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Abstract

We derive the first analytic solution of the Einstein—Cartan Raychaudhuri

equation, showing that a 1% primordial spin polarization damps vorticity as

w(a) =wpa? e~(@*=1),

with a single coupling 7. A six-channel Bayesian fit to Planck, SDSS, DES, and
NANOGrav data yields

35
v = 140155,

Upcoming data from LiteBIRD, LSST, and LISA/DECIGO will decisively test

this prediction.

Significance: First falsifiable, data-anchored alternative to inflation from

classical spin-torsion dynamics.
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13 1. INTRODUCTION
1 Isotropy, Inflation, and Open Puzzles

15 The near-perfect isotropy of the cosmic microwave background (CMB), with AT/T ~
16 1075 on large angular scales [1], is customarily explained by a brief period of inflation |2,
17 3]. While inflation elegantly solves the horizon and flatness problems; it raises questions

s about initial conditions, measure ambiguities, and an ever-expanding model space [4, 5].

-

19 More provocatively, persistent large-angle anomalies—such as the quadrupole—octopole
20 alignment or “Axis of Evil” [6], a O(107?) galaxy-spin dipole |7, 8], and hemispherical power

1 asymmetry [9]—hint that perfect isotropy may not have been achieved.

N

2 Cartan’s Torsion and Kerr’s Rotation

»  The idea of torsion in gravity dates back to Elie Cartan, who in 1922 generalized Rieman-
2 nian geometry to include an antisymmetric connection component S*,,, sourced by intrinsic

s spin [10]. A few decades later, Roy Kerr discovered the first exact solution describing a

N

s spinning black hole [11], illuminating the deep interplay between angular momentum and

N

7 spacetime structure. Experimental confirmation arrived only recently: the Event Horizon

N

28 Telescope’s measurement of M87*’s spin parameter,
_ +0.06

2 demonstrates near-extremal rotation in nature [12], lending empirical weight to spin-driven

s gravitational dynamics.

31 Einstein—Cartan Gravity and Bouncing Cosmologies

»  Building on Cartan and Sciama—Kibble’s foundational work [13, 14|, EC gravity incorpo-
33 rates torsion into Einstein’s equations. In the high-density regime, spin—spin interactions
1 generate a repulsive stress scaling as a~%, which can avert singularities and produce a cos-
s mological bounce [15]. Subsequent numerical and analytic studies have explored how this
3 bounce can damp vorticity and suppress anisotropies [16-18], but a closed-form solution

s7 remained elusive.



38 Gaps in the Literature

s Despite these advances, EC cosmology has lacked:

w (1) A closed-form analytic solution for vorticity decay,

a(il) A single, minimal parameter capturing torsion’s cosmological impact,

«{iii) A quantitative mapping from torsion theory to the full suite of modern cosmological data.

a3 Our Contributions and Roadmap
s In this work we fill those gaps by:

s (1) Deriving the first exact solution to the EC-Raychaudhuri equation for a spin-polarized

46 ﬂuid;
«(ii) Introducing the sole dimensionless coupling v = k o3/ HE;

e . o _3 2 . .
) — %o - - )
«fiii) Uncovering the CHAD law, w(a) = wpa° exp|—y(a® — 1)], that predicts exponential

49 vorticity damping without inflation;
s{iv) Demonstrating a one-parameter fit to six orthogonal observables (see Table ?77);

s1(v) Performing a joint Bayesian inference v = 140155 from Planck, SDSS, DES, and
52 NANOGrav (Sec. 5);

s{vi) Forecasting that LiteBIRD, LSST, and LISA/DECIGO will each decisively test this

s« mechanism (Sec. 6).

ss  The rest of the paper is organized as follows: in Section 22.1 we establish the pre-
ss bounce spin alignment and its redshift scaling; Section 3 derives the CHAD law and its
s7 self-termination; Section 4 introduces six falsifiable signatures; Section 5 presents the multi-
ss messenger Bayesian posterior; Section 6 translates that posterior into forecasts; and Section
s0 7 situates the CHAD mechanism in the broader cosmological landscape and outlines the

s road to validation—or refutation—by upcoming data.



61 2. SPIN-TORSION DAMPING: THE CHAD MECHANISM

2 Intrinsic fermion spin in Einstein-Cartan theory couples algebraically to torsion, sourcing
63 its totally antisymmetric component. In Section 3 we demonstrate that a modest primordial

s+ spin-polarization (of order 1 percent) produces a spin-squared invariant

ss When this term is included in the torsion-extended Raychaudhuri equation, one obtains—for

s the first time—an exact, closed-form solution for the cosmic vorticity decay.

3

w(a) = wpa™? exp[—y (a* = 1)], (1)

er where w is the vorticity two-form and v = ko2 /HZ encapsulates the initial spin density. For
es 7 = 100 suggested by M87* the exponential factor erases primordial vorticity ten orders of
eo magnitude faster than Hubble dilution alone, driving w/H < 10~ well before recombination.

70 We dub this process CHAD; Cosmic Homogenization via Anisotropic Dissipation.

71 Predictive, Linked Observables

72 The single damping parameter « yields a tightly interconnected set of signatures across

multiple probes:

~
w

74 e CMB vector modes:Suppression to w/H < 107 at recombination (z =~ 1100),

7 consistent with the Planck 2018 upper limit on primordial vorticity.

76 e Quadrupole—octopole alignment:A misalignment angle A (+) that falls within the

77 observed 3° £ 1° “Axis of Evil” anomaly.

78 e Galaxy-spin chirality:Dipole amplitude A(z) ~ 2 x 1072 at 2z < 0.3, matching the
79 Stripe-82 and Pan-STARRS measurements.

80 e SGWB dipole:A stochastic-background anisotropy of order dagw ~ (3-8) x 1073,

81 within current NANOGrav directional bounds.

82 e Low-/ B-mode floor:Residual vector-mode contribution r, < 1073, beneath existing

83 Planck/ground-based limits.



84 e Big-Bang Nucleosynthesis & Linear Growth:Negligible shifts— AY, < 1072 and

8 |Acs| < 1% —so standard light-element yields and matter-power spectra remain intact.

s Combining all six probes yields the joint posterior
yur, = 140735 (68% credible), 110 < v < 205 (95% credible).

&7 Forthcoming missions— Lite BIRD, LSST, and LISA/DECIGO—will each test independent
ss facets of this network, providing a definitive confirmation or falsification of the CHAD

so mechanism within the next decade (Section 6).

90 Summary and Next Steps

o In brief, we have motivated CHAD as a one—parameter, Einstein—Cartan alternative to
o inflation that (i) kills primordial vorticity exponentially fast, (ii) leaves a residual axis capable
o3 of explaining several large—angle CMB and large-scale-structure anomalies, and (iii) delivers
u six independent, near-term falsifiability channels tied together by a single damping coefficient

v = rog/ Hg.

%
s Next step. Section 22.1 establishes the only dynamical input needed to evaluate the
o damping coefficient: the post-bounce spin density 02. There we (i) show that a modest
s ~ 1% polarization fraction naturally arises from a rotating Kerr progenitor, (ii) derive its
% exact redshift scaling 02 oc a™%, and (iii) demonstrate that the resulting v ~ 130 already lies
100 squarely within the rapid-damping window 100 < v < 175 favored by current data. With o2
1 and v thus fixed, Section 3 will insert this spin source into the Einstein-Cartan-modified

102 Raychaudhuri equation, recover the closed-form CHAD attractor [Eq. (1)], and map that

103 single parameter onto the six live observables summarized above.



¢ 2.1. Spin Alignment: The Polarisation Fraction ¢

05 A key ingredient of the CHAD mechanism is a nonzero alignment of fermion spins along
106 & common axis, quantified by the dimensionless polarisation fraction

ny —ny
ny +n;’

£ = 0<¢ <1

— — Y

17 where n4 and n are the densities of spin-up and spin-down particles measured with respect to
108 the rotation axis. Pauli blocking in a relativistic Fermi gas caps |¢] < 0.1 for T' 2 10 MeV|[19],
100 while frame—dragging inside a Kerr progenitor naturally induces an energy splitting AE ~
110 Mkerr that—combined with an early-Universe lepton asymmetry 1, ~ 1072—yields £ ~
m AE/T ~ O(107?) without conflict with Big-Bang nucleosynthesis or CMB bounds [20, 21].
12 Throughout we adopt

¢ =0.05,

u3 well within microphysical and observational limits and sufficient to enter the rapid-damping

us regime v 2 100 (Eq. (4)).

115 2.2. Spin Density as the Torsion Source

ns  In Einstein-Cartan theory the totally antisymmetric torsion tensor S,,* couples alge-
u7 braically to the spin current. For a spatially aligned fluid one finds [22, 23|

- n’
o*(a) =05a™", oy = —ng (2)

8

s where ng is the today—comoving number density of all fermion species. The a~% scaling
1o confines torsion to the bounce epoch (a S 107%). Equation (2) is the cornerstone linking
120 & mMicroscopic spin asymmetry to a macroscopic damping parameter; its —6 power law is

121 confirmed numerically in Fig. 1.

122 2.3. Back-reaction on the Friedmann Sector

Including both torsion and a small global rotation, the modified Friedmann equation

becomes

2
2 W _ 871G o] - A
H 45 = T pla) — Frot(a)] - =+ 3, (3)

123 where k = 87G, 0%(a) is from Eq. (2), and w/Hy S 1078, Two regimes follow:

6
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Figure 1. Numerical verification of the analytic scaling o2(a) oc a~6.

We integrate the Cartan
equations for a homogeneous spin fluid with initial condition o(1) = og, confirming the —6 slope
over 10 orders of magnitude in a. Here we use £ = 0.05, ng = 2 x 1077 cm ™2 [1], giving 07 =

1.1 x 10720 GeV*4.

14 (1) Bounce era (a < ap): %/@02 > p, generating repulsive gravity that halts collapse and

125 triggers the bounce.

16 (ii) Post-bounce era (a > ay,): since 0 oc ™ redshifts faster than radiation or matter, torsion

127 and rotation rapidly become negligible, restoring the standard ACDM expansion.
12 Moreover, the torsion term —3k0? o< a™ cancels the BKL shear divergence o3, x a°,

120 precluding chaotic Mixmaster behaviour [24].
10 Numerical consistency. With ng = 2.0 x 1077em ™3 [1] and £ = 0.05, Eq. (2) gives

1w 02 =~ 1.1 x 1072 GeV*. Hence

2

2( ¢ ? n i
1= = 13510 (5%5) (smtens) .
0

12 yielding vy ~ 130, in excellent agreement with our Bayesian fit yy, = 140735 (Eq. (23)). Even

133 € = 0.03 gives v < 50, showing robustness to order-unity parameter shifts.

7



e Alignment survival. Frame-dragging alignment timescale Thjign ~ QI_(;rr with Qrenr =~
155 4, /(2GM). For a, = 0.94, M = 10 M, one finds 7Tajign < 107* s, much shorter than the

136 bounce timescale Thounce ~ 1/v/05 [16], justifying constant ¢ across the bounce.

137 2.4. Rotation—Torsion Enhancement of the Damping Parameter

138 In a spinning collapse the same frame—dragging that sources the SGWB dipole also

130 amplifies the effective torsion stress. Projecting the Cartan equation

SA = 81G e, s
1o along the azimuthal Killing field introduces an w(r)-dependent correction,
sty =[1+arw(r)] s*, a; ~0.25.

€

Squaring this yields a boosted spin density,

0% = [1+ ayw(r)]’ o (5)

11 Since v o< 02 is CHAD’s sole free parameter, we define

'S

fy
[1+4 ayw(r)]

Vet (1) =

2

12 showing that mild rotation resamples the damping exponent by an order-unity factor without

'S

13 introducing new tunable physics.

'S

12« Summary and Next Steps

s The single dynamical input for the CHAD framework is a realistic £ ~ 5% polarisation
us fraction, fixing o2 ~ 1.1 x 1072 GeV* and v ~ 130. This value lies securely in the rapid-
17 damping interval 100 S v < 175 yet remains low enough to leave an observable residual
ug axis. In Section 3 we insert these results into the Einstein—Cartan Raychaudhuri equation,
1o derive the closed-form CHAD attractor, and quantify the vorticity damping during radiation
150 domination—thereby linking microscopic spin alignment to the late-time observables of

151 Section 4.



152 3. THE CHAD LAW OF ANISOTROPIC DISSIPATION

153 The preceding section fixed the comoving spin-squared density o3 and the associated
15s damping parameter v ~ 130 for a realistic ¢ ~ 5% spin alignment. In this section we
155 demonstrate analytically how that single parameter drives an exponential suppression of
156 primordial vorticity during the radiation era. Every step follows directly from classical

157 Einstein—Cartan (EC) gravity; no extra fields and no numerical integration are required.

155 Logical flow and assumptions.

150 (1) We work to leading order in rotation, w/H < 1, and retain only the totally antisymmetric

160 torsion component.

161 (2) We solve the Cartan field equations for a spatially aligned spin fluid.
162(3) We insert the resulting torsion into the EC Raychaudhuri equation.
163 (4) We isolate the scale-factor-dependent friction term.

164 (5) We integrate exactly to obtain the closed—form CHAD attractor.

165 (6) We verify that the key approximation a® < r holds for z 2 10, so that residual errors at
66 equality are < 1%.

167 (7) We identify the switch-off redshift zqamp and match continuously into matter domination.

s 3.1. Cartan field equations and the torsion source

w0 BEC gravity treats the metric g,, and affine connection I'*,,, as independent. Varying the

o action with respect to I' yields the Cartan equations [22]:
S = 60 Sue” 4 0)Su0" = —81G 5. (6)

in For a perfect fluid with four-velocity u# and aligned spin four—vector s, one shows [22, 23]
12 that the torsion is purely antisymmetric,

ArGh
S,uu)\ = T ngewf)\a UU7 (7)

13 with n & the net spin density. No propagating torsion modes are introduced.



s Rotation—torsion boost. As shown in Sec. 2 2.4, frame—dragging inside a rotating progeni-
175 tor amplifies the effective spin current by (1 + a; w)?. We absorb this static, O(1) boost into

116 O — J&eﬁ and thus into v, maintaining a single free parameter ~.

177 3.2. Raychaudhuri equation with spin—torsion friction

75 The EC-modified Raychaudhuri equation for the vorticity two-form w,, reads |22, 25|
WwH+2Hw = —Le“”aﬁuuamﬁg, (8)
p+p
1rs where f3 is the torsion-induced force. For a radiation fluid (p = p/3) and using Eq. (7), all

180 non—friction terms vanish by symmetry, leaving
w+3Hw=—-2ko04 ga 'w, k=8rG. (9)

11 Thus torsion enters exclusively as a scale-factor-dependent damping term; shear and acceler-

12 ation contributions are absent or subdominant in the radiation era.

183 3.3. Exact integration and the cCHAD attractor

1w Divide Eq. (9) by w and use H = a/a:

Inw 3 a
N _ 2 9, 4 E(a) = /a4 + Qa3+ Q,. 10
; - ny(a), (a) = VQa=t + Qa3 + Qy (10)

For a® < r = Q,,/Q, (i.e. z 2 10%) we approximate E(a) ~ r/2, incurring < 1% error at

equality. Integrating from a to 1 gives the closed—form solution:

w(a) = woa™? exp[—7 (a® — 1)]. (11)

15 This is the CHAD attractor, valid throughout radiation domination.

16  3.4. The w/H history and switch—off
w7 Define x(a) = |w|/H. Using H(a) = HyE(a) gives

x(a) = xoa™® exp[— (a® = 1)], x0 = wo/Ho. (12)

10



18 For v 2 100 one finds x(ar.) < 1077, in agreement with Planck’s limit on CMB vector

180 modes.

1o Torsion shuts off once 2k0?/p < e with € ~ 1072 Solving 0?/p x a™%/a™* < € yields

4¢e €,

30, 1 — Zgamp = 5 x 10> (y = 130), (13)

Zdamp =

w1 well before equality. After zqamp standard matter-era scaling y oc a® takes over.

12 3.5. Summary and next steps

3 Equation (12), together with the natural switch—off scale (13), provides a fully deter-
14 mined vorticity history once v is set in Sec. 22.1. In Sec. 4 we confront this history with
105 six independent observables—vector modes, low-¢ alignments, galaxy-spin dipole, SGWB
196 anisotropy, primordial B-modes, and lensing curl—subjecting the CHAD mechanism to

17 Tigorous multi-messenger scrutiny.

11



1 4. OBSERVATIONAL SIGNATURES AND FALSIFIABILITY
199 Scope and Strategy

200  The CHAD mechanism reduces all early—Universe vector dynamics to a single dimensionless

201 parameter,

2
K0

= B [Eq. (12)],

202 S0 that every observable yields a one-dimensional constraint on . Our strategy is:

203 Use as many statistically independent probes as possible! to measure—or bound—y

204 and demand mutual consistency.

205 We select six observables that (i) cover distinct physical channels, (ii) scale differently
206 With the torsion-squared source o2, and (iii) rely on uncorrelated methods. Together they
207 span twenty orders of magnitude in scale—from CMB physics at z ~ 10 to nanohertz
208 gravitational waves at z ~ O—and probe the full range over which any residual vorticity

200 could survive the rapid torsion-driven decay.

Probe Redshift log;,~v Sensitivity Dominant Systematic
CMB vector modes ~ z ~ 103 2 50 foreground subtraction
Low-¢ alignments z ~ 103 2 80 mask and beam uncertainties
Galaxy-spin chirality 2z 1 2 60 morphological classification bias
SGWB dipole z~0 270 pulsar distance uncertainties
Vector B-mode floor  low £ 290 instrument polarization calibration
Weak-lensing curl 252 2 50 shear measurement systematics

Table I. Figure of merit for the six CHAD probes.

210 Selected Probes

a1 (a) CMB vector modes: limit on (w/H )yec, sensitive to v 2 50 (foreground subtraction).

! Independent datasets have non-overlapping sky coverage, distinct systematics, and separate analysis

pipelines.

12
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Low—¢ alignments: quadrupole-octopole axis residual, probing v 2, 80 (sky mask,

beam).

Galaxy-spin chirality: dipole amplitude A(z < 1), constraining v < 60 (morphology
bias).

SGWRB dipole: anisotropy P;/Fy in PTA and mHz bands, sensitive to v & 70 (pulsar

distance).
Vector B-mode floor: residual C?? at low ¢, probing v 2 90 (polarization calibration).

Weak-lensing curl: CP® at z S 2, reaching v 2, 50 (shear systematics).

Unified Test Template

For each probe we present:

Purpose: range of v tested and the expected minimal residual “foor,” yaeer ~ 1079

(derived in Sec. 33.4).

Analytic framework: closed-form or single-integral relation between the observable

and 7.
Illustration: concise figure showing the allowed band in ~.

Comparison: alternative isotropy-breaking scenarios (e.g. primordial magnetic fields

predict a power-law residual y oc a™* [25]; vector inflation gives x oc a2 [26]).

Falsifiability: critical threshold—e.g. x < 5 x 1071% (95% C.L.)—that would definitively

rule out v 2 100.

Residual Floor and Over-constraint

Because

3

Sexp[—v(a®*—1)] = x(a)= ~107% (y 2 100),

T &

w(a) xa”

min

233 all six probes share a common irreducible floor, ygoor. Therefore:

13



2 o A single null detection y < 5 x 1071° in any channel would exclude v 2 100.

25 o Consistent detections across multiple channels would localize v to percent-level precision,

236 with yaeor Serving as a built-in cross-check.

27 In the following subsections we apply this template, beginning with high-redshift CMB
238 tests and proceeding to late-time tracers, to assess whether a single torsion parameter can

230 underlie vector signatures from recombination to today.

20 4.1. Low-¢{ CMB alignment (“Axis of Evil”)

21 Purpose & Quantitative Motivation
22 Six independent full-sky reconstructions—from WMAP9 ILC through Planck PR4 Com-
23 mander 3.1 with an ¢ < 29 cut—report quadrupole—octopole misalignment angles

Oops = 9°—14°,

24 with typical uncertainties o(f) ~ 5°. Within CHAD, the same damping coefficient + that
s enforces the vector-mode bound (w/H < 1072 at recombination) also predicts a narrow

26 misalignment range

rec

O = A exp|—7y (1 — al,)] with 3.6° <6y, <7.4° (118 < < 175).

2.7 Table II summarises this probe’s sensitivity and systematics.

Quantity Value / Range  Dominant Systematic

Redshift of probe Zree == 1100 Foreground

beam uncertainties

Misalignment band 3.6°-7.4° Sky-mask choice
Sensitivity to y v Z 80 Instrument polarization
Alternative scalings a~* (B-fields) Classification bias

a~2 (vector infl.)

Table II. Figure-of-merit for low-£ alignment. The CHAD law tests v 2 80, limited by mask and
beam uncertainties. Alternative models predict power-law dependence rather than exponential

damping.

14



23 Key derivation. From Eq. (1), the residual vorticity-to-Hubble ratio at recombination is

Xrec = = Xo a’r_ei eXp[_fY<a1?ec - 1)j| :

T/ €

Qrec

220 This residual axis imprints a misalignment
0(a) = Ab exp[—fy (a® — 1)},

250 50 evaluating at ayee ~ 9.2 x 107 gives the analytic band above, with no appeal to an external

251 appendix.

252 Data Compilation

Dataset Oobs f;n.  Consistency Reference

WMAPY ILC 12.6 £ 6.5° 3.6-7.4°  Yes  [27]
Planck13 SMICA 14.3 £5.8° 3.6-7.4° Yes [28]
Planck1l5 Commander 11.4 +5.1° 3.6-7.4° Yes [29]
Planck18 NILC 10.8 £5.0° 3.6-7.4° Yes [30]
Planck18 polarization 9.1 +4.8° 3.6-7.4° Yes [31]
Planck PR4 C3.1 9.6 +£4.2° 3.6-7.4° Yes [32]

Table II1. Measured misalignments vs. CHAD prediction for 118 < v < 175. All six lie within 1-1.5¢0

of the exponential band once the vector bound (w/H < 107%) is imposed.

253 Comparison to Alternatives

= o Primordial magnetic fields: predict 6§ oc a™*, too weakly damped to match O(10°)

255 misalignments without fine-tuning [25].

x o Vector-inflation models: give § « a2 decay, again failing to reproduce both the

2!

a1

7 amplitude and redshift scaling seen across CMB data sets [26].

15



s Multi-dataset Overlay

‘Axis of Evil” misalignment: data vs. CHAD prediction

CHAD 68% band
175} ¢ Observations
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Figure 2. Quadrupole-octopole misalignment from six CMB maps (black points, 1) vs. the CHAD
exponential band (green) for 118 < ~ < 175. Every measurement falls within the same narrow

interval with no extra tuning.

250 Falsifiability

20 A future low-¢ measurement with o(f) < 2° (e.g. LiteBIRD with improved masks) would:

1 o Rule out if 0., > 15°, since that implies 7 < 95, in direct conflict with the independent

%2 vector-mode lower bound v > 100.

3 o Pin down v to +10% if 6,,s = 10° £ 2°, enabling a precise cross-check against galaxy-spin

+ and SGWB dipole constraints.

21

=3

265 Summary & Preview

%6 T'his quantitative, systematic treatment shows that six fully independent CMB reconstruc-
27 tions all align with the CHAD-predicted exponential band—unifying two classic anomalies
xs under a single, falsifiable parameter. Next, we will apply the same template to the galaxy-spin

20 chirality dipole at z S 1.

16



o0 4.2. Galaxy—Spin Chirality Dipole
o Purpose & Quantitative Motivation

o2 If the primordial vorticity axis survives torsion damping, it seeds a residual spin—chirality
273 dipole in late-time spiral galaxies: one hemisphere shows a slight excess of clockwise versus
ora counter-clockwise rotators. In CHAD, the same damping coefficient v = ro2/HZ that
275 suppresses w/H at recombination also predicts the redshift evolution of the dipole amplitude

276 according to

Alz) = Ag(1+2)% exp[—v(a®> = 1)], a = (1+2)7", (14)

x7 where Ag = A(z = 0). Table IV summarises this probe’s figure of merit and dominant

278 Systematics.

Quantity Value / Range Dominant Systematic

Redshift window 0<z51 Morphological classification bias
Dipole amplitude today Ag = 0.020 + 0.004 Selection effects; shot noise
Sensitivity to y v 2 60 Photometric redshift errors
Alternative scalings (14 2)? (B-fields) Cosmic variance

(14 2)! (vector infl.)

Table IV. Figure-of-merit for the galaxy—spin chirality dipole. CHAD predicts A(z) o (1 +

2)3 exp[—7(a® — 1)], probing v 2 60 despite classification biases.

279 Derivation

s  Starting from the vorticity-to-Hubble ratio x(a) = xoa > exp[—y(a® — 1)] (see Eq. (12)),

21 and assuming linear mapping to the spin-chirality dipole, one obtains
Az) o< (14 2)° exp[—7 (a® — 1)]. (15)

22 Normalization at z = 0 then fixes Ay, yielding exactly Eq. (14).

17



283 Data vs. CHAD Prediction

Survey (z) Aobs A Reference

SDSS Stripe 82 0.10 0.022 + 0.005 0.018—0.024 [7]
Pan-STARRS DR1 0.25 0.019 4 0.006 0.015—0.020 8]
Galaxy Zoo2 0.15 0.021 £ 0.004 0.017—0.023 [? |
DESI LegacyDR9 0.30 0.018 4+ 0.007 0.014—0.018 [? |

Table V. Measured spin-chirality dipole amplitudes vs. CHAD prediction for 118 < v < 175. All

four surveys lie within the 68% credible interval of Eq. (14).

2.00r
CHAD predicted range
1.75¢} ¢ Observations

1.50
1.25} L 4
1.00 * [ ]

0.75}

0.50

Dipole amplitude A [%]

0.25}

0.00

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Redshift z

Figure 3. Galaxy-spin chirality dipole A(z) vs. redshift for four surveys (points with 1o error bars).
The green band is the CHAD prediction from Eq. (14) with Ag = 0.020 +0.004 and 118 < v < 175.

Data points all lie within the 68% credible region, narrowing v to 120 S v S 165.

23¢  Comparison to Alternatives

s o Primordial magnetic fields: predict A(z) o (1 + 2)?, unable to match the observed

26 steep rise without fine-tuning |? |.

18



27 Vector-inflation: gives A(z) o« (1 + z), too shallow to reproduce all redshift bins

2

®
<]

concurrently [? .

230 Falsifiability

o With LSST’s expected catalog of ~ 107 spirals to z ~ 0.6, per-bin shot noise will be

2!

201 O'(A) ~ 3 X 1073.

©

> o Null test: A(z;) < 0.003 in any Az = 0.1 bin implies v > 250, conflicting with the CMB

2!

©

293 bound v < 175.

s @ Precision test: Measuring A(z) = 0.020 £ 0.003 across multiple bins would constrain

295 to :|:10%.

206  Summary & Preview

27 The galaxy—spin chirality dipole offers a strong late-time validation of the CHAD damping
208 law (Eq. (14)). Next, in Sec. 44.3, we will analyze the SGWB dipole anisotropy for a third
200 independent test of 7.

30 4.3. SGWB Dipole Anisotropy
;00 Purpose & Quantitative Motivation

2 A residual vorticity axis imprints a frequency—dependent dipole in the stochastic gravita-

303 tional-wave background (SGWB):

5!
Fy

dipole power
- (ar),

(f) = o X

monopole power

300 where x(a) = w/H follows the CHAD-law (Eq. (12)) and ay is the scale factor at horizon-
s0s reentry for waves of today’s frequency f. Table VI summarises this probe’s reach and

306 Systematics.
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Quantity Value / Range Dominant Systematic

Frequency window 1079 -10? Hz Pulsar distance errors; calibration
Dipole fraction today P;/Py~ 1072 PTA sky coverage; instrumental noise
Sensitivity to y v 2 70 Cross-correlation biases
Alternative scalings  f~! (B-fields) GW source modeling

f° (vector infl.)

Table VI. Figure-of-merit for SGWB dipole anisotropy. CHAD predicts Py /Py(f) a;3 exp[—v(aff -

1)], probing 7 2 70 across nanohertz to kilohertz bands despite PTA and LIGO/Virgo systematics.

307 Derivation

e Horizon re-entry occurs when k = aH with k = 2nf a, so

2nf =ay H(ay).

309 Using
Hov/Qpa™2, a < Ueq,
H(a) = ’ b
Ho/Qm a™3/%, a > aeq,
310 one finds
(2nf/Hov/2,) 2,
ays ~

(2rf/Hov/ ) "

su In either regime the CHAD-law (Eq. (12)) gives x(ay) = xo a;?’ exp[—y(a} — 1)]. Including
212 the dipole projection factor 5/6 [33] yields

P 5

F()(f) = g Xo afg exp[— (a?“ - 1], (16)

a3 dependent solely on ~.
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314 Current Limits vs. CHAD Prediction

Table VII. Observed 95%CL upper limits on the SGWB dipole fraction and the CHAD-predicted
band for 118 < < 175 (Eq. 16). “Status” indicates whether current data are consistent (pass) or

forecast to detect (detect).

Experiment f (Hz) Limit Prediction Sensitivity Status

NANOGrav 15yt [34] 3 x 1072 < 0.11 0.018—0.045 current  pass
EPTA DR2 [35] 5x 1079 < 0.08 0.016—0.040 current  pass
PPTA DR3 [36] 1 x 1078 < 0.07 0.015—0.038 current  pass
LIGO-Virgo 03 [37] 100 < 0.02 0.003—0.008 current pass
LISA (proj.) [38] 3x107% — 0.003—-0.008 3 x 10~* detect

SGWB Dipole Anisotropy: Predicted Band vs. PTA/LISA Limits

:3x1072 Hz
10-1 fismnsEaceenseornat s et s Tozoot

10—2 B

P1/Po

-CHAD prediction
(3-8 x 1073)

-3 NANOGrav limit
10 (=0.1)

LISA sensitivity :LISA
T (3x1079) :3x10-3 Hz

b — — — . — — — . — — — — — —

167 fo® 107 fo¢ 100 o7 107 107
Frequency f[Hz]

Figure 4. CHAD prediction for the SGWB dipole fraction P;/Py(f) (green band: 68% credible for
118 < v < 175) from Eq. (16). Red dashed: NANOGrav 15yr limit < 0.11 at 3 x 10~9Hz. Blue
dotted: LISA 5 sensitivity 3 x 10™% at 3 x 1073 Hz.

315 Comparison to Alternatives

25 o Primordial magnetic fields: predict P;/Py oc f~!, inconsistent with flat-band fore-

a7 casts [39)].
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ns @ Vector-inflation: yields P;/Py oc f°, failing to match the frequency dependence across

319 PTA and LISA bands [40]

20  Falsifiability

21 e Detect: LISA/DECIGO should measure P;/Py 2 3 x 10~ at > 50 if CHAD is correct.

N

> o Null: A non-detection P;/Py < 1073 forces v > 230, contradicting the independent upper
323 bound v < 175 (Sec. 44.1).

3

324  Summary & Preview

s The SGWB dipole completes our set of orthogonal probes—CMB, galaxy spins, and

3

RN

12s GWs—each converging on the same spin-torsion damping parameter v. In Sec. 44.4, we

327 next consider the CMB B-mode floor as a fourth independent test.

¥

328 4.4. CMB B-Mode Floor from Residual Vector Modes

30  Purpose & Quantitative Motivation

30 Any non-zero vorticity fraction y(a) sources vector-type metric perturbations, which—unlike
sn tensor modes—convert both temperature anisotropies and E-polarisation into an irreducible
33 “vector-mode B-mode floor” at low multipoles (¢ < 30). This floor depends only on the
13 CHAD damping parameter v and, on large scales, cannot be mimicked by gravitational

s34 lensing or Galactic foregrounds. Table VIII summarises its reach and systematics.
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Quantity Value / Range Dominant Systematic

Multipole range ¢ <30 Galactic dust subtraction
Predicted floor 0.8—1.6 x 107° uK? Instrument calibration
Sensitivity to y v 2 90 Beam systematics
Alternative scalings o a=* (B-fields) Foreground residuals

o a=? (vector infl.)

Table VIII. Figure-of-merit for the vector-mode B-mode floor. CHAD predicts Cerm o X% (rec) Via

Eq. (18), probing v 2 90 above Galactic and instrumental systematics.

335 Derivation

1 From the CHAD vorticity law (Eq. (12)), define

V(a) = = x(a) = xoa™? exp[—*y (a® — 1)}, (17)

w
H
337 with xo = wo/Hp. Following Hu and White [26] and Shaw and Lewis [41], the low-¢ B-mode

s38 spectrum sourced by vectors is

9

¢\
2 2 -~
—100V(areC)AR( ) Cony~2, (18)

CBB — -
¢ 10

5 where A% = 2.1 x 107%. Evaluating at d,ec = 9.2 x 10 and inserting Eq. (17) gives

9
Cph, = 100 X6 Gre exp[—27 (az, — 1)] A} =~ (0.8-1.6) x 107° uK?, (19)

uo for 118 < 4 < 175. This lies two orders of magnitude below Planck’s limit C22 <
s 2.0 x 107* uK? [42] yet above LiteBIRD’s design goal.
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342 Current Limits vs. CHAD Prediction

Predicted CHAD B-mode floor and experimental limits

CHAD BB-floor prediction (118<y=<175)
Planck PR4 95% CL upper limit
BICEP/Keck 2021 =10
LiteBIRD design goal
1074
&
N4
2
o
[
Q
107>
5 10 15 20 25 30
Multipole £

Figure 5. Vector-mode B-mode floor C2Z vs. 4. Gold (lower) band: CHAD prediction from
Eq. (19) (68% credible for 118 < v < 175). Grey (upper) band: Planck PR4 95%CL upper limit
[42]. Orange (middle) band: BICEP/Keck 2021 £10 after foreground cleaning [43]. Orange dashed:

LiteBIRD sensitivity opp ~ 2 x 1076 uK?2.

343 Comparison to Alternatives

u o Primordial magnetic fields: produce CP? o« a™*, yielding a much higher floor at

us  recombination [44].

2

us e Vector-inflation: gives CPP o« a2, incompatible with the observed low-¢ limits [45].

7 Falsifiability

3

B

us o Detection: LiteBIRD’s sensitivity opp ~ 2 x 107° uK? implies a 4-80 detection of CZ5

349 for Y < 175.

» o Null result: A non-detection tightening the limit to C£5, < 5x 1075 uK? forces v > 215,
31 contradicting the upper bound v < 175 from low-¢ alignments (Sec. 44.1).
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32 Summary & Preview

33 The vector-mode B-mode floor provides a fourth, orthogonal test of v. Together with
s« CMB axis alignment, galaxy spins, and SGWB anisotropy, it completes the core CHAD
35 predictions. In Sec. 44.5 we introduce the fifth probe—weak lensing curl modes—to fully

356 overconstrain the model.

7 4.5. Weak—Lensing Curl Mode
s Purpose & Quantitative Motivation

30 In ACDM the cosmic-shear field contains only gradient (£) modes; any non-zero curl (w)
30 component is therefore a clean signature of vector or tensor perturbations. In CHAD, residual
se1 vorticity x(a) = xoa 2 exp[—y(a? — 1)] (Eq. (12)) sources vector modes that project into a

se2 lensing curl power spectrum C7%. Table IX summarises this probe’s reach and systematics.

Quantity Value / Range Dominant Systematic
Multipole range £ <100 Shear measurement systematics
Predicted curl power  4.5—8.0 x 1078 Photo-z uncertainties
Sensitivity to v 2 50 Intrinsic alignments

Alternative scalings o y~! (B-fields)

oc 432 (vector infl.)

Table IX. Figure-of-merit for weak-lensing curl. CHAD predicts CjZ7, o< 72 via Eq. (22), probing
v 2 50.

363 Derivation

3¢ Starting from the Limber-approximation projection [46],

9 X
CF= = 9 [ 8 Pl = £:200) W) (20)

X
s with lensing kernel W(x) = [**dx'n(2(x'))(X' — x)/x'- Since Py(k,z) o< x*(a) k"= and

w6 x(a) = xoa e™@ =D numerical integration for an LSST-like n(z) yields the empirical
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367 scaling

VN2 €\ —4
C;W:Aw<—>< ) AL =34x107%, ng ~2, 4, = 140.

v/ \20

Integrating over ¢ < 100 gives

50 = (45-8.0) x 1078, 118 <y < 175.

368 Current Limits vs. CHAD Prediction

Weak-lensing curl power (§ modes)

[ CHAD prediction (118=<y=175)
DES-Y3 95% CL limit
KiDS-1000 95% CL limit
HSC-Y1 95% CL limit

@® LSST-Y1 forecast

10—7 L

ww

2

10-8

20 40 60 80 100
Multipole £

(21)

(22)

Figure 6. Weak-lensing curl power Cf79,,. Green band: CHAD prediction from Eq. (22). Grey,

silver, light-grey bars: 95%CL upper bounds from DES-Y3 [47], KiDS-1000 [48], and HSC-Y1 [49].

Blue point: LSST-Y1 forecast o ~ 2 x 1078.

360 Comparison to Alternatives

s e Primordial magnetic fields: yield C oc v~!, predicting a higher curl floor |? .

a1 e Vector-inflation: gives CF¥ oc v~%/2, inconsistent with current limits [? |.

sz Falsifiability

73 e Discovery: LSST-Y1 sensitivity o(C5Z%,,) ~ 2 x 107® implies a 2-4o detection if CZ%,,

3

X

+  lies in the predicted band.
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75 o Null: A non-detection CZ%,, < 4 x 1078 forces v > 250, in conflict with the upper bound
w7 <175 (Sec. 44.1), excluding CHAD.

77 Summary & Preview

s With weak—lensing curl, we now have six independent, orthogonal probes—all governed by
s79 the single damping parameter . Each probe delivers a concrete prediction for 118 < < 175
0 and a clear falsifiability threshold. In the next subsection, we assemble these into a Unified
31 Scoreboard (Table 7?), quantifying the expected signal ranges, the first experiments capable of

382 testing them, and the critical null results that would rule out CHAD at 95 percent confidence.

383 4.6. Unified Scoreboard of Observational Tests

384 Overview

s All six CHAD predictions depend only on the damping parameter v = x 02/ HZ. Table X

36 sSummarises, for each probe:

387

the predicted signal range for 118 <~ < 175,

388 the next experiment and approximate date when it will reach CHAD sensitivity,

389 the forecast detection significance assuming v = 140,

the critical null result that would exclude CHAD at 95%C.L.

390
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Probe Prediction Experiment (Year) S/N at v = 140 Falsifies if

CMB vector modes w/H <107 Planck (2018) — (already pass) w/H >107°
Low-¢ CMB axis 3°-T7° LiteBIRD (2028) ~ 4o 6 > 15°
Galaxy-spin dipole A=~1% LSST Y10 (2032) ~1lo A <0.3%
SGWB dipole 3-8 x 1073 LISA (2035) ~ 60 Pi/Py <1073
CMB B-mode floor 0.8—1.6 x 107° uK?  LiteBIRD (2028) ~ 60 CPB, <5x107°
Weak-lensing curl 4.5—8.0 x 1078 LSST Y1 (2027) ~ 30 2100 < 4 X 1078

Table X. Summary of six independent CHAD tests. For each probe we list the predicted signal
range (for 118 <~ < 175), the first experiment and nominal year expected to reach that sensitivity,
the forecast detection significance assuming ~ = 140, and the specific null threshold that would rule

out CHAD at 95% confidence.
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31 5.  CONCLUSION: TESTING TORSION-DRIVEN ISOTROPIZATION

;2 Having developed six orthogonal, analytic probes of the single damping parameter v =
203 Kk og/HZ (namely, CMB vector modes, low-£ axis alignment, galaxy-spin chirality, the SGWB
304 dipole, the low-¢ B-mode floor, and the weak-lensing curl), we now bring them together in a

s0s unified, Bayesian framework. Our aim is direct and transparent:

396 Derive a single, data-driven posterior for v using all six observables in a self-

397 consistent likelihood.

s Below we outline the six-step procedure that yields the joint constraint on ~, followed by

300 a focused interpretation of its cosmological implications.

©

400 Step 1 — Compile the Observational Inputs

w1 o CMB vector modes: Upper limit on w/H from Planck 2018 [1]

Low—{ axis: Quadrupole-octopole misalignment (WMAP9 [27| + Planck PR4 [32])

402

403 Galaxy-spin dipole: Handedness asymmetry in Stripe-82 |7] and Pan-STARRS DR1
404 8]

ws o SGWB dipole: Pulsar timing upper bound (NANOGrav 15yr) [34]

ws o CMB B-mode floor: Low—/ limit from Planck PR4 polarization [42]

Weak-lensing curl: 95% CL bounds from DES-Y3 [47], KiDS-1000 [48], and HSC-Y1
[49]

407

4

o
®

409 Step 2 — Define the Model Parameter

2
K0

= —, with prior 0 <~ <400.
Hj

a0 No additional free parameters enter the likelihood, ensuring maximal parsimony.
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a11 Step 3 — Construct the Likelihood

4

jurt

2 (i) Include Gaussian likelihoods for the two two-sided measurements (axis angle and spin

dipole).

4

jurd
w

4

s

+ (i) Model each one-sided upper limit with a %erfc cut—off, softened by a 20% fractional

a15 width to account for systematic uncertainties.

6 (iii) Adopt a flat prior 7(y) = ©(400 — ); the posterior is then P(v|data) o< L(7).

4

jurd

417 Step 4 — Compute the Posterior

ss  Evaluating on a fine grid (Ay = 0.5) yields the maximum-likelihood and credible intervals

a0 boxed in Eq. (23):

yur, = 140735 (68% credible), 110 < v < 205 (95% credible). (23)

Joint posterior for the torsion-damping paramete
0.0175} ===-ML= 140

0.0150

0.0125

0.0100

0.0075}

Posterior P(y|data)

0.0050}

0.0025

0.0000

50 100 150 200 250

Figure 7. Posterior probability density for 7. Shaded bands: 68% and 95% credible intervals. Dashed

line: maximume-likelihood value vy, = 140.
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420 Step 5 — Verify Consistency Across All Channels

21 At the best-fit value Yy, each of the six observables lies within its measured constraint
2 (see Table ?77). The global effective x%; = 2.3 for five degrees of freedom (p = 0.81) confirms

»3 an excellent joint fit with no tension.

24  Step 6 — Prepare for Forecasts

w5 The 68% credible window 118 < v < 175 now serves as the sole input for Section 6, where
26 We propagate it into concrete predictions for upcoming missions—LiteBIRD (CMB polarisa-

s tion), LSST (galaxy spins and lensing curl), and LISA/DECIGO (SGWB anisotropy)—and

w8 check consistency with nucleosynthesis and structure growth.

420 Conclusion: A Convergent, Predictive Alternative to Inflation
430 Unified Posterior with Zero Free Functions

a1 Six independent data sets—CMB vectors and alignment, galaxy spins, SGWB dipole,
a2 vector B-modes, and weak-lensing curl—converge on the same damping parameter. The

.33 joint Bayesian analysis pins it to
v =14073 (68% C.L.), 110 <~ <205 (95% C.L.),

s with x%z /v = 2.3/5 (p = 0.81). No extra parameters are required.

435 Closed-Form Gravity, No Fine-Tuning

s The fit arises directly from a closed-form solution of the Einstein—Cartan equations—no
37 additional fields, potentials, or hand-tuned functions. Spin—torsion dynamics alone links

w38 early- and late-time observables.

439 A Goldilocks Level of Damping

wmo  The preferred v value damps primordial vorticity by nine orders of magnitude before

s recombination [50], yet leaves residual signals in the SGWB dipole [34] and lensing curl [47].
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a2 This balance follows naturally from a spin-aligned Kerr progenitor.

443 Robust and Immediately Testable

sa  Variations in priors, likelihood softening, or redshift cuts shift v by less than 5

445 Final Verdict

us  Classical torsion has moved from theoretical curiosity to observational contender. Over
a7 the coming decade, its geometric fingerprint will either emerge across CMB, large-scale
s structure, and gravitational waves—or be ruled out. The CHAD mechanism has cleared its

ao first multi-messenger test; the decisive experiments are already on the calendar.
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50 6. FORECASTS & CONSISTENCY CHECKS

4

[

1 Building on our joint posterior 118 < v < 175 from Sec. 5, we now:

2 o Forecast the CHAD-predicted signals for upcoming experiments;

3 @ Assess their expected detection significance; and

¢ o Verify consistency with Big Bang nucleosynthesis (BBN) and linear-regime structure

455 gI‘OWth.

sss  These forecasts serve as decisive empirical tests of the CHAD mechanism, offering clean

a7 observational discriminants distinct from standard inflationary expectations.

o

458 6.1. LiteBIRD Forecast: CHAD B-Mode Floor

wo  Can LiteBIRD detect residual vector modes predicted by torsion-induced damping?

4

=)

o LiteBIRD’s unprecedented sensitivity to large-scale B-modes offers the first opportunity
w1 to detect the CHAD-predicted “floor” from residual vector modes. The key is whether the
62 exponential damping characterized by 7 leaves a measurable signal above instrumental noise.
463 Target Sensitivity

s LiteBIRD (a JAXA-led satellite targeting CMB polarization) aims for opp sc30 =~ 2 X

w05 1070 uK? [51], closely matching the predicted CHAD range.

466 Forecast Procedure
Step 1: Insert x(a) = yoa e @~V (Eq. 12) into CEB) ~ 1% v*(ayec) A% (£/10).
Step 2: Sample v uniformly from the joint posterior 118 < v < 175.

Step 3: Monte Carlo propagate these draws to compute the 68% credible interval for C25 .
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a0 Result & Significance

CPB = (8.1152) x 1070 uK?, (118 < v < 175). (24)

an This predicted range lies 4—8c above LiteBIRD’s noise floor. A non-detection at the level

472 Of

CBB < 5x 1070 uK?

a3 would place v > 250, inconsistent with the 95% posterior bound from Sec. 5.

Forecast CP2 ., vs. damping parameter y

257487
68% credible band
== LiteBIRD one-year noise target
201
¥ 15¢
2
8 1.0f
()
0.5F
0.9 1 1 1 1 1
00 120 140 160 180 200

Figure 8. Forecasted low-f B-mode power Cﬁgo. Green band: 68% credible interval (Eq. 24). Grey

shading: LiteBIRD’s one-year sensitivity opp <30

a2 6.2. LSST Forecast: Galaxy—Spin Chirality Dipole

as Can LSST confirm the predicted redshift-dependent asymmetry in galaxy spin handedness?
st The CHAD mechanism predicts a residual handedness asymmetry in spiral galaxies across
a7 redshift. LSST’s deep, wide-area survey will reduce statistical error to the few-per-thousand

a8 level, enabling a stringent test.

479 Survey Parameters

0 LSST (the Legacy Survey of Space and Time at the Vera Rubin Observatory) will observe

w1 ~ 107 spiral galaxies to z < 0.6, with per-bin shot noise o4 ~ 3 x 1072 in Az = 0.1 slices
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482 [52] .

a3 Forecast Procedure
Step 1: Compute the CHAD dipole A(z) = Ag(1 + 2)? e 71+ 7D with Ay = 0.020 4 0.004.
Step 2: Sample v from 118 < v < 175.

Step 3: For each Az = 0.1 bin, calculate SNR; = A(z;)/04(2).

Step 4: Aggregate: SNRrsst = 4/, SNR;.

s Result & Significance

SNRigst = 11.3732, = robust detection across redshift bins. (25)

89 Should LSST find A(z) < 0.003 in any redshift bin, it would require v > 250, contradicting

a0 our empirical constraints.

Forecast of Galaxy-Spin Chirality Dipole for LSST

led5
1.75¢
68% CHAD band
1.50 ¢ LSST shot-noise
N
< 1.25}
[J]
©
2 100t
s
€ 0.75}
©
< 050
o
O 0.25
0.00[ o . . . ¢ .
0.1 0.2 0.3 0.4 0.5 0.6

Redshift z

Figure 9. Forecast LSST galaxy-spin dipole A(z). Green: CHAD 68% credible band (118 < v < 175).

Error bars: expected shot-noise o 4(z) from ~ 107 spiral galaxies across Az = 0.1 bins.

35



o1 6.3. LISA/DECIGO Forecast: SGWB Dipole

w2 Can space-based interferometers detect the anisotropy predicted by residual torsion in the

493 SGWBQ

sa  LISA and DECIGO aim to probe the dipole of the stochastic gravitational-wave background
105 (SGWB) at mHz frequencies, where CHAD predicts maximal residual anisotropy.

496 Target Sensitivity

s These experiments are expected to reach op,/p, ~ 3 x 107* at f ~ 3mHz [38)].

498 Forecast Procedure

Step 1: Use P1/Py(f) = 2x0 a;36_7(a?‘_1) (Eq. 16), with xo = wo/Hy =~ 1073,
Step 2: Map f — a; via horizon reentry, a; = (Hy/f)"/?2.
Step 3: Sample v from 118 < v < 175.

Step 4: Compute SNR = (P/F%)/op.

s3  Result & Significance

2
F;(s mHz) = (3.4713) x 1073, SNRpga = 5.67%L. (26)

s A non-detection below P;/Py < 1073 would require v > 230, exceeding the posterior

505 range.
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Forecast SGWB Dipole vs Frequency

CHAD prediction (y=140)
LISA/DECIGO sensitivity

Dipole fraction P1/Pg
= =
< <

=
9
IS

=
3
[

1073 102
Frequency (Hz)

=
2
IS

Figure 10. Forecast SGWB dipole P; /Py vs. frequency. Gold band: CHAD 68% credible interval.
Dashed: forecast LISA/DECIGO sensitivity.

s6  6.4. Consistency with BBN & Linear Structure Growth

sv- BBN constraints. The torsion-induced energy density scales as a~¢ and is negligible by
ss T ~MeV, shifting the helium fraction by AY, < 1073, well within current observational
s00 limits [21].

s.0 Linear growth. Residual vector modes contribute < 1% to the matter power spectrum,

su leaving og unchanged at the percent level, consistent with constraints from DES [53] and

a2 KiDS [54].

513 Summary

su All three forecasts predict high-significance detections if CHAD is correct, while existing
s15 constraints from nucleosynthesis and large-scale structure introduce no additional tension.
s16 Together, these tests frame CHAD as a fully predictive, empirically grounded alternative to

s1i7 inflation—ready to be confirmed or ruled out within the coming decade.
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si8 7. DISCUSSION: CONTEXT, TESTS, AND THEORETICAL FRONTIERS

si9. In this closing section, we place the CHAD mechanism within the wider cosmological
s20 landscape, compare it head-to-head with other non-inflationary bounces, and chart a clear,
sz1 decade-scale programme of tests and theoretical developments that will definitively confirm

s22 or falsify spin—torsion cosmology.

523 7.1. A Single Parameter Solving Horizon, Flatness, and Isotropy

s With the torsion-damping coefficient v now tightly constrained by data, CHAD delivers a

ss unified, one-parameter resolution of three classic cosmological puzzles:

s 1) Horizon problem: The spin-torsion bounce replaces the initial singularity with a
527 finite minimum scale factor, restoring causal contact across the observable Universe

[15].

5!

]
@

s0  2) Flatness problem: Including torsion in the Raychaudhuri equation yields
Q(a)] < a®e @D « 107 (v 2100, a S 107%),
530 driving € to negligible levels by recombination.

sn  3) Isotropy problem: Torsional damping, w/H a_3e”(“2_1), reduces primordial
532 vorticity to w/H < 1072 before photon decoupling (Sec. 3), matching CMB isotropy

533 without inflation.

s Bach outcome follows directly from the analytic CHAD attractor—no extra fields or

s35 fine-tuning required.

536 7.2. Position Among Alternative Bounce Models
s CHAD shares the goal of smoothing and flattening the Universe pre-bounce, but stands

s3s out through its classical, analytic simplicity:

50 Ekpyrotic/Cyclic models use contracting scalar fields with steep potentials to smooth
so0  and flatten before a bounce [55]. CHAD achieves the same with spin—torsion in classical

541 gravity.
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e Loop Quantum Cosmology (LQC) invokes quantum discreteness at Planck densities

[56]. CHAD remains below the Planck scale, using torsion as a built-in UV regulator.

e String Gas Cosmology relies on a Hagedorn phase to generate perturbations and
bounce dynamics [? |. CHAD naturally yields near scale-invariant perturbations via

shear—vorticity coupling (work in progress).

With only one measured parameter and six independent data channels, CHAD offers

unmatched predictive control.

7.3. Falsifiability Roadmap: Decade-Scale Tests

CHAD'’s single-parameter nature makes it uniquely falsifiable on a clear schedule:

e LiteBIRD (2-3 years): Will probe the low-¢ B-mode floor to opp <30 >~ 2 x 107¢ uK2.
A null result at this level excludes v < 175, thus ruling out CHAD.

e LSST (5 years): Will observe ~ 107 spiral galaxies to z < 0.6, reducing shot noise to
o4 S 3x 1073, A non-detection A < 0.003 in any bin forces v > 250, in conflict with

current bounds.

e LISA/DECIGO (7-10 years): Will measure the SGWB dipole down to op,/p, ~
3x 107 A null P;/Py < 1072 excludes the entire CHAD window.

This staged programme guarantees a decisive verdict on spin—torsion isotropization within

one decade.

7.4. Outstanding Theoretical Challenges
To deepen the model’s foundations, we must:

1) Nonlinear perturbations: Extend CHAD to second order to predict potential

non-Gaussian imprints from spin—torsion couplings.

2) Baryogenesis link: Investigate whether the spin-polarization parameter £ can source

CP violation and the observed matter-antimatter asymmetry.
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66 3) INumerical relativity: Perform full 3D Einstein—Cartan simulations of anisotropic

567 collapse and bounce to validate the homogeneous analytic attractor.

sss Lhese efforts will solidify CHAD’s microphysical underpinnings and connect it to high-

se0 energy phenomena.

Iy

so 7.5. Robustness to Inference Choices
sn We confirm that our joint posterior for v = 140735 (68% C.L.) is stable under:

s» @ Variation of upper-limit softening (§ = 0.15-0.25): shifts < 5%.

s o Prior changes (Jeffreys vs. flat): shifts peak by < 1 unit.

5

J

5

J

+ o Dataset restriction (z < 0.3 for spin data): overall posterior unchanged at < 5%.

sts These checks verify that our inference is data-driven, not artifact-driven.

si6 7.6. Concluding Remark

sz Classical spin and torsion now offer a fully predictive, empirically anchored alternative to
sz inflation—solving the horizon, flatness, and isotropy problems with one measured parameter
s79 and six independent tests. Whether future observations confirm or falsify CHAD, this work
ss0 establishes that geometric degrees of freedom in gravity demand observational scrutiny at

ss1 cosmological scales.
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