal is
degenerate with miscalibration of the instrumental po-
larization angle ψ [26]. Minami & Komatsu’s method
breaks this degeneracy using the galactic foreground EB
signal as a self-calibration anchor, assuming vanishing
intrinsic foreground EB—an assumption that has been
questioned for polarized thermal dust. Independent val-
idation from experiments with different optics and cal-
ibration strategies (Simons Observatory, LiteBIRD) is
essential. The isotropic birefringence value (β ≈ 0.30◦)
can be tested with existing and near-term data; the
anisotropic low-ℓ component requires full-sky, cosmic-
variance-limited polarimetry (LiteBIRD).

Detectability.—The isotropic signal has been detected
at 2.4–2.7σ by Planck and 2.9σ by ACT DR6 [29],
with significance expected to further improve with Lite-
BIRD [33] (cosmic-variance limited below ℓ ∼ 10).
However, confirming the spin-torsion origin—as opposed
to other birefringence sources—requires measuring the
anisotropic component’s angular spectrum and cross-
correlating the birefringence axis with the galaxy spin
dipole axis, both of which are accessible to the next gen-
eration of experiments.

B. Galaxy Spin Asymmetry: A Contested Anomaly

Several groups have reported a dipole asymmetry in
galaxy spin handedness (A0 ∼ 0.003, axis near the

TABLE II. Independent verification results from frozen
MCMC chains (Cobaya v3.6.1, CAMB v1.6.5). All values
are posterior means ± 1σ. The full-tension dataset includes
SH0ES H0 and DES S8 priors; Planck+BAO+SN does not.

Parameter Full-tension Planck+BAO+SN
H0 [km/s/Mpc] 67.68± 1.06 67.79± 1.09
∆Neff −0.020± 0.169 +0.065± 0.17
σ8 0.803± 0.008 0.812± 0.009
S8 0.814± 0.008 0.831± 0.018
Ωm 0.308± 0.005 0.312± 0.006
τ 0.054± 0.007 0.056± 0.007
ns 0.965± 0.006 0.967± 0.006
Chains 6 6
Total samples 176,840 132,949
Worst R̂− 1 0.001 0.003
Min ESS 4,744 4,692

CMB kinematic dipole) [34–36], but independent reanal-
yses [37, 38] find results consistent with isotropy. The
minimal ECH framework underpredicts A0 by > 100 or-
ders of magnitude (Sec. II C 2); the galaxy spin dipole is
therefore an empirical phenomenological fit, not a frame-
work prediction. Our framework survives a definitive null
result: CMB parity violation (2.4–2.9σ from Planck and
ACT DR6 [26, 27, 29]) provides independent evidence
entirely decoupled from galaxy morphology.

C. Cosmological Tensions: H0 and σ8

The bounce scenario motivates extending ΛCDM by
∆Neff (particle production at the bounce) and (ω/H)0
(angular momentum transfer), treated as phenomenolog-
ical parameters. Ωk is fixed to zero (mandated by 92 e-
folds of inflation). The original MCMC analysis (which
included the SH0ES H0 prior) yielded H0 = 69.2 ± 0.8,
σ8 = 0.785 ± 0.016; however, independent verification
(Sec. III D) shows these were driven by the SH0ES prior,
not by the ∆Neff extension. The spin-torsion framework
alone does not resolve cosmological tensions.

D. Independent Verification Results

Independent verification using Cobaya v3.6.1 with
Planck NPIPE CamSpec TTTEEE + lowl TT/EE +
lensing has produced two frozen dataset combinations
with publication-quality convergence, plus an ongoing
Planck-only run (114,992 raw samples, 436,799 weighted)
that also finds ∆Neff consistent with zero. Total MCMC
program: 424,181 raw samples across 3 dataset combina-
tions.

Key finding.—Both frozen datasets find ∆Neff consis-
tent with zero (−0.020 and +0.065, both within 1σ of
∆Neff = 0) and H0 consistent with Planck ΛCDM at
0.3σ, confirming that the ∆Neff extension alone does not
resolve the Hubble tension. Current data neither require
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nor exclude a small positive ∆Neff from the spin-torsion
sector; CMB-S4 (σ(Neff) ∼ 0.03) will provide the first
precision test.

Independent cross-validation.—Liu et al. [39] con-
strained an EC torsion model using DESI DR2 + Pan-
theonPlus + DES Y5 + Planck 2018, finding torsion pre-
ferred by AIC (∆AIC = −5.7 to −6.6). Our MCMC
agrees at 0.5σ in H0 and 0.4σ in σ8, providing indepen-
dent cross-validation.

IV. ENHANCED THEORETICAL
DERIVATIONS

The one-loop motivation for the parity-odd coeffi-
cient, the vacuum energy from fermion condensates, and
the derivation of cosmological parameters from Λeff are
documented in the supplementary material. In sum-
mary: α/M is treated as a phenomenological parameter
(Sec. II A 2), the condensate mechanism yields a vacuum
energy ∼ 1044 times too large (not a viable DE source),
and the MCMC-fit parameters are derived in Sec. VII.

V. DATA METHODS: GALAXY SPIN
ANALYSIS

Galaxy spin dipole analysis uses published CW/CCW
labels from Shamir [35, 40] fit with a hierarchical
Bayesian model (Appendix A). The minimal ECH frame-
work underpredicts the observed amplitude A0 ∼ 0.003
by > 100 orders of magnitude; the signal is included as a
contested anomaly, not a framework prediction. See the
supplementary material for full methodology.

VI. DATA METHODS: CMB E-B ANALYSIS

Birefringence measurements are adopted from the pub-
lished literature: β = 0.30◦ ± 0.11◦ (Planck NPIPE [27])
and β = 0.215◦ ± 0.074◦ (ACT DR6 [29]). No indepen-
dent map-level CMB analysis is performed. The specta-
tor ALP analysis (Sec. XIV C) uses these published val-
ues.

VII. COSMOLOGICAL FITS AND MODEL
COMPARISON

A. Datasets and Configuration

We analyze four dataset combinations: (1) Planck
2018 NPIPE [1]; (2) +DESI 2024 DR1 BAO [6];
(3) +Pantheon+; (4) +SH0ES H0 prior [3] + DES
Y3 S8 [5]. Parameter estimation uses Cobaya [41]
(v3.5 original; v3.6.1 verification) with stock CAMB
and ∆Neff as a free parameter—no custom CAMB
modifications. The extended parameter space adds

{∆Neff , (ω/H)0} to ΛCDM, with Ωk fixed to zero
(mandated by 92 e-folds). Reproducibility mate-
rials are at https://github.com/Hubify-Projects/
bigbounce/tree/v2.1.0/reproducibility.

B. Results

The Bayesian evidence is dataset-dependent:

lnZST − lnZΛCDM =

{
−1.2± 0.3 Planck+BAO
+4.8± 0.5 Full tension

(16)

With Planck+BAO alone, the Occam penalty slightly
disfavors the model; the preference emerges when tension
data are included. The fine-tuning comparison (105 vs.
10120 for ΛCDM) is a reparameterization as sensitivity to
Ntot, not a resolution (Sec. XIV A). The decisive test is
detection of correlated parity-odd signatures (CMB E-B,
galaxy spin dipole axis), not tension resolution alone.

VIII. SYSTEMATIC ANALYSIS

Combined detection significance is estimated using
inverse-variance weighting of the CMB birefringence
measurements (Sec. XIV C). Null tests for the galaxy
spin and CMB channels follow the standard protocols de-
scribed in the original analyses [26, 35]. For the fNL chan-
nel, systematic uncertainties including GR projection ef-
fects, bϕ bias, and photo-z degradation are analyzed in
the companion paper [42]. The primary residual system-
atic for the MCMC verification is the dataset-dependent
∆Neff : the full-tension dataset (including SH0ES) pulls
H0 upward, while the Planck+BAO+SN dataset recovers
standard values (Sec. III D).

IX. FALSIFICATION CRITERIA

The framework’s surviving predictions are testable:
(1) LiteBIRD (σ(β) ≈ 0.03◦, early 2030s) will confirm or
exclude the ALP birefringence at ∼ 9σ; (2) SPHEREx
(first science data ∼2028) will test fNL = −35/8 at 4–6σ
via the galaxy bispectrum; (3) MCMC parameter val-
ues (H0, σ8, ∆Neff) are already consistent with standard
ΛCDM (no tension resolution claimed). The framework
has already self-falsified several earlier claims through its
own MCMC verification (Sec. III D).

X. RELATED WORK

This work builds on rotating cosmologies (Gödel 1949),
Einstein-Cartan theory (Hehl et al. [9]), Popławski’s tor-
sion bounce and black hole universe scenario [10–12], the

https://github.com/Hubify-Projects/bigbounce/tree/v2.1.0/reproducibility
https://github.com/Hubify-Projects/bigbounce/tree/v2.1.0/reproducibility
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TABLE III. Bayesian model comparison (full tension dataset). Bayes factors estimated via Savage-Dickey density ratio.

Model k χ2
eff AIC BIC lnB

ΛCDM 6 1156.2 1168.2 1195.5 0.0
wCDM 7 1154.8 1168.8 1199.2 −0.5
Spin-Torsion 7 1148.3 1162.3 1194.8 +4.8

Holst/Nieh-Yan parity structure (Freidel et al. [15], Mer-
curi [16, 17]), and cosmic birefringence detections (Mi-
nami & Komatsu [26]). Recent independent support in-
cludes Liu et al. [14] (EC torsion preferred by AIC), Leg-
ner et al. [43] (torsion condensation), and Alam et al. [44]
(non-singular bounces in modified gravity). No prior
work assembles these into a single quantitative frame-
work with systematic barrier testing.

XI. STRUCTURAL BARRIERS TO
FIRST-PRINCIPLES DARK ENERGY

We tested 7 foundation mechanism classes (Foun-
dations A–G) and 7 additional observational channels
(Branches H–O, plus the ECH perturbation gates) for the
possibility of connecting the bounce to late-time dark en-
ergy or producing distinctive observable signatures. Each
test yielded a named structural barrier.

A. Barrier 1: Mass-Coupling Lock (Foundation A)

In Poincaré gauge theory (PGT), the most general tor-
sion Lagrangian includes propagating spin-2 and spin-0
torsion modes with masses mT set by the PGT coupling
constants {ti}. For these modes to act as dark energy,
they would need to be ultralight (mT ∼ H0 ∼ 10−33 eV)
and couple to matter at cosmologically relevant strength.

The mass-coupling lock arises because the effective
coupling is:

geff ∼ 1

MPl

√
|t3|

(17)

where t3 is the PGT coupling. For ultralight masses
(|t3| ∼M2

Pl/H
2
0 ), the coupling becomes geff ∼ H0/M

2
Pl ∼

10−61—far too weak for any observable effect. To achieve
geff ∼ 1, one needs |t3| ∼ 1/M2

Pl, giving mT ∼ MPl

(Planck-mass torsion, not dark energy).
The fine-tuning required to simultaneously achieve

mT ∼ H0 and geff ∼ O(1) is:
m2

T

m2
T |natural

∼ H2
0

M2
Pl

∼ 10−122 (18)

equivalent to the standard cosmological constant fine-
tuning problem. The barrier transfers rather than solves
the fine-tuning.

Graviton loop corrections generate δm2
T ∼

M2
Pl/(16π

2), requiring cancellation at the level of 1
in 1057.

B. Barrier 2: Topological-Shift Duality (Foundation
B)

Foundation B investigated whether the Nieh-Yan topo-
logical term could break the mass-coupling lock by pro-
viding a non-topological mass term in metric-affine grav-
ity (MAG). In MAG, the Nieh-Yan term

∫
T a∧Ta−ea∧

eb∧Rab is indeed non-topological (unlike in standard EC
theory).

However, a duality emerges: configurations that pro-
tect the pseudoscalar mass (through the topological
structure) necessarily eliminate the geometric content
(the field becomes a standard ALP after torsion elimina-
tion). Conversely, configurations that preserve geometric
content cannot protect the mass. This topological-shift
duality means:

Mass protection ⇐⇒ No geometric fingerprint (19)

After exact torsion elimination (to all orders in ϕ/fϕ), the
effective action reduces to standard ALP electrodynamics
with no operators beyond those already present in generic
scalar-tensor theory.

C. Barrier 3: Scalar-Tensor Universality
(Foundation C)

For scalar field matter on FRW backgrounds, the back-
ground torsion and non-metricity vanish identically:

T0 = Q0 = 0 (exact on FRW with scalar matter)
(20)

This is because FRW symmetry (homogeneity +
isotropy) admits no preferred spatial direction for torsion
or non-metricity to point in when the matter is a scalar
field. Environmental mass mechanisms (chameleon-like
effects from torsion) therefore reduce exactly to standard
scalar-tensor theory on cosmological backgrounds, with
no distinctive geometric fingerprint.

D. Barrier 4: Planck Suppression (Foundation D)

Disformal couplings (terms involving ∂µϕ∂νϕ in the
effective metric) could in principle produce distinctive
signatures. However, in the connection-coupling frame-
work of ECH, each interaction vertex carries only one
∂ϕ factor (from the single derivative in the torsion-scalar
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# Barrier Source Mechanism Blocked
1 Mass-Coupling Lock Found. A Propagating torsion as DE
2 Topological-Shift Duality Found. B Geometric pseudoscalar mass protection
3 Scalar-Tensor Universality Found. C Distinctive geometric content on FRW
4 Planck Suppression Found. D Disformal / connection coupling effects
5 Scale Separation Found. E Global vacuum integral coupling
6 Attractor-Sensitivity Dilemma Found. F Initial-condition transfer to DE
7 Parameter Immunity Found. G Cyclic vacuum selection
8 Parity-Even Interaction Branch H Tensor chirality from the bounce
9 Liouville Conservation Branch J Reversible state selection
10 UV→IR Specificity Dilemma Branch L Generic vs. bounce-specific bridge
11 Decoupling Universality Branch L/M Light gauge field coupling
12 Vacuum Amplification Ceiling Branch M Gravitational wave amplitude
13 Gravitational Democracy Branch N/O Relics, baryogenesis, vacuum transitions
14 Perturbation Transparency ECH Gates ECH-specific perturbation signatures

TABLE IV. The 14 structural barriers. Each closes a distinct mechanism class for connecting the bounce to late-time observ-
ables.

coupling), while disformal effects require two. The re-
sulting operators are suppressed by:

Disformal effect
Conformal effect ∼ k2

M2
Pl

∼ 10−122 (21)

at cosmological scales, rendering all distinctive geometric
effects unobservable.

E. Barrier 5: Scale Separation (Foundation E)

Global vacuum integrals (attempts to connect the
bounce vacuum energy to the late-time cosmological con-
stant through spacetime-volume-averaged quantities) fail
due to extreme scale separation:

V bounce
4

V total
4

∼ t4bounce
t40

∼ t4Pl

(1017 s)4 ∼ 10−244 (22)

The bounce occupies a vanishingly small fraction of the
total spacetime volume. No averaging procedure can am-
plify the bounce-scale vacuum energy to affect late-time
dynamics.

F. Barrier 6: Attractor-Sensitivity Dilemma
(Foundation F)

Attempts to transfer bounce initial conditions to late-
time dark energy face a dilemma:

• If the late-time dynamics has an attractor, the sys-
tem forgets its initial conditions—including any in-
formation from the bounce.

• If the dynamics is sensitive to initial conditions, it
requires fine-tuning of those conditions to produce
the observed dark energy—reintroducing the prob-
lem.

There is no middle ground: either the bounce information
is washed out (attractor) or it requires tuning (sensitiv-
ity).

G. Barrier 7: Parameter Immunity (Foundation G)

In cyclic/ekpyrotic models, the vacuum energy at late
times is set by the continuous parameter µ4 in the po-
tential, which is immune to the bounce dynamics:

Λeff = µ4 +O(e−MPl/σ) ≈ µ4 (23)

The bounce introduces corrections that are exponentially
suppressed by the Planck mass. The vacuum energy is a
free parameter, not a prediction.

H. Barrier 8: Parity-Even Interaction (Branch H)

The spin-torsion effective interaction obtained after in-
tegrating out torsion is:

Leff ⊃ 3

16

(J5
µ)

2

M2
Pl

(24)

where J5
µ = ψ̄γµγ5ψ is the axial fermion current. Despite

the presence of γ5, the interaction (J5)2 is parity-even (a
pseudovector squared is a scalar). This means:

• No tensor chirality: ∆v ≡ vR − vL = 0 exactly

• No gravitational-wave birefringence

• No TB/EB CMB parity violation from the bounce

FRW isotropy further kills all spatial parity-odd back-
grounds.
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I. Barrier 9: Liouville Conservation (Branch J)

Attempts to use the bounce as a “state selector”—
choosing a preferred vacuum or field configuration from
a broader landscape—are blocked by Liouville’s theorem.
In Hamiltonian mechanics, phase-space volume is con-
served under unitary evolution:

d

dt

∫
Γ

dnq dnp = 0 (25)

where Γ is any region of phase space. The bounce, being
governed by the modified Friedmann equation (Eq. 10),
is a smooth, time-reversible Hamiltonian flow. It cannot
irreversibly contract the accessible phase-space volume.

The consequence for dark energy is direct: if the pre-
bounce phase space contains a measure-zero set of tra-
jectories leading to the observed Λeff , the post-bounce
phase space contains the same measure-zero set. The
bounce cannot amplify the probability of landing on a
trajectory with ρΛ ≈ (2.3 meV)4. Any mechanism that
appears to select a preferred vacuum through the bounce
must, upon closer inspection, either (a) have the selec-
tion already encoded in the initial conditions (shifting
the fine-tuning to the contracting phase) or (b) invoke
dissipative/decoherence effects that violate unitarity.

Entropy production during the bounce (e.g., parti-
cle creation at near-Planck densities) does break time-
reversal symmetry, but the resulting entropy increase
is generic—it does not preferentially select cosmological-
constant-scale vacuum energies over any other scale. The
entropy is ∆S ∼ ρcrit/Tbounce ∼ O(M3

Pl), which is
Planck-scale information, not IR-scale vacuum selection.

J. Barrier 10: UV→IR Specificity Dilemma
(Branch L)

Any mechanism bridging bounce-scale (UV) physics to
cosmological-scale (IR) dark energy must make a choice:
be generic (arising from general principles applicable to
any UV completion) or be specific (deriving from detailed
ECH/LQC structure). Both choices fail:

Generic bridges produce effects indistinguishable
from standard scalar-tensor theory. If the bridge depends
only on the existence of a bounce at some critical den-
sity ρc and a subsequent expansion, its IR predictions
are captured by an effective field theory with operators
organized by the hierarchy:

Leff =M2
PlR+ c1

R2

M2
Pl

+ c2
(∇ϕ)4

M4
Pl

+ · · · (26)

where the Wilson coefficients ci are O(1) numbers set at
the UV scale. These operators produce late-time effects
suppressed by H2

0/M
2
Pl ∼ 10−122. No generic bridge can

overcome this hierarchy without invoking a light scalar
with mass m ∼ H0—which is precisely the cosmological
constant problem in a different guise.

Specific bridges require detailed knowledge of the
bounce dynamics at Planck density to set IR parame-
ters. But any IR parameter that depends sensitively on
Planck-scale details is subject to radiative corrections of
order δm2 ∼M2

Pl/(16π
2), requiring cancellation at 1 part

in 1057 (the same hierarchy as Barrier 1). The specificity
that makes the mechanism distinctive also makes it ra-
diatively unstable.

This dilemma is a manifestation of the technical nat-
uralness problem [45]: a small parameter (H0/MPl) is
natural only if setting it to zero enhances the symmetry
of the theory. No bounce mechanism provides such a
symmetry.

K. Barrier 11: Decoupling Universality (Branches
L/M)

Light gauge fields (photons, gravitons at cosmological
wavelengths) decouple from Planck-scale torsion modes
with universal efficiency, governed by the Appelquist-
Carazzone decoupling theorem. For a heavy torsion
mode of mass mT ∼ MPl, its contribution to the vac-
uum polarization of a massless gauge field at momentum
k ≪ mT is:

Π(k2) ∼ g2eff
16π2

[
k2

m2
T

+O
(
k4

m4
T

)]
(27)

where geff is the torsion-gauge coupling. At cosmological
scales (k ∼ H0):

Π(H2
0 )

Π(M2
Pl)

∼ H2
0

M2
Pl

∼ 10−122 (28)

This suppression is not specific to ECH or any partic-
ular torsion theory—it follows from general principles of
effective field theory. The bounce imprints its physics
at scale MPl; by the time this information propagates to
scale H0 through gauge-sector loops, it is suppressed by
122 orders of magnitude.

The only escape from decoupling universality is a tor-
sion mode that is itself ultralight (mT ∼ H0), but this
returns to the mass-coupling lock of Barrier 1: achieving
mT ∼ H0 requires fine-tuning at the level of 10−122. The
combination of Barriers 1 and 11 forms a closed loop:
heavy torsion modes decouple from IR physics, and light
torsion modes require the same fine-tuning they were
meant to explain.

L. Barrier 12: Vacuum Amplification Ceiling
(Branch M)

The gravitational wave energy density from a PGT-
type bounce is bounded by:

ΩGW(f) ∝
(
Hbounce

MPl

)2

∝
(
fbounce
fPl

)4

(29)
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For any sub-Planckian bounce, ΩGW is catastrophically
small. The characteristic frequency is fbounce ∼ 109–1010
Hz (GHz), with zero overlap with any planned detector
(LIGO at 10–103 Hz, LISA at 10−4–10−1 Hz). The de-
tector gap is at least 1017 in amplitude.

M. Barrier 13: Gravitational Democracy (Branches
N/O)

Torsion-mediated baryogenesis or relic production fails
because torsion couples democratically to all fermion
species (∼ 1% torsion contribution per species), with
no mechanism to preferentially produce baryons over an-
tibaryons or specific dark matter candidates. Vacuum
transitions at the bounce are blocked by the bounce-
vacuum decoupling: the bounce is too brief and too sym-
metric to trigger irreversible phase transitions.

N. Barrier 14: Perturbation Transparency

See Section XII for the full proof. In summary: for
canonical scalar field matter, torsion vanishes identically
at all perturbation orders, rendering the Holst term topo-
logical and the Barbero-Immirzi parameter invisible.

XII. THE PERTURBATION-TRANSPARENCY
THEOREM

A. Statement

In minimal Einstein-Cartan-Holst gravity with canon-
ical scalar field matter, the Holst term is dynamically
inert for both scalar and tensor perturbations at all or-
ders. The Barbero-Immirzi parameter γ is invisible in all
perturbation observables.

B. Proof (Scalar Sector)

The argument proceeds in five steps:

1. Zero spin density. A canonical scalar field
ϕ has spin density Sλ

µν = 0 (by definition of
“canonical”—no spinor indices, no intrinsic angular
momentum).

2. Zero torsion. In Einstein-Cartan theory, the tor-
sion tensor is algebraically determined by the spin
density: Tλ

µν = 8πG (Sλ
µν + δλ[µSν] + . . .). With

S = 0, we have Tλ
µν = 0 at all perturbation orders.

3. Connection reduces to Levi-Civita. With
T = 0, the full connection Γλ

µν = Γ̊λ
µν (Christoffel

symbols only).

4. Holst term becomes topological. The
Holst term 1

2γ

∫
ϵIJKL e

K ∧ eL ∧ FIJ evalu-
ated with the Levi-Civita connection evaluates
to 1

2ϵ
µνρσRµνρσ (̊Γ), which vanishes identically

for a torsion-free Riemann tensor by the first
Bianchi identity R[µνρ]σ = 0 (verified numerically:
|εµνρσRµνρσ| < 10−15 across 1,000 random Rie-
mann tensors satisfying the Bianchi symmetry).

5. No equations of motion. A total derivative con-
tributes zero to the variational equations at all or-
ders in perturbation theory.

C. Extension to Tensor Sector

The same five-step argument applies to tensor pertur-
bations. With T = 0, the gravitational action reduces to
the Einstein-Hilbert form plus a topological term. The
tensor perturbation equation is:

h′′ij + 2Hh′ij + k2hij = 0 (30)

with no parity-dependent modifications. The left and
right circular polarization modes propagate identically:

vR(k, η) = vL(k, η) ⇒ ∆v ≡ vR − vL = 0 (exact)
(31)

This means: no gravitational-wave birefringence, no ten-
sor chirality, and no TB/EB CMB parity violation from
the ECH mechanism. This result was independently con-
firmed by the Branch H parity-tensor analysis (Barrier
8), which proved that the spin-torsion effective interac-
tion (J5)2 is parity-even.

D. Explicit Verification: The Holst Term in
Perturbation Theory

To make the argument fully explicit, consider the ECH
action:

SECH =
M2

Pl

2

∫
d4x

√
−g

[
R(Γ) +

1

γ
R̃(Γ)

]
+ Smatter[ϕ, g] (32)

where R̃ = 1
2ϵ

µνρσRµνρσ is the dual Riemann contrac-
tion, and Γ is the full (torsionful) connection.

Expanding the metric to second order (gµν = ḡµν +

δg
(1)
µν + δg

(2)
µν + . . .) and the scalar field (ϕ = ϕ̄+ δϕ(1) +

δϕ(2) + . . .):
At each perturbation order, the torsion equation of mo-

tion gives T = 0 (because Smatter for a canonical scalar
has zero spin density at every order). Therefore Γ = Γ̊
at every order, and the Holst dual evaluates to:

R̃(̊Γ) =
1

2
ϵµνρσRµνρσ (̊Γ) = 0 (by the first Bianchi identity)

(33)
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This holds at zeroth, first, second, and third order in
perturbation theory. In particular, the cubic action for ζ
(the Maldacena action that determines the bispectrum)
receives zero contribution from the Holst term. The bis-
pectrum is therefore identical to the standard GR result.

E. What Would Break the Transparency

The transparency theorem fails if any of the following
conditions hold:

1. Fermionic matter: If the matter sector includes
fermions (spinors), the spin density Sλ

µν ̸= 0 and
torsion is sourced. The Holst term then contributes
dynamically. However, fermionic contributions to
torsion are Planck-suppressed at cosmological den-
sities and negligible during the matter-contraction
phase relevant for the bispectrum. Note that
the EC torsion bounce of Popławski [10] requires
fermionic spin density and therefore falls outside
the scope of this theorem. Our perturbation anal-
ysis adopts the LQC bounce (Sec. II B), which op-
erates with scalar field matter where the theorem
applies.

2. Propagating torsion (Poincaré gauge the-
ory): If the gravitational action includes kinetic
terms for torsion (∼ TµνρT

µνρ), torsion becomes
dynamical rather than algebraic. The Holst term
then generates non-trivial dynamics. However, this
is not Einstein-Cartan theory—it is a different the-
ory entirely (PGT), and our Foundation A analysis
showed it faces the mass-coupling lock (Barrier 1).

3. Non-minimal scalar-torsion coupling: Terms
like ϕ2T 2 or ϕ∇µT

µ could source torsion from the
scalar field. However, these are ad hoc additions
to the minimal ECH action, and our Foundation
C analysis showed they reduce to standard scalar-
tensor theory on FRW backgrounds (Barrier 3).

4. Higher-derivative corrections: Terms like ∇T
or R2 in the gravitational action could make tor-
sion propagate. These are UV corrections expected
at the Planck scale and are negligible during the
matter-contraction phase (ρ≪M4

Pl).

In summary: the transparency is robust within the
minimal ECH framework. Breaking it requires going be-
yond minimal ECH, and all such extensions have been
tested and closed by Barriers 1–4.

F. Implications

The perturbation-transparency theorem applies to the
ECH parity structure (Holst term, four-fermion interac-
tion, parity-odd operator), establishing that these have

no effect on perturbation observables for canonical scalar
field matter. The bounce itself is realized by the LQC
effective equation (Sec. II B), which operates on scalar
field matter where ECH is indeed transparent. During
the matter-contraction phase relevant for the bispectrum,
the matter content is a scalar field and the ECH sector
is inert.

This result has a positive interpretation: the observ-
able predictions of a matter bounce (principally fNL =
−35/8) depend only on the contracting-phase dynamics,
which are governed by scalar field matter where ECH
is transparent. The bispectrum does not depend on the
UV completion that produces the bounce—whether LQC
holonomy corrections, ECH torsion with fermions, or
another mechanism—making the prediction mechanism-
independent and thus more robust.

XIII. THE HYBRID DARK-ENERGY
LOOPHOLE

We considered the phenomenological route of append-
ing late-time dynamical-dark-energy freedom (e.g., CPL
w0wa parametrization) to the bounce model. This was
explored across 7 disguised forms:

1. Direct w0wa addition to the background

2. Quintessence scalar with bounce-motivated initial
conditions

3. Curvaton-derived late-time potential

4. Vacuum energy from cyclic boundary conditions

5. Torsion-induced effective w(z)

6. Holst-term residual as effective DE

7. ALP rolling as late-time acceleration

All 7 forms were rejected on the following grounds:
adding w0wa to a bounce model produces the same fit im-
provement as adding w0wa to ΛCDM, with no additional
theoretical content from the bounce. None of the 309,789
MCMC posterior samples in this program used w0 or wa

as free parameters. The loophole was explored theoret-
ically but never implemented computationally, because
its implementation would not constitute first-principles
evidence for bounce cosmology.

XIV. DISCUSSION

A. The Inflationary Suppression Factor

The constant contribution to Λeff is modeled as emerg-
ing from the interplay between a parity-odd spin-torsion
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interaction and inflationary dilution. We define the in-
flationary suppression factor:

Ξ ≡
[ α
M

MPl

]
×Dinf , (34)

a dimensionless quantity encoding the net suppression
of the Planck-scale parity-odd coefficient. The vacuum
energy density is then ρΛ = ΞM4

Pl, so the observed
ρΛ ≈ (2.3 meV)4 corresponds to Ξ ≈ 10−123—the fa-
miliar cosmological constant hierarchy, here decomposed
as Ξ = 10−2 ×Dinf with Dinf ∼ 10−121 (Sec. II C 1).

The physical interpretation is straightforward:
[(α/M)MPl] ∼ 10−2 measures the dimensionless
strength of parity violation in quantum gravity at
one loop, while Dinf captures how much inflation
dilutes this primordial effect. Their product—a single
bridge between Planck-scale microphysics and cosmic
acceleration—translates the “why is Λ so small?”
question into “why did inflation last ∼92 e-folds?”—
a question with concrete dynamical answers in the
bounce-to-inflation transition. The factor Ξ provides a
testable connection between UV quantum gravity and
IR cosmological acceleration through the falsification
criteria defined in Sec. IX.

B. Theoretical Implications

Detection of the parity-odd signatures would constrain
LQG parameters (γ, ρc) from cosmological data, estab-
lish an empirical UV-IR connection mediated by infla-
tionary dilution, and provide evidence for parity viola-
tion in quantum gravity. A detailed discussion of impli-
cations for black hole interior physics and the origin of
dark energy is given in the supplementary material.

C. Cosmic Birefringence: Spectator ALP
Consistency Check

Note: This subsection presents a secondary consistency
check using a spectator ALP model. The ALP is indepen-
dent of bounce cosmology and not derived from minimal
ECH (which does not produce the required photon-torsion
coupling). The model class was previously studied by Fu-
jita et al. [18]; our contribution is the ECH-motivated
parameter identification and independent inference. This
material is included for completeness and does not af-
fect the paper’s central results (the barrier catalog and
perturbation-transparency theorem).

Cosmic birefringence—a uniform rotation of CMB lin-
ear polarization—has been reported at 2.5–2.9σ by inde-
pendent analyses of Planck [26, 27] and ACT DR6 [29]
data. The parity-odd structure of the Holst action pro-
vides heuristic motivation for a spectator ALP with
fa ∼MPl and m ∼ H0.

ALP field evolution.—Numerical integration of the
ALP equation of motion ϕ̈ + 3Hϕ̇ +m2fa sin(ϕ/fa) = 0

in a ΛCDM background (Planck 2018 parameters) yields
the field displacement from recombination to today:

∆ϕ/fa ≈ 0.65 (m = H0, θi = 1), (35)

where θi = ϕini/fa is the initial misalignment angle. The
displacement is O(1), as the field rolls during the Λ-
dominated transition era (z ≲ 1). Across the natural
parameter range m/H0 ∈ [1, 3], θi ∈ [0.5, 2], the dis-
placement varies over ∆ϕ/fa ∈ [0.2, 1.1].

Birefringence prediction.—The rotation angle is β =
(αEM Caγ)/(4πfa) × ∆ϕ, where Caγ is the integer
anomaly coefficient. For natural parameters (Caγ = 8,
θi = 1, m ≈ 2H0):

β ≈ αEM × 8

4π
× 1.07 ≈ 0.29◦, (36)

consistent with the observed signal. The prediction spans
β ≈ 0.17–0.43◦ over Caγ ∈ [4, 12], m/H0 ∈ [1, 3],
θi ∈ [0.5, 2], comfortably bracketing the observed value
without fine-tuning. This ALP model class was previ-
ously studied by Fujita et al. [18]; our analysis confirms
their results and adds the ECH motivation and numerical
MCMC constraints described below.

Summary-likelihood combination.—Combining β =
0.30◦ ± 0.11◦ (Planck NPIPE [27]) and β = 0.215◦ ±
0.074◦ (ACT DR6 [29]) via inverse-variance weighting:

βcombined = 0.242◦ ± 0.061◦ (3.9σ from zero). (37)

A Savage-Dickey density ratio gives BF(β ̸= 0) ≈ 176
(prior-dependent; the value shifts with the assumed β
range).

MCMC parameter estimation.—Dedicated MCMC
sampling of the ALP parameter space (3 configurations,
9,720 total accepted samples) yields: βALP = 0.336◦ ±
0.107◦ (ALP model, Caγ = 8 fixed), consistent with
the model-independent fit βfree = 0.344◦ ± 0.096◦ and
the observed βobs = 0.342◦ ± 0.094◦ (Eskilt et al.joint
analysis). All three are within 1σ, confirming inter-
nal consistency. The coupling-misalignment product is
Caγ × θi = 3.4 ± 1.1. Priors: θi ∈ [0.01, π] flat,
log10(m/eV) ∈ [−35,−30] flat, Caγ ∈ [1, 30] flat. These
sample sizes (720–6,840) are modest; the posteriors are
converged (R̂− 1 < 0.01) but tail estimates are limited.

LiteBIRD forecast.—LiteBIRD is projected to achieve
σ(β) ≈ 0.03◦, contingent on the self-calibration strategy
and systematic error budget [33]. For β = 0.27◦, this
gives ∼ 9σ statistical significance—either a decisive con-
firmation or a clean exclusion of the ALP explanation.

Caveats.—This birefringence prediction is independent
of bounce cosmology: the ALP is a spectator field that
does not participate in the bounce dynamics. The ECH
framework provides heuristic motivation (the Holst ac-
tion’s pseudoscalar sector suggests fa ∼ MPl) but no
derivation connects the Holst action to a specific ALP
potential. The model accommodates the observed signal
for natural parameter values; it does not uniquely predict
it, since Caγ and θi are model-dependent parameters of
order unity whose product sets the amplitude.
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FIG. 2. Gaussian summary-likelihood consistency check on
cosmic birefringence from the framework’s parity-odd opera-
tor. The photon-torsion vertex factor fphoton (for C0 = 1)
required for the coupling α/M ≈ 10−21 GeV−1 to repro-
duce the observed birefringence angle. Horizontal bands show
measurements from Planck NPIPE [27] and ACT DR6 [29];
the combined posterior gives β = 0.242◦ ± 0.061◦ (3.9σ,
BF ≈ 176). The implied fphoton × C0 = 1.73 ± 0.44 is O(1),
indicating no fine-tuning is required. This is a summary-
likelihood consistency check using published β values, not a
map-level CMB analysis.

XV. LIMITATIONS AND FUTURE
DIRECTIONS

A. Current Limitations

1. Theoretical

• Phenomenological α/M : The parity-odd coefficient is
not derived from first principles but is treated as a
free parameter constrained by data. The one-loop es-
timate (Eq. 8) motivates its existence and order of
magnitude, but the finite part depends on the γ5 reg-
ularization scheme and Nieh–Yan counterterm conven-
tions (Sec. IV). A non-perturbative calculation could
modify its value at O(1), shifting the CEB

ℓ amplitude
estimate while leaving the H0 and σ8 fit values intact.

• Simplified inflationary epoch: We assume standard
slow-roll inflation unmodified by parity violation.
Non-minimal couplings during inflation could alter the
dilution factor.

• Black hole interior: Full numerical relativity simula-
tions of rotating black hole interiors with quantum
corrections remain computationally intractable.

• Bounce-to-inflation transition: The mechanism by
which the quantum bounce transitions to slow-roll in-
flation is not fully modeled. Initial conditions for in-
flation are assumed to be set by the parent black hole

properties, but the detailed dynamics of this transition
remain an open problem.

2. Observational

• Galaxy spin samples: Current samples of ∼ 106 galax-
ies limit precision. 15% of galaxies have ambiguous
spiral structure, reducing effective sample size.

• CMB systematics: Despite excellent control, residual
foreground contamination at ultra-low ℓ approaches
the expected signal amplitude.

• Redshift coverage: Galaxy spin measurements are
sparse at z > 2, limiting evolutionary constraints on
A(z).

• Posterior distributions: The original analysis reported
Fisher-matrix error estimates; independent verifica-
tion with full MCMC chains (Sec. III D) now provides
posterior distributions for two frozen dataset combi-
nations. Corner plots showing parameter degeneracies
(particularly the strong r(α/M,Dinf) = −0.89 anticor-
relation) will be presented in a companion data release.

B. Robustness to Galaxy Spin Null Results

The galaxy spin asymmetry signal remains observa-
tionally contested [37, 38]. If future surveys with > 109

galaxies definitively establish a null result (A0 < 0.0005),
the framework is not falsified:

1. Independent CMB evidence: Cosmic birefringence
from Planck provides 2.4–2.7σ evidence for parity vio-
lation [26, 27], independently confirmed by ACT DR6
at 2.9σ [29], with combined SPIDER+Planck+ACT
significance reaching ∼7σ for total rotation [31] (sub-
ject to calibration caveats, Sec. III A), entirely inde-
pendent of galaxy morphology. Forthcoming experi-
ments (LiteBIRD, CMB-S4) will substantially improve
sensitivity.

2. Parameter space accommodation: A null spin re-
sult constrains the tidal torque coupling efficiency β
(Appendix A), pushing A0 < 0.001—consistent with
weaker coupling without affecting the Λeff derivation
or the cosmological parameter fits (H0, σ8).

3. Alternative parity-odd signatures: Beyond galaxy
spins, cosmic rotation motivates: (i) alignment of ra-
dio galaxy polarization position angles, detectable by
SKA Phase 2; (ii) correlation between galaxy angu-
lar momentum vectors and large-scale filament orien-
tations in LSST data; (iii) handedness asymmetry in
weak lensing shear patterns; (iv) preferred-axis signa-
tures in gravitational wave backgrounds accessible to
LISA.
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4. What a spin null would teach us: A definitive null re-
sult would constrain the parity-odd tidal torque cou-
pling efficiency, refining our understanding of how the
εKR operator imprints on structure formation. This
would narrow the allowed parameter space without in-
validating the core theoretical framework.

Conversely, confirmation of the spin asymmetry at
A0 ∼ 0.003 with a dipole axis aligned with the CMB
anomaly direction would provide corroborating evidence
not readily explained by other current dark energy mod-
els.

C. Future Observational Prospects

LSST Era (2025–2035): 109 spiral galaxies to z ∼ 1,
with tomographic analysis in 20+ redshift bins and cross-
correlation with weak lensing.

CMB Experiments: LiteBIRD (full-sky, cosmic vari-
ance limited at low ℓ), CMB-S4 (ground-based comple-
ment), and future concepts (PICO, CMB-HD).

Synergies: JWST+Roman (high-z morphologies to z ∼
5), Euclid (wide-area catalogs), SKA (radio galaxy polar-
izations as independent probe).

D. Theoretical Research Program

The framework presented here opens several concrete
lines of investigation, each constituting an independent
research effort that would strengthen or constrain the
model:

1. Higher-Loop and Non-Perturbative Verification

The most pressing theoretical need is a first-principles
determination of α/M , which is currently a phenomeno-
logical parameter motivated by the one-loop estimate
(Eq. 8). Three complementary approaches are feasible:

1. Two-loop calculation in dimensional regularization:
Extending Sec. IV to two loops requires evaluating
fermion-loop diagrams with two axial-torsion vertex
insertions and one graviton vertex. The technical chal-
lenge is the γ5 treatment in d = 4− ϵ dimensions (the
‘t Hooft-Veltman vs. Breitenlohner-Maison schemes
give different finite parts). The Nieh-Yan theorem
suppresses the topological contribution at two loops,
but the non-topological finite part—arising from the
dressed torsion propagator—could modify the one-
loop result at the 10–30% level. This calculation would
also reveal whether the RG running (Eq. 9) receives
threshold corrections near the QCD scale.

2. Spin-foam vertex amplitudes: The EPRL-FK spin-
foam model provides a non-perturbative definition
of the graviton propagator in LQG. Computing the

parity-odd coefficient from spin-foam amplitudes in a
torsionful background would constitute a fully non-
perturbative verification. The key technical step is
evaluating the asymptotic expansion of the vertex am-
plitude with an axial-current insertion, which has been
partially achieved for the parity-even sector [8]. Ex-
tension to the parity-odd channel requires tracking the
γ-dependent phases in the Lorentzian vertex.

3. Lattice LQG: Numerical evaluation of the path in-
tegral on a simplicial lattice with dynamical torsion
provides a scheme-independent check. The parity-
odd coefficient can be extracted from the correlation
function ⟨εabcdKabRcd⟩ measured on lattice configura-
tions. This approach directly addresses the scheme-
dependence limitation identified in Sec. XV.

Any of these approaches yielding α/M within an or-
der of magnitude of the phenomenological best-fit value
would confirm the framework’s self-consistency; a dis-
crepancy by more than O(10) would require re-evaluation
of the CEB

ℓ amplitude prediction while leaving the ten-
sion resolution (which depends on bounce parameters,
not α/M) intact.

2. First-Principles Galaxy Spin Dipole Amplitude

The galaxy spin dipole amplitude A0 is currently an
empirical fit parameter (Sec. III B). A first-principles
derivation requires computing the parity-odd correction
to the tidal torque tensor from the εabcdKabRcd effective
action term. This involves: (1) evaluating the leading-
order parity-odd contribution to the Newtonian tidal
field Tij = ∂i∂jΦ in the post-Newtonian expansion with
the εKR operator; (2) propagating this through the stan-
dard tidal torque theory machinery to obtain the spin
asymmetry as a function of α/M and local density con-
trasts; (3) computing the resulting dipole amplitude and
comparing with the empirical A0 ∼ 0.003. This calcula-
tion would either confirm the consistency of the observed
amplitude with the coupling inferred from the dark en-
ergy scale, or reveal additional physics (e.g., non-linear
amplification during structure formation).

3. Bounce-to-Inflation Transition Dynamics

The current framework assumes that the quantum
bounce connects smoothly to slow-roll inflation, with ini-
tial conditions set by the parent black hole. A detailed
treatment requires:

• Numerical simulation of the transition from torsion-
dominated bounce (ρ ∼ ρcrit) through reheating to
standard slow-roll, tracking the vorticity ωa and tor-
sion T abc fields throughout.
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• Determination of the total inflationary e-folding num-
ber Ntot as a function of parent black hole mass and
spin, which would eliminate the residual 105 fine-
tuning if Ntot turns out to be dynamically fixed.

• Computation of ∆Neff from first-principles particle
production at the bounce. Independent MCMC verifi-
cation (Sec. III D) constrains ∆Neff = −0.020± 0.169
(full-tension) and +0.065± 0.17 (Planck+BAO+SN),
both consistent with zero within 1σ. The original phe-
nomenological range 0.1–0.5 is not supported by the
full posterior analysis; a first-principles calculation is
needed to determine whether the bounce mechanism
produces a detectable ∆Neff signal.

• Determination of the primordial scalar power spec-
trum through the bounce. The modified Friedmann
equation (H2 ∝ ρ[1 − ρ/ρc]) alters perturbation evo-
lution at near-Planck densities, potentially imprint-
ing features on the primordial power spectrum PR(k).
With Ntot = 92, such features would appear at co-
moving scales k ∼ 1015 Mpc−1, corresponding to sub-
asteroid-mass horizons (M ∼ 10−16 M⊙) where pri-
mordial black hole constraints are currently weakest.
Whether the spin-torsion variant produces such fea-
tures, and at what amplitude, remains an open ques-
tion requiring a full perturbation calculation through
the bounce that has not yet been performed.

4. Parity-Odd Primordial Gravitational Waves

[Status update: closed by perturbation-transparency
theorem.] The parity-odd operator (Eq. 6) was initially
expected to affect tensor perturbations during inflation,
producing a chiral gravitational wave background. How-
ever, the perturbation-transparency theorem (Sec. XV E)
establishes that minimal ECH gravity produces no ten-
sor parity splitting: ∆v ≡ vR − vL = 0 exactly for
canonical scalar field matter, because the Holst term re-
duces to a topological invariant when torsion vanishes.
The effective spin-torsion interaction (J5)2 is parity-
even (Barrier 8), independently confirming the absence
of gravitational-wave chirality. This research direction
is therefore closed within the minimal ECH framework.
GW chirality would require fermionic matter contribu-
tions to torsion, which are Planck-suppressed at infla-
tionary densities (ρinf/ρPl ∼ 10−12).

5. Black Hole Interior Numerical Relativity

Full numerical relativity simulations of rotating black
hole interiors with dynamical torsion have not been at-
tempted, primarily due to the additional degrees of free-
dom in the torsion field. Such simulations would:

• Test whether the smooth-bounce approximation

(Eq. 10) holds for realistic rotating collapse with fi-
nite angular momentum.

• Compute the efficiency of angular momentum transfer
through the bounce as a function of parent Kerr spin
parameter a∗.

• Determine whether baby universe formation is generic
or requires fine-tuned initial conditions.

6. Connection to Other Quantum Gravity Approaches

The parity-odd operator εabcdKabRcd could potentially
arise in quantum gravity frameworks beyond LQG:

• In string theory, parity-violating terms in the low-
energy effective action arise from compactifications
with topological flux (e.g., Calabi-Yau manifolds with
non-trivial torsion cohomology). Identifying whether
these reproduce the structure of Eq. (6) would connect
our framework to string phenomenology.

• The asymptotic safety program for quantum gravity
predicts specific values for gravitational couplings at
the UV fixed point. Computing the parity-odd coeffi-
cient in this framework would provide an independent
determination of α/M , potentially constraining γ from
a non-LQG perspective.

E. Structural Closure

The systematic analysis presented in Secs. XI–XIII
established that minimal ECH gravity is perturbation-
transparent and cannot produce late-time dark energy
through any standard mechanism. See those sections for
the full 14-barrier catalog, the perturbation-transparency
theorem, and the hybrid dark-energy loophole analysis.

F. Open Questions

1. Origin of γ: Why is γ ≈ 0.274? The Barbero-
Immirzi parameter is currently fixed by black hole
entropy counting. A derivation from a more funda-
mental principle—perhaps a symmetry argument or
fixed-point condition—would place the entire frame-
work on firmer ground and potentially suggest devi-
ations from the entropy-counting value that could be
tested through our observables.

2. UV cutoff identification: The loop calculation (Eq. 8)
contains a logarithmic dependence on ΛUV/µ. We
identify ΛUV with the LQG area-gap mass ∼ √

γMPl,
but this choice affects the coefficient at the O(ln) level.
A first-principles derivation of the UV scale from spin-
foam dynamics would remove this ambiguity.
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3. Dynamical dark energy evolution: Our framework
implies a strictly constant Λeff in the late universe
(since ω2/H2

0 < 10−20). The question of whether
the parity-odd coefficient could run with the Hub-
ble scale remains open in principle, but subsequent
analysis (see the perturbation-transparency result in
Sec. XV E above) establishes that minimal ECH can-
not produce distinctive late-time dynamics through
scalar perturbation channels. Any connection to dy-
namical dark energy would require additional phe-
nomenological freedom (e.g., CPL w0wa parametriza-
tion) that does not derive from the bounce physics
itself.

4. Multi-messenger parity tests: Gravitational wave
detectors could in principle test parity-odd signa-
tures. However, the perturbation-transparency the-
orem (Sec. XV E) establishes that minimal ECH pro-
duces no tensor parity splitting (∆v = vR − vL = 0
exactly) for canonical scalar matter. The effective
spin-torsion interaction (J5)2 is parity-even (Barrier
8). GW chirality from ECH would require fermionic
matter contributions, which are Planck-suppressed at
cosmological densities.

5. Information paradox: If the universe originated inside
a black hole through a torsion-regulated bounce, does
information cross the bounce? The smoothness of our
bounce solution (H2 → 0 continuously) suggests in-
formation preservation, but a rigorous treatment using
the Page curve or holographic entanglement entropy
framework remains an open problem with implications
for the black hole information paradox.

6. Cosmic hierarchy of bounces: If every black hole
spawns a baby universe, does every universe contain
black holes that spawn further universes? This recur-
sive structure implies a cosmic hierarchy of bounces,
each with potentially different values of γ (and hence
different physics). Whether γ is truly universal or
varies across the hierarchy is a deep question with im-
plications for the landscape/swampland program.

XVI. CONCLUSIONS

We have investigated whether Einstein-Cartan-Holst
spin-torsion gravity can produce late-time dark energy or
distinctive cosmological signatures. The answer is largely
negative, but the investigation yields substantive struc-
tural results and identifies the surviving science case for
bouncing cosmology.

Central result: structural closure.—Through system-
atic analysis of 7 foundation studies and 17 research
branches, we establish 14 independent structural bar-
riers (Sec. XI) that close all standard routes from the
nonsingular bounce to dark energy within the minimal
ECH framework. The central theoretical finding is the

perturbation-transparency theorem (Sec. XII): for canon-
ical scalar field matter, torsion vanishes at all perturba-
tion orders, the Holst term reduces to a topological in-
variant, and the Barbero-Immirzi parameter γ is invisible
in all scalar and tensor perturbation observables. The
dark energy scale Λeff = cωω

2 + ΞM2
Pl is a phenomeno-

logical parameterization, not a first-principles derivation
(Sec. XV).

A structural tension.—The inflationary suppression
mechanism (Sec. II C 1) requires Ntot ≈ 92 e-folds of
post-bounce inflation to produce the observed dark en-
ergy scale. However, 92 e-folds would push the bounce-
imprinted perturbation modes far beyond the observable
horizon (∼e32 times larger), erasing the matter-bounce
fNL signature from the CMB and LSS and replacing it
with the standard slow-roll value fNL ≈ 0.015. This
means the geometric dark energy mechanism and the
bounce fNL prediction cannot both be correct: if the DE
suppression works, the bounce signal is invisible; if the
bounce signal is observable, the DE mechanism requires
a different realization. Since the 14 structural barriers in-
dependently close the DE derivation routes, this tension
is moot for the surviving science case—but it underscores
that bounce cosmology and dark energy are independent
problems, as concluded throughout this work.

The framework.—The parity-odd effective action is
constructed from the Holst term in first-order variables
(Eq. 6), with α/M treated as a phenomenological param-
eter. The LQC bounce at ρcrit ≃ 0.27–0.41 ρPl (depend-
ing on the Barbero-Immirzi entropy-counting scheme;
Sec. II B) provides a nonsingular origin with no free pa-
rameters.

Observational context.—Planck cosmic birefringence at
2.4–2.7σ [26, 27], independently confirmed by ACT DR6
at 2.9σ [29], with combined SPIDER+Planck+ACT to-
tal rotation at ∼7σ [31] (subject to calibration caveats);
DESI 2024–2025 dynamical dark energy evidence at 3.1–
4.2σ [6, 7]; EC torsion preferred by AIC in multiple in-
dependent analyses [14, 39]. Independent Cobaya v3.6.1
verification across two frozen dataset combinations (Ta-
ble II) finds ∆Neff consistent with zero in both: −0.020±
0.169 (full-tension, 176,840 samples) and +0.065 ± 0.17
(Planck+BAO+SN, 132,949 samples). Current data nei-
ther require nor exclude the predicted spin-torsion ∆Neff

contribution; the framework is observationally viable but
not yet confirmed. The Hubble tension reduction re-
ported in the original analysis (4.9σ → 2.9σ) is driven
by the SH0ES prior, not by the ∆Neff extension alone.

Observational signatures.—The framework’s parity-
odd operator is qualitatively consistent with the ob-
served isotropic cosmic birefringence (Planck 2.4–2.7σ,
ACT DR6 2.9σ), though deriving β quantitatively
from the torsion operator requires a photon-torsion
coupling. The most natural one-loop coupling via
the chiral anomaly triangle diagram gives gtorsionaγ ∼
α2
EM(α/M)Canomaly/(2π) ≈ 7 × 10−26 GeV−1, which

is ∼ 105 times too small to produce the observed sig-
nal; the suppression arises from the α2

EM anomaly fac-
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tor. The spectator ALP model (Sec. XIV C), which
bypasses this suppression through a direct ϕFF̃ cou-
pling, successfully accommodates the data. A Gaussian
summary-likelihood consistency check (Sec. XIV C) com-
bining Planck NPIPE and ACT DR6 measurements gives
β = 0.242◦ ± 0.061◦ (3.9σ, BF ≈ 176); matching this
requires only fphoton × C0 = 1.73 ± 0.44, an O(1) prod-
uct establishing compatibility without fine-tuning. An
anisotropic low-ℓ birefringence component aligned with
the cosmic rotation axis is expected but its amplitude
is not yet derived. The galaxy spin dipole has phe-
nomenological form A(z) = A0(1 + z)−pe−qz with em-
pirical fit A0 ∼ 0.003; the coupling α/M underpredicts
the amplitude by ∼125 orders of magnitude when the
post-Newtonian parity-odd tidal correction, thermal spin
polarization (T/mp ∼ 10−13), and weak-field curvature
are accounted for (Sec. II C 2). No amplification mecha-
nism is known within minimal ECH. Correlated cosmic
anomaly axes are expected from the shared rotation axis.

Fine-tuning.—The inflationary suppression mecha-
nism translates the cosmological constant hierarchy
(10120) into a constraint on total inflationary e-folds
(Ntot ≈ 92), reducing the apparent tuning to ∼ 105. A
100,000-sample Monte Carlo sensitivity scan (Fig. VII B)
confirms this quantitatively: 2.2% of the physically mo-
tivated parameter space produces a viable vacuum en-
ergy, with Ntot identified as the single controlling pa-
rameter (Spearman |ρs| = 0.996; all other parameters
|ρs| < 0.08). The viable range Ntot ∈ [79, 95] is phys-
ically reasonable. This reparameterizes the fine-tuning
problem as an initial-condition question (“how long did
inflation last?”) rather than a fundamental-constant
question (“why is Λbare so small?”), but does not solve it;
the residual 105 tuning reflects sensitivity to Ntot, which
is fitted, not predicted.

Falsifiability.—Explicit criteria are defined for
CMB E-B spectral shape, galaxy spin dipole
axis/amplitude/evolution, and cosmological param-
eter ranges. The model can be tested with forthcoming
data from CMB-S4, LiteBIRD, Euclid, and LSST.

Known limitations.—This work does not derive the IR
effective vacuum term from first principles: the w = −1
behavior at late times is assumed, not derived from an
explicit IR effective action calculation (Sec. II C 1); the
birefringence consistency lacks a derived photon-torsion
coupling (the rotation angle β cannot be predicted with-
out one); H0 and σ8 values are MCMC fits within an ex-
tended parameter space, not first-principles predictions;
∆Neff is a phenomenological parameter whose bounce
origin is qualitative, not quantitative; Ωk is fixed to
zero as mandated by 92 e-folds of inflation; the galaxy
spin amplitude A0 is empirical, with a large order-of-
magnitude gap between the α/M coupling and the ob-
served value (Sec. II C 2); and the cosmological MCMC
uses stock CAMB with Neff as a free parameter, not a
bespoke spin-torsion theory module (see Data and Code
Availability).

First-principles derivation status.—We have sepa-

rately investigated whether the phenomenological vac-
uum term ρΛ with w = −1 can be derived from first
principles within the minimal Einstein–Cartan–Holst–
Dirac framework, and whether the framework produces
distinctive observational signatures. Four routes were
tested: (i) a Nambu–Jona-Lasinio condensate mecha-
nism exploiting the gravitationally induced four-fermion
interaction, (ii) the strict one-loop fermion effective ac-
tion after exact torsion elimination, (iii) promoting the
Barbero-Immirzi parameter to a dynamical pseudoscalar
field γ → θ(x), and (iv) assessing whether the parity-odd
operator maps to distinctive birefringence observables.
All four yield clean negative results. The condensate
route fails because the scalar/pseudoscalar channel is re-
pulsive at γ = 0.274 and subcritical by a factor of ∼175
even when attractive. The one-loop route fails because all
Barbero-Immirzi dependence resides in the four-fermion
vertex, which does not contribute at one loop. The dy-
namical Immirzi field reduces to a standard axion-like
particle after torsion elimination, with no novel gravita-
tional content and cosmological dynamics yielding w =
+1 (stiff matter). The parity assessment finds no photon
coupling in the minimal framework; any assumed cou-
pling produces constant-β birefringence indistinguishable
from generic axion-like-particle models. These negative
results, documented in a companion technical note [25],
establish that the most natural minimal-model candi-
dates for a first-principles dark-energy mechanism fail at
the tested approximation orders. The framework sur-
vives as a motivated phenomenological model; progress
toward a first-principles derivation requires physics be-
yond the minimal model class.

This framework motivates dark energy from quantum
gravitational effects in spin-torsion cosmology. While
it partially reduces cosmological tensions and provides
a distinctive set of correlated parity-odd signatures, the
significant gaps identified above—particularly the miss-
ing photon-torsion coupling, the empirical A0, and the
assumed w = −1—must be addressed before the model
can claim predictive power beyond phenomenological fit-
ting.

Structural barriers and perturbation transparency.—
Systematic analysis across 7 foundations and 17+
branches established 14 independent structural barriers
that close all standard routes from the bounce to dark
energy (Sec. XI). The central result is the perturbation-
transparency theorem (Sec. XII): minimal ECH gravity
is dynamically inert for scalar and tensor perturbations
when the matter content is a canonical scalar field. The
observable science case for the bounce therefore rests on
generic, mechanism-independent predictions, principally
the matter-bounce non-Gaussianity fNL = −35/8 [46],
testable by SPHEREx at 4–6σ significance through the
multi-tracer galaxy bispectrum [47]. See the focused fore-
cast paper [42] for the full Bayesian discrimination anal-
ysis.

Supplementary materials.—Interactive data visualiza-
tions and observational comparison charts are available
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at https://bigbounce.hubify.app [48].

Data and Code Availability

All materials necessary to reproduce the cosmological
and galaxy spin results are publicly available at:

https://github.com/Hubify-Projects/bigbounce/
tree/v2.1.0/reproducibility

(pinned to tag v2.1.0).
The repository includes:

• Four Cobaya v3.5 YAML configurations:
cobaya_planck.yaml, cobaya_planck_bao.yaml,
cobaya_planck_bao_sn.yaml, and
cobaya_full_tension.yaml—one per dataset
combination in Table III. All use stock CAMB
with Neff as a free parameter; no custom CAMB
modifications are required.

• galaxy_spins/spin_fit_stan.py — Hierarchical
Bayesian model (CmdStanPy) fitting the phenomeno-
logical A(z) to published aggregate CW/CCW galaxy
counts.

• data_build/build_galaxy_spin_dataset.py —
Reproducible pipeline that downloads the Galaxy Zoo
DECaLS catalog [49] from Zenodo (DOI: 10.5281/zen-
odo.4573248, CC-BY-4.0) and extracts an object-level
spiral galaxy catalog. CW/CCW aggregate counts
for the A(z) fit are from Shamir [40].

• docs/IMPLEMENTATION_MAP.md — Mapping from each
“This work” result to the code artifact that produces
it.

• docs/KNOWN_GAPS.md — Honest disclosure of what
cannot currently be reproduced.

What is NOT included.—MCMC chains are not pre-
computed (regenerate via reproduce_cosmology.sh,
∼4–12 h per configuration on 4 CPU cores). Bayes fac-
tors were estimated via the Savage-Dickey density ratio
from MCMC posteriors; dedicated nested sampling (not
provided) would yield more robust estimates. No CNN
galaxy classifier is included; the hierarchical fit uses pub-
lished catalog labels. No CMB polarization map analysis
code is provided; all birefringence values are literature
citations (Sec. VI).
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Appendix A: Complete Parameter Summary

aVerified values from the full-tension frozen MCMC
chains (Cobaya v3.6.1, Table II). The Planck+BAO+SN
dataset gives consistent results: H0 = 67.79 ± 1.09,
σ8 = 0.812± 0.009, ∆Neff = +0.065± 0.17. The original
analysis reported H0 = 69.2± 0.8 and ∆Neff = 0.3± 0.2,
but these were driven by the SH0ES prior.

Key parameter correlations from the Fisher ma-
trix analysis: r(H0, σ8) = −0.45; r(A0, p) = −0.62;
r(α/M,Dinf) = −0.89 (strong anticorrelation means only
their product Ξ is well-constrained). Total χ2 per degree
of freedom: χ2/dof = 1148.3/1142 = 1.006.

Appendix B: Dimensional Analysis

The parity-odd operator (Eq. 7) has off-shell mass di-
mension +1, not the +4 required for a Lagrangian den-
sity. The missing three powers of mass arise through
on-shell evaluation at Planck-scale bounce densities: con-
torsion evaluates to K ∼MPl and curvature to R ∼M2

Pl,
giving ρbounceΛ ∼ (α/M)M3

Pl = [(α/M)MPl]M
4
Pl ∼

10−2M4
Pl. Inflationary dilution (Dinf ∼ e−3Ntot) then

yields ρΛ = ΞM4
Pl with [ρΛ] = +4. This is a scaling

ansatz—dimensionally correct on-shell at the bounce—
not a derivation from a renormalizable off-shell EFT; see
the supplementary material for the full dimensional au-
dit.

Appendix C: Reproducibility Materials

All MCMC results in this paper were obtained us-
ing the Cobaya framework (v3.5 for the original anal-
ysis; v3.6.1 with CAMB v1.6.5 for independent verifica-

https://bigbounce.hubify.app
https://github.com/Hubify-Projects/bigbounce/tree/v2.1.0/reproducibility
https://github.com/Hubify-Projects/bigbounce/tree/v2.1.0/reproducibility
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TABLE V. Complete parameter summary with priors, verified values, and physical interpretations.

Parameter Description Prior Verified Value Notes
Fundamental theory parameters
γ Barbero-Immirzi Fixed: 0.274 0.274± 0.020 LQG area spectrum
α/M Parity-odd coeff. Log-uniform [10−40, 10−20] ∼ 10−21 GeV−1 One-loop calculation
Dinf Inflation dilution Derived from Ntot ∼ e−3Ntot Ntot ∼ 92 e-folds (fitted to ρΛ)
ρcrit/ρPl Bounce density Derived from γ 0.27+0.07

−0.05 Modified Friedmann
Ξ Infl. suppression factor Derived ∼ 10−123 = [(α/M)MPl]×Dinf

Galaxy spin model parameters
A0 Amplitude at z = 0 Uniform [0, 0.02] 0.003± 0.001 Per-survey offset allowed
p Power-law index Uniform [0, 2] 0.5± 0.3 Redshift evolution
q Exponential decay Uniform [0, 2] 0.5± 0.3 High-z suppression
δ(s) Survey offset N (0, 0.0052) ≲ 0.002 Instrument/PSF bias
b(s)(z) Selection efficiency Fixed per survey 0.3–0.9 From simulations
Standard cosmological parameters
H0 Hubble constant Flat [60, 80] 67.68± 1.06 a km/s/Mpc
σ8 Clustering amplitude Flat [0.7, 0.9] 0.803± 0.008 a

Ωm Matter density Flat [0.1, 0.5] 0.310± 0.008
Ωbh

2 Baryon density Flat [0.019, 0.025] 0.02237± 0.00015
ns Scalar spectral index Flat [0.9, 1.1] 0.9649± 0.0042
τ Optical depth Flat [0.01, 0.1] 0.054± 0.007
Extended parameters (our model)
Ωk Curvature Fixed: 0 — Mandated by 92 e-folds
∆Neff Extra species Flat [−1, 2] (via Neff ∈ [2.046, 5.046]) −0.020± 0.169 a Consistent with zero
(ω/H)0 Vorticity [0, 5× 10−11] < 2.1× 10−11 CMB isotropy (95% CL)

tion) [41] with stock CAMB as the theory engine. The
cosmological model is ΛCDM extended by ∆Neff as a free
parameter; no custom CAMB modifications are required.
The full reproducibility package is available at:

https://github.com/Hubify-Projects/bigbounce/
tree/v2.1.0/reproducibility

(pinned to tag v2.1.0).
The package includes:

• Four Cobaya YAML configura-
tions (one per dataset combination):
cobaya_planck.yaml, cobaya_planck_bao.yaml,
cobaya_planck_bao_sn.yaml,
cobaya_full_tension.yaml.

• reproduce_cosmology.sh — One-command script to
regenerate all MCMC chains (∼4–12 h per configura-
tion on 4 CPU cores).

• galaxy_spins/spin_fit_stan.py — Hierarchical
Bayesian model fitting A(z) = A0(1+z)

−pe−qz to pub-
lished aggregate CW/CCW counts [40], using Cmd-
StanPy.

• data_build/build_galaxy_spin_dataset.py —
Downloads Galaxy Zoo DECaLS [49] from Zenodo
and builds an object-level spiral galaxy catalog.

• docs/IMPLEMENTATION_MAP.md — Maps every “This
work” numerical result to the code and configuration
that produces it.

• docs/KNOWN_GAPS.md — Honest disclosure of repro-
ducibility gaps.

• results/mcmc_posterior_summary.txt — Auto-
generated posterior summary table (produced by
reproduce_cosmology.sh).

Pre-computed MCMC chains are not included due to file
size (∼1 GB per run). Bayes factors (Table III) were
estimated via the Savage-Dickey density ratio; dedicated
nested sampling would provide more robust estimates but
is not included. No CNN galaxy classifier or CMB polar-
ization map analysis code is included; see the Data and
Code Availability statement (Sec. XVI) for details.

Appendix D: Claims Classification

Table VI classifies every major claim in this paper as
Derived (follows from the formalism with explicit calcu-
lation shown), Assumed (input assumption not derived in
this work), or Fit/Inferred (value determined by fitting
to data).

[1] Planck Collaboration, N. Aghanim, et al., Planck 2018 re- sults. VI. cosmological parameters, Astronomy & Astro-

https://github.com/Hubify-Projects/bigbounce/tree/v2.1.0/reproducibility
https://github.com/Hubify-Projects/bigbounce/tree/v2.1.0/reproducibility
https://doi.org/10.1051/0004-6361/201833910
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TABLE VI. Classification of claims: Derived vs. Assumed vs. Fit/Inferred. This table is intended to prevent overclaiming and
to make the epistemic status of each result transparent.

Claim Status Where Notes
Derived (explicit calculation shown)
LQC bounce at ρcrit ≃ 0.27–0.41 ρPl Derived Eq. (10) From LQC; range reflects ABCK (γ = 0.274) vs. DLM (γ = 0.2375) counting
Four-fermion interaction from torsion Derived Eq. (4) Standard EC result (Hehl 1976)
Parity-odd operator structure Derived Eq. (6) From Holst term + fermion loop
Dinf = e−3Ntot(Treh/MGUT)

3/2 Derived Eq. (13) Dilution of Kab ∝ a−3

CEB
ℓ ≈ 2β(CEE

ℓ − CBB
ℓ ) Derived Eq. (14) Standard birefringence formula

Λeff = ΞM2
Pl + cωω

2 Derived Eq. (12) 1 + 3 covariant decomposition
Dimensional chain: ρΛ = ΞM4

Pl Derived App. B On-shell evaluation
Assumed (input, not derived in this work)
w = −1 at late times Assumed Sec. II C 1 IR effective action not computed
γ = 0.274± 0.020 Assumed Eq. (2) LQG black hole entropy
Parent rotating black hole origin Assumed Sec. II B Popławski scenario
Smooth bounce → slow-roll transition Assumed Sec. XV D Not numerically simulated
A(z) = A0(1 + z)−pe−qz functional form Assumed Eq. (II C 2) Phenomenological ansatz
Fit / Inferred from data
H0 = 69.2± 0.8 km/s/Mpc MCMC fit Eq. (III C) Original (superseded; see Sec. III D)
H0 = 67.68± 1.06 km/s/Mpc Verification Table II Full-tension, frozen chains
σ8 = 0.785± 0.016 MCMC fit Eq. (III C) Original (tension dataset)
σ8 = 0.803± 0.008 Verification Table II Full-tension, frozen chains
∆Neff = −0.020± 0.169 Verification Table II Full-tension; consistent with zero
∆Neff = +0.065± 0.17 Verification Table II Planck+BAO+SN; consistent with zero
α/M ∼ 10−21 GeV−1 Fit Table V One-loop motivates order of magnitude
A0 ∼ 0.003 Empirical fit Sec. III B Contested; > 100 order gap from α/M (Sec. II C 2)
β = 0.242◦ ± 0.061◦ Literature combination Sec. XIV C Summary likelihood of Planck + ACT
fphoton × C0 = 1.73± 0.44 Consistency check Sec. XIV C Derived from combined β; O(1)
lnB = +4.8 (tension dataset) Inferred Eq. (VII B) Dataset-dependent
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