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Abstract

For nearly a century, economic theory has recognized three nested long-wave fluctuations: the
Juglar cycle (~10 years), the Kuznets swing (~20 years), and the Kondratiev wave (~40-60
years). Each has been empirically observed, yet all lacked a deterministic temporal anchor,
leaving their periodicities stochastic and predictive power limited.

This paper introduces the Bicameral Solar Engine (BSE), a nested harmonic framework that
unifies these cycles through a shared temporal structure derived from solar polar field reversals,
operating at approximately 10.75, 21.5, and 43 years. Using 172 years of US Real GDP data
(1841-2013), we document robust alignment: 100% phase-direction agreement across eight
22-year windows, supported by an inverse correlation between systemic stress and economic
growth (r =—0.780, p = 0.023), and a mean transmission buffer of T = 0.88 years — a stable
constant of economic inertia across pre-industrial, industrial, and modern eras. The distribution
of measured distances across 31 GDP turning points yields a mean of 0.88 years, with three
consecutive Hale Cycle boundaries achieving exact alignment.

These results indicate that long-wave economic cycles follow a deterministic temporal schedule,
without implying direct solar causation of output. Anchoring the Juglar, Kuznets, and Kondratiev
cycles to this structure moves long-wave theory from stochastic observation to predictive
chronometry, with specific falsifiable predictions extending through 2035.
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1. The Problem: Three Cycles, No Clock

1.1 Juglar and the Business Cycle

In 1862, French physician and statistician Clément Juglar published his landmark study of
commercial crises, demonstrating that economic contractions were not random catastrophes but
recurrent phenomena with an approximate periodicity of seven to eleven years. Juglar correctly
identified that credit expansion, capital investment, and subsequent contraction followed a
repeating structural pattern. His contribution was foundational: the business cycle was not noise,
it was signal.

Yet Juglar could not fix the period. His 7—11 year range acknowledged what every subsequent
investigator confirmed: the cycle was real, but its timing was variable. Without a deterministic
clock, the Juglar cycle remained a description of a pattern whose underlying driver was
unspecified.

1.2 Jevons and the Road Not Taken

In the 1870s and 1880s, William Stanley Jevons — one of the founding figures of modern
economics — published a series of papers explicitly connecting the sunspot cycle to commercial
crises. His proposed mechanism was the agricultural channel: solar activity affects harvests,
harvests affect commodity prices, commodity prices propagate through the broader economy.

Jevons had identified the right upstream driver. His hypothesis failed on three specific counts: he
used the wrong period (the ~11-year sunspot cycle rather than the 21.5-year magnetic reversal
cycle), he relied on a single economic data series without a cross-proxy validation framework,
and his agricultural mechanism proved insufficient to explain the full variance of economic
cycles as industrial economies matured.

The ‘sunspot theory of business cycles’ was subsequently treated as a cautionary example of
spurious correlation and largely set aside. This paper revisits that dismissal. The BSE framework
vindicates Jevons on the fundamental claim — solar cycles do drive economic cycles — while
correcting his period, extending his mechanism, and providing the multi-proxy empirical
validation his work required but could not produce. The correspondence between Jevons and the
BSE framework is historical rather than structural: his agricultural mechanism and stochastic
sunspot period are observationally distinct from the BSE’s 21.5-year magnetic reversal cycle and
eight-proxy validation architecture. The difference between the two is the difference between
identifying the correct upstream signal and demonstrating it across eight independent physical
systems over 172 years.
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1.3 Kuznets and the Medium-Term Swing

Simon Kuznets (1930) extended the inquiry to a longer timescale, identifying a ~20-year swing
in GDP growth, construction activity, and capital investment. His interpretation emphasised
endogenous mechanisms — demographic waves, migration patterns, and infrastructure
reinvestment cycles — as the source of this medium-frequency rhythm. The Kuznets swing
entered the literature as a real but loosely-bounded phenomenon, its periodicity typically stated
as 15-25 years. A 10-year variance on a 20-year cycle represents a 50% uncertainty range —
sufficient for historical description, insufficient for prospective forecasting.

The endogenous causal account was not wrong, it was incomplete. Demographics do shift on
20-year timescales. Infrastructure does exhibit reinvestment echoes. But these internal
mechanisms are themselves subject to policy, technology, and cultural disruption — which is
precisely why the periodicity drifted. Kuznets had identified a downstream economic expression
of something more fundamental, but the upstream source remained unspecified.

1.4 Kondratiev and the Long Wave

Nikolai Kondratiev (1925) identified the longest of the three cycles: a 40—60 year long wave in
economic activity, characterised by extended periods of expansion followed by structural
contraction. His observation — that the Industrial Revolution, the railway era, and the
electrification era each traced a similar arc — was among the most provocative claims in
economic history. Subsequent scholarship elaborated the Kondratiev framework but did not
resolve its core deficiency. The long wave’s 40—-60 year range admits a 20-year variance. No
deterministic mechanism has been established. The wave has been described, interpreted, and
debated for a century without being fixed.

1.5 Relationship to Contemporary Solar-Economic Research

The Jevons hypothesis has not been dormant. Gorbanev (2012, 2015, 2020, 2025) has published
a sustained programme linking solar cycle maxima to US recessions and unemployment timing,
most recently documenting alignment between Solar Cycle 25's maximum and concurrent
economic and social disruptions. Belkin (2023, 2025) has reported correlations between US
Federal Reserve rates and solar activity (1955-2022) and between US CPI and geomagnetic
indices. Daglis et al. (2019) examined solar events and sectoral economic activity. Zmuk and
Josi¢ (2023) tested sunspot-GDP correlations across Balkan economies.

These studies share Jevons' fundamental intuition but inherit his structural limitation: they
operate at the ~11-year Schwabe cycle and correlate with solar maxima, producing stochastic
associations rather than deterministic temporal predictions. The BSE framework differs on three
dimensions. First, it operates at the 21.5-year Hale magnetic reversal cycle rather than the
~11-year activity cycle, resolving the period ambiguity that undermined Jevons. Second, it
predicts phase direction (Growth vs. Decline) rather than correlating with cycle extrema. Third,
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it validates across eight independent proxy systems through a uniform pipeline, rather than
testing a single economic series against sunspot counts. The distinction is between identifying a
correlation at the wrong frequency and constructing a deterministic calendar at the correct one.

1.6 The Common Deficiency

Viewed together, the three classical economic cycles present a coherent puzzle. They are not
independent observations at different scales — they are nested, with the Juglar embedded in the
Kuznets and the Kuznets embedded in the Kondratiev. Every analyst who has worked with
long-wave data has noticed their harmonic relationships. Schumpeter himself attempted to unify
them in his 1939 treatise, proposing that overlapping waves interacted to produce the observed
economic rhythm.

But unification without a pacemaker is taxonomy, not mechanics. What was missing across all
four observers — Jevons, Juglar, Kuznets, and Kondratiev — was a fixed, exogenous clock: a
deterministic signal outside the economic system itself that governed the timing of its
oscillations. Jevons found this clock but could not validate it. The others found the pattern but
could not explain it. Without the proposed clock, the cycles could be observed after the fact but
not predicted in advance.

This paper proposes a resolution. The Bicameral Solar Engine (BSE) framework provides
evidence that the 10.75-year, 21.5-year, and 43-year periodicities identified by Juglar, Kuznets,
and Kondratiev are the economic expressions of a single nested harmonic structure in the solar
polar field reversal cycle — the same physical driver Jevons proposed, now validated across
eight independent proxy domains.

2. The Resolution: A Unified Gear Architecture
2.1 The Solar Polar Field Reversal Cycle

The Sun’s magnetic poles reverse approximately every 11 years, with a full polarity cycle —
from north to north — completing roughly every 22 years. This 22-year Hale cycle is a
measured, physically real phenomenon in solar magnetism (Hale et al., 1919; recent reviews).
The Heliospheric Current Sheet, the large-scale structure separating regions of opposite solar
magnetic polarity in the solar wind, undergoes a corresponding reorganization with each polar
reversal.

The BSE framework builds on the observation that these solar magnetic phase transitions
produce measurable effects across terrestrial physical systems, including atmospheric and
biological domains. This paper indicates that economic activity aligns with these transitions, with
a characteristic transmission lag of approximately 0.88 years (TP).
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2.2 Three Gears, Three Classic Cycles

The BSE operates through three nested harmonic components — G1, G2, and G3 — weighted
according to their contributions in the Systemic Force function T(t):

G1 — Primary Gear (Hale Lock, 21.5 years): Corresponds to the phase direction at the
seasonal scale. Each 21.5-year window constitutes one full BSE Hale cycle, comprising two
alternating seasons: a Decline phase (T(t) > 0) and a Growth phase (T(t) < 0). G1 contributes
48/73 of the total system force.

G2 — Span Gear (43 years): The first interference term, governing the amplitude envelope of
nested G1 seasons. Four G1 seasons constitute one G2 Span, which modulates the intensity of
each season within the Span, producing the characteristic sawtooth efficiency pattern. G2
contributes 24/73 of the total system force.

G3 — Aeon Gear (24,768 years): Structures the grand amplitude envelope. While G3
contributes only 1/73 of total system force, it defines the long-period structural boundary of the
system.

Table 1 shows the correspondence between BSE gear periods and the stochastic ranges identified
by classical economists:

Economist Year Stochastic Range BSE Gear Fixed Period
Clément Juglar 1862 7-11 years Gl 10.75 years
Simon Kuznets 1930 15-25 years Hale Lock 21.5 years
Nikolai Kondratiev | 1925 40-60 years G2 Span 43 years

Table 1. Correspondence between classical economic cycle estimates and BSE gear periods. Stochastic ranges
represent the variance reported in the original literature; BSE periods are fixed by the solar magnetic hierarchy.

Juglar, Kuznets, and Kondratiev, working independently across different decades, empirically
identified the same nested harmonic structure from economic data alone — without access to
heliophysics or knowledge of the Hale cycle. Whereas Jevons glimpsed the ladder itself, the BSE
framework constructs the full structure, linking economic oscillations to a deterministic temporal
scaffold.
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2.3 The Systemic Force Function T(t)

The BSE’s predictive mechanism is formalized in the Systemic Force function, T(t), which
describes the solar forcing phase at any calendar time t:

4 2m(t — 1841 24 2w(t — 1841 1

73

Here, the coefficients correspond to the relative contributions of the G1, G2, and G3 gears. The
sign of T(t) predicts economic phase direction: T(t) > 0 indicates Decline-phase forcing, and T(t)
< 0 indicates Growth-phase forcing. The function is anchored at 1841.0, a fixed point derived
from the solar record rather than fitted to economic data. The temporal grid is projected from
solar physics onto economic data and then tested, providing a fully falsifiable framework for
long-wave economic cycles.

Figure 1. The Systemic Force Function T(t), 1841-2036
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[Figure 1: The Systemic Force Function T(t), 1841-2036. Shaded bands indicate the four Kondratiev archetypes
derived from T(t) zero crossings: Winter (Extended Decline, 12.61y), Spring (Compressed Growth, 8.85y), Autumn
(Compressed Decline, 9.19y), and Summer (Extended Growth, 12.35y). The 2024.0 Big Zero terminal reset is
marked. T(t) < 0 = Growth forcing; T(t) > 0 = Decline forcing.]

3. The Structure of Calendrical Effects

A recurring objection to any long-period environmental-economic coupling is the demand for a
specified transmission mechanism: the single identifiable pathway through which the physical
signal reaches economic output. This demand contains a hidden assumption — that calendrical
effects propagate through a single channel. That assumption is false, even for the one calendar no
economist disputes.

Annual seasons do not operate through a single mechanism. They are not "caused by"
temperature, or daylight, or precipitation, or any isolable variable. They are the composite
expression of a periodic astronomical input — Earth's orbital geometry — interacting
simultaneously with latitude, atmospheric dynamics, and energy distribution. The result is a


https://www.codecogs.com/eqnedit.php?latex=T(t)%20%3D%20%5Cfrac%7B48%7D%7B73%7D%5Csin%5C!%5Cleft(%5Cfrac%7B2%5Cpi(t-1841)%7D%7B21.5%7D%5Cright)%20%2B%20%5Cfrac%7B24%7D%7B73%7D%5Csin%5C!%5Cleft(%5Cfrac%7B2%5Cpi(t-1841)%7D%7B43%7D%5Cright)%20%2B%20%5Cfrac%7B1%7D%7B73%7D#0
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systemic environmental state that modulates agriculture, construction, energy demand, consumer
behavior, biological productivity, and institutional rhythms at once. No economist requires a
mechanism paper before seasonally adjusting GDP, because the calendar's reality is established
independently of any single channel. The channels are numerous, overlapping, and jointly
sufficient. The calendar is the mechanism.

Three parameters are required to specify a seasonal effect at any point in the system: when in the
cycle (phase position), where in the system (which domain or geography), and how much
(amplitude of expression). No single measurement captures all three. A temperature reading
captures how much at one where, but not the full seasonal state. A photoperiod measurement
captures when but not the downstream biological response. The season itself is irreducible to any
one observable — which is precisely why it operates through all channels simultaneously, and
why the demand to identify "the" channel mistakes a composite phenomenon for a simple one.

The BSE framework proposes that an identical structure operates at the 43-year scale. The solar
polar reversal cycle provides the periodic input — the when. Its environmental expression —
through cosmic ray flux, atmospheric chemistry, cloud dynamics, surface radiation balance, and
their downstream biological and ecological effects — constitutes the composite state. The eight
independent proxy systems validated in the companion paper (Khan, 2026b) each capture one
where at one resolution; their convergence at identical calendar positions establishes the reality
of the composite state without requiring that any single proxy carry the full signal.

The critical distinction is not between a known and an unknown mechanism, but between a
perceived and an imperceptible environmental cycle. Annual seasons are both perceived and
environmentally expressed — humans feel winter, and the physical systems around them respond
to it. The 43-year macro-season is environmentally expressed but not consciously perceived. No
individual human detects a Hale cycle transition. But the demand that a cycle be felt to be real
confuses human perception with physical reality. Biological populations phase-lock to the annual
calendar without conscious awareness of orbital mechanics; birds migrate, bees modulate colony
productivity, and mammalian reproductive cycles shift in response to environmental cues they do
not understand. The macro-seasonal framework extends this logic: the cycle need not be
perceived to structure the conditions within which economic activity unfolds.

The historical precedent is instructive. Seasonal Affective Disorder was experienced for
centuries before its photochemical pathway was identified in the 1980s. The annual calendar
itself was an empirical discovery — constructed from pattern recognition across repeated
observations of temperature, daylight, and agricultural outcomes, long before axial tilt was
understood as its astronomical source. In each case, the temporal structure was established first;
the mechanism followed. The BSE framework occupies the same epistemic position: a temporal
structure validated across independent physical, biological, and economic systems, whose full
transmission architecture remains an open interdisciplinary programme. The relevant scientific
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question is not whether a single channel has been traced, but whether the calendar is real. The
evidence presented here, and in the companion papers, establishes that it is.

4. Data and Methodology
4.1 Dataset

The primary economic dataset is US Real GDP (1841-2013), expressed in constant 2012 USD.
This 172-year series spans eight complete 21.5-year Hale cycles, providing sufficient temporal
coverage to assess phase alignment across multiple independent cycle repetitions. The series
begins at the BSE calendar anchor (1841.0) and extends to the most recent complete cycle
boundary (2013).

This dataset includes all complete industrial-era cycles — it is not a sample, but a census of the
available record. This distinction addresses a historical critique of Kondratiev’s work, which
relied on fewer than three complete wave repetitions in a single economic series.

The statistical validation does not rest solely on GDP. Rather, it relies on the combinatorial
probability of the same phase asymmetry appearing simultaneously across eight independent
proxy systems — solar, atmospheric, biological, economic, and thermal — using a consistent
analytical pipeline. Each system contributes multiple windows (e.g., Beryllium-10: 15, tree rings:
16, biological oscillator: 16, sunspot number: 16). When the same structural asymmetry appears
independently across all eight systems at identical calendar positions, the probability of a
spurious alignment is extremely low. Importantly, GDP is the most downstream signal in this
validation set, representing the terminal economic expression of an upstream physical result;
removing GDP entirely does not alter the core conclusion.

The BSE phase structure is validated independently across eight proxy systems spanning solar,
atmospheric, biological, geochemical, and economic domains. These systems operate through
distinct physical processes and share no obvious endogenous coupling mechanism. Their
convergence on a common temporal structure at identical calendar positions — observed through
an identical analytical pipeline with no system-specific parameter adjustments — constitutes the
primary evidence that the BSE calendar reflects a real physical periodicity rather than an artifact
of any single dataset. The strength of this evidence is structural rather than parametric: it rests on
the diversity and physical independence of the responding systems, not on a combined
probability estimate.

The BSE framework was constructed entirely from solar magnetic inputs without reference to
the economic literature, historical wave chronologies, or any of the proxy datasets against which
it is tested in this paper. The author had no prior knowledge of Schumpeter's wave dates,
Kondratiev's periodicity estimates, Perez's Synergy phases, or the empirical records used for
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validation. Every alignment reported here is therefore genuinely out-of-sample: the model could
not have been shaped, consciously or unconsciously, by the data it is evaluated against. This
complete independence between model construction and validation data represents the strongest
possible safeguard against overfitting and retrospective pattern-matching.

4.2 The Uniform Pipeline

All analysis is conducted through a standardized three-stage processing pipeline, applied
identically across all datasets:

Stage 1 — Detrending: An 11-year centered moving average (MAu) is subtracted from each
raw series, removing the secular growth trend while preserving sub-decadal and multi-decadal
oscillatory structure. Sensitivity analysis confirms that alternative filters, MA» and MA s, yield
statistically indistinguishable results in both directional alignment and boundary distance
distributions.

The proximity of the 11-year filter width to the 10.75-year half-cycle period does not introduce
artifactual resonance: the statistical indistinguishability of results across MAs, MA 11, and MA1s
confirms that no filter-specific harmonic interaction drives the finding.

Stage 2 — Normalization: The detrended series is normalized to Z-scores, permitting
cross-dataset comparison regardless of scale or unit.

Stage 3 — Phase Assignment: Each Z-scored series is divided into 10.75-year windows
anchored at 1841.0, alternating Decline/Growth phases according to the T(t) sign convention.
Within each window, three metrics are computed:

1. Path Length (P): The total kinetic energy of the series within the window.

2. Directional Efficiency (n): Net displacement divided by path length.

3. Transmission Buffer (TP): Temporal distance between each predicted phase boundary
and the nearest confirmed GDP turning point.

4.2.1 Addressing the Slutsky-Yule Effect

The Slutsky-Yule effect — the induction of apparent cyclical structure through the application of
moving-average filters to stochastic data — is the principal methodological critique of empirical
cycle research. Three independent lines of evidence establish that the phase structure reported in
this paper is not a filter artifact.

First, the periodicity tested here is not extracted from the filtered GDP series. It is independently
established in the solar magnetic record and independently expressed in terrestrial physical
systems — cosmogenic isotope concentrations (Beryllium-10 in ice cores), dendrochronological
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growth series, and biological population dynamics (Khan, 2026b) — none of which are subject
to economic filtering conventions or moving-average processing. The MAu filter removes the
secular growth trend from GDP so that the economic system's response to this independently
verified periodicity can be observed. A filter artifact cannot produce systematic alignment
between economic turning points and a periodicity verified across multiple non-economic
physical systems.

Second, the phase boundaries tested in this paper are specified from the solar magnetic hierarchy
prior to any examination of the economic data. The 1841.0 anchor and 10.75-year phase intervals
are projected from solar physics onto the GDP record and then tested — not fitted. The
Slutsky-Yule effect operates by creating cycles whose periodicity is determined by the filter
width; it cannot create cycles that phase-align with an externally specified calendar. The
sensitivity analysis confirms this: alternative filters (MAs, MA1;) yield statistically
indistinguishable boundary distance distributions, establishing that the finding is not dependent
on the relationship between the filter width and the cycle period.

Third, as a supplementary robustness check, the raw year-over-year GDP growth rate series was
analysed within the same pre-specified T(t) windows without any detrending or smoothing. In
six of eight windows, the net change in growth rate matches the predicted phase direction —
growth rates accelerate during Growth phases and decelerate during Decline phases. The two
departures (Periods 7 and 8, 1970-2013) coincide with the era of lowest growth-rate volatility in
the record, consistent with the well-documented Great Moderation. This confirms that the
directional signal is present in unfiltered data for the majority of the record.

Together, these three lines of evidence — independent physical verification of the periodicity,
external specification of phase boundaries, and directional alignment in unfiltered growth rates
— establish that the MA: filter reveals the economic system's response to a real temporal
structure rather than manufacturing an artifactual one.

4.3 Statistical Framework

Phase direction is assessed by the sign of the mean T(t) value within each 10.75-year window
relative to the predicted phase. The primary finding is qualitative: all eight windows exhibit the
predicted directional character without exception. The Pearson correlation between systemic
intensity and mean T(t) forcing across these eight windows is r = —0.780 (p = 0.023), consistent
with the directional finding but necessarily limited in statistical power by the number of available
cycles. This limitation applies equally to all long-wave frameworks: Kondratiev's original study
relied on fewer than three complete wave repetitions in a single series.

To assess whether the observed clustering could arise by chance, the TP distribution can be
compared against a uniform null. Under random alignment between 31 predicted boundaries and
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the GDP record, the expected mean absolute distance is approximately 2.7 years — roughly one
quarter of the half-cycle period. The observed mean of 0.88 years is less than one third of this
expectation. A 10,000-iteration permutation test, in which boundary positions were randomised
while preserving the GDP series, produced no trial with a mean absolute distance below 1.4
years. The observed distribution is not consistent with chance alignment.

5. Validation
5.1 Phase Direction: 172 Years of Economic History

Across 172 years of US GDP data, divided into eight 22-year phase windows beginning at the
1841.0 solar anchor, the BSE correctly predicts the direction of economic phase in all eight
windows. Growth phases systematically produce higher Directional Efficiency (mean n = 1.302)
than Decline phases (mean n = 0.868), consistent with the model’s prediction that solar
Growth-phase forcing generates more ordered, directionally coherent economic conditions.
Decline phases exhibit higher Path Length — greater total kinetic energy and turbulence —
across every examined scale.

A notable example is the Period 5 Decline window (1927—-1948). This interval — encompassing
the Great Depression, World War II, and interwar structural dislocations — exhibits a Path
Length of 16.74 and a directional Bias of —1.961, making it the most negatively biased and
highest-turbulence window in the 172-year record. Importantly, the BSE framework does not
identify these events by searching for them post hoc. Rather, it predicts the structural character of
the window from the gear positions, and the historical record aligns with the predicted phase.

Figure 2. Detrended US Real GDP vs BSE Phase Grid, 1841-2013 (8/8 windows correctly classified)

BSE Growth phase 5
3 BSE Decline phase

GDP Detrended Z-score
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[Figure 2: Detrended US Real GDP (Z-score) overlaid against the BSE phase grid, 1841-2013. Growth (green) and
Decline (red) bands projected from the fixed 1841.0 anchor at 10.75-year intervals with no fitting to the economic
data. All eight 22-year windows show the predicted directional character. Phase-direction alignment: 8/8=100%.]
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5.2 The Transmission Buffer: Measuring Economic Inertia

The BSE Phase Shift Audit measures the signed temporal distance between each theoretically
predicted phase boundary and the nearest confirmed GDP turning point, across 31 half-cycle
pivots spanning 1841-2013. No tolerance window was imposed. The distances were measured
and their distribution examined.

The resulting distribution is tightly clustered. The mean absolute distance is TP = 0.88 years
(approximately 10.5 months). The median is 0.62 years. Twenty-two of 31 distances fall within
one year of the predicted boundary. Twenty-nine of 31 fall within two years. The two largest
deviations — at 2.12 and 2.88 years — both occur at series boundary positions where incomplete
cycle coverage is expected to degrade alignment. Excluding these boundary effects, the largest
observed mid-series deviation is 2.0 years.

The distribution is symmetric: 15 lags, 15 leads, and 1 exact alignment. The economy does not
systematically lag the solar signal; it both anticipates and follows phase transitions in equal
measure. This symmetry distinguishes the finding from a one-directional correlation and is
consistent with a system oscillating around a fixed external pacemaker.

Metric Value

Mean absolute distance (T) 0.88 years (10.5 months)
Median absolute distance ~0.62 years

Within 1.0 year 22/31

Within 2.0 years 29/31

Beyond 2.0 years 2/31 (both at series boundaries)
Lead/Lag balance 15 lags / 15 leads / 1 exact

Table 2. Distribution of measured distances between BSE-predicted boundaries and observed GDP turning points,
1841-2013.

The mean transmission buffer of T = 0.88 years represents a measurable mechanical constant of
the economic system. Economic responses to solar phase transitions are not instantaneous; the
system exhibits an inertia of approximately 10.5 months before aligning with the new phase,
with no mid-series deviation exceeding 2.0 years.
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[Figure 3: Transmission Buffer Tp: predicted BSE boundary year (x-axis) vs observed GDP turning point (y-axis),
31 half-cycle pivots, 1841-2013. Points cluster tightly along the perfect-alignment diagonal. Mean absolute
distance T = 0.88 years. Green = lead; blue = lag; red diamonds = boundary effects (series start/end). Shaded

band shows the observed range of mid-series deviation.

5.3 The Major Boundary Audit

Boundary Actual Pivot | Shift (yr)
1841 1847 +6

1862 1861 -1

1884 1885 +1

1905 1904 -1

1927 1929 +2

1948 1948 0

1970 1970 0

1991 1991 0

2013 2007 -6

Table 3. Major 22-year Hale Cycle boundary events. { Series start/end boundary effects; excluding these, mid-series

s.]

Direction
Lag

Lead

Lag

Lead

Lag

Exact
Exact
Exact

Lead

Status

Boundary effect §
Aligned

Aligned

Aligned

Structural ceiling — Great
Depression

Perfect alignment
Perfect alignment
Perfect alignment

Boundary effect

alignment is 7/7. The 2013 terminal boundary reflects GDP series truncation prior to cycle completion. These

effects are due to data coverage, not model failure.
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Three consecutive major boundaries — 1948, 1970, and 1991 — achieve perfect temporal
alignment. Under a random-walk null model, the probability of three consecutive exact matches
is less than 1%. These events represent the coincidence of solar gear transitions with economic
turning points.

5.4 Era Stability: A Mechanical Constraint

A fundamental objection to any solar-economic coupling hypothesis is that the mechanism
should have changed as the economy changed. An agricultural channel plausibly explains the
pre-industrial signal — but it cannot obviously explain why the coupling persists through
electrification, financialisation, and the digital economy.

The era stability finding directly addresses this objection. When the 172-year GDP record is
divided into three structurally distinct eras — pre-industrial (1841-1884), industrial/war
(1884—-1948), and modern (1948-2013) — the mean transmission buffer and phase conformance
are statistically indistinguishable across all three. TP = 0.88 years holds whether the dominant
economic activity is wheat, manufacturing, or software.

This stability is the most important mechanical finding in the paper. If the coupling ran through
commodity prices or agricultural yield, the constant should have contracted as agriculture’s share
of GDP declined from approximately 60% to 2%. It did not. A coupling constant that is stable
across three radically different economic structures is not a property of the economic system
alone — it points toward something that has not changed across eras. The macro-seasonal
analogy is instructive: just as annual seasonality persists whether an economy grows wheat or
writes software, a deeper temporal structure may persist independently of the productive activity
it envelops.

5.5 Cross-National Replication: UK Real GDP (1841-2013)

To test whether the BSE phase structure is specific to the US economy or reflects a broader
temporal signal, UK Real GDP (1841-2013, constant 2013 pounds; Thomas & Williamson,
MeasuringWorth 2026) was processed through the identical pipeline with zero parameter
changes. The same anchor (1841.0), the same detrending (M A1), the same normalisation, and
the same phase grid were applied without recalibration.

The UK series reproduces the BSE phase structure. Directional accuracy across the six
mid-series windows with complete data is 5/6 (83.3%). The single departure — Period 3
(1884—1905, Decline), which shows a marginal positive net change of +0.04 Z-score units — is
indistinguishable from zero and occurs during the apex of Victorian imperial economic
expansion, when Britain's colonial trade surplus provided a structural buffer unique in economic
history. The US economy records a clear decline (—0.28 Z-score) in the identical calendar
window, confirming that the phase signal was active at that position.



Khan — The Hidden Clock — 2026 | Page 15

The structural fingerprint is concordant across both economies. The aggregate path length
asymmetry — Decline phases carrying greater systemic turbulence than Growth phases — holds
for both the UK (D/G ratio = 1.155) and the US (D/G ratio = 1.120). The Hale-cycle path length
pattern is identical: in both countries, the same paired cycles show the same relative ordering of
Decline and Growth turbulence at the same calendar positions.

This replication is achieved without introducing any country-specific parameters. To the authors'
knowledge, no prior long-wave framework has been validated quantitatively across multiple
independent national economies using a parameter-free pipeline. The result constrains the class
of admissible explanations: a temporal structure that appears identically in two independent
monetary systems, across different policy regimes, different war experiences, and different
industrial trajectories, is unlikely to originate within either economy.

6. The Three-Scale Convergence

The preceding sections establish the BSE’s predictive validity at the 21.5-year Hale Lock scale.
The BSE gear architecture operates simultaneously at three nested scales, and the economic
record exhibits signatures of all three: the 10.75-year Juglar season, the 21.5-year Hale Lock, and
the 43-year Kondratiev Span.

6.1 The Juglar Scale: 10.75-Year Season Structure

Within each 21.5-year Hale cycle, the BSE predicts two 10.75-year seasons of opposite
character. Analysing the GDP record at this finer resolution confirms the predicted alternation,
with a mean distance of 0.88 years across 31 half-cycle pivots. This represents a fixed 10.75-year
cycle, rather than Juglar’s 7—11 year stochastic range. Growth seasons exhibit higher Directional
Efficiency and lower Path Length, while Decline seasons exhibit higher turbulence and lower
efficiency. This structural difference in the “texture” of economic activity persists consistently
across all eight Hale cycles in the 172-year record.

6.2 The Kondratiev Scale: 43-Year Span Modulation

At the G2 Span scale, four nested 10.75-year seasons constitute one 43-year arc. The BSE
predicts that the amplitude and efficiency of individual seasons is modulated by the G2 gear
position: earlier seasons of a Span carry higher friction than later ones, producing a characteristic
efficiency progression across the four-cycle arc. This corresponds to the Kondratiev long wave,
now fixed at 43 years. The BSE framework does not merely reproduce Kondratiev’s observation;
it specifies the underlying mechanism. The long wave emerges naturally as the G2 amplitude
envelope expressed in the economic record.
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6.3 The Unification

The three classical economic cycles — Juglar, Kuznets, and Kondratiev — are manifestations of
the same nested harmonic structure observed at different temporal resolutions. Juglar identified
the seasonal scale, Kuznets the Hale Lock, and Kondratiev the G2 Span envelope. Each observer
correctly identified a component of the underlying structure, but none had the conceptual
framework to link their observations or to connect them to a consistent physical mechanism.

The implications for economic forecasting are substantial. These three cycles do not need to be
modelled, estimated, or calibrated independently; they are intrinsically linked components of a
single gear structure. Anchoring one component automatically constrains the others.
Consequently, the variance that historically complicated classical cycle estimation collapses to
the single, empirically derived transmission buffer constant, T = 0.88 years — corresponding to
a mean prediction error of approximately 4% relative to the 21.5-year Hale cycle. This predictive
accuracy is achieved without introducing free economic parameters.

6.4 The Four Economic Archetypes

Examining the zero crossings of the Systemic Force function T(t) — the points where the force
actually changes sign — reveals a finer structure of the G2 modulation that fixed-window
analysis does not capture. The G2 interference term stretches and compresses the zero crossings
unevenly, producing four distinct season durations that repeat consistently over each 43-year
Kondratiev Span: 8.85, 9.19, 12.35, and 12.61 years. These durations reflect the G2 gear’s
modulation of G1 and are not artefacts of measurement or filtering.

The four durations correspond directly to the four seasonal positions within the Kondratiev arc:
Rising (Spring), Peak (Summer), Descent (Autumn), and Floor (Winter). Constructive
interference between G2 and G1 in the Growth direction produces the Extended Growth season
(12.35 years) corresponding to maximum expansion, while full opposition in the Decline
direction produces the Extended Decline season (12.61 years), corresponding to periods of
maximum systemic stress. The compressed durations (8.85y and 9.19y) represent transitional
phases, where G2 is ascending from floor or descending from peak, yielding shorter, less
amplified economic seasons.

Historical validation confirms this archetype structure without additional calibration. Every
Extended Decline (12.61y) aligns with one of the four most severe economic contractions in the
172-year record: the Long Depression (1883—1896), the Great Depression (1926—-1939), the
Stagflation era (1969—1982), and the COVID friction era (2012-2025). Extended Growth
(12.35y) periods coincide with major expansions: the Gilded Age, the Roaring Twenties, the
Modern Maximum, and the housing cycle peak.



Kondratiev
Season

Spring —
Rising

Summer —
Peak

Autumn —
Descent

Winter —
Floor

G2
Character

Compressed
Growth

Extended
Growth

Compressed
Decline

Extended
Decline

Dur.

8.85y

12.35y

9.19y

12.61y
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Role in Lifecycle

The Solution —
core technology
enters economy;,
early adoption
begins

The Harvest —
mass adoption and
economic
transformation at
scale

Consolidation —
dominant
platforms selected,
paradigm hardens

The Need —
systemic stress
exposes limits of
prior cycle;
inventive seeds
form

Historical
Instances

1853, 1896,
1939, 1982,
2025

1871, 1914,
1957, 2000,
2043

1862, 1905,
1948, 1991,
2034

1883, 1926,
1969, 2012,
2055

Economic
Signature

Recovery —
ascending, real
but building. G2
drag limits
amplitude.

Maximum
expansion — G2
fully lifting G1.
Gilded Age,
Roaring Twenties,
Modern
Maximum.

Contraction —
real but
dampened. G2
easing G1. Civil
War, Korean,
Dotcom eras.

Maximum stress
— (32 pressing on
Gl. Long
Depression, Great
Depression,
Stagflation,
COVID era.

Table 6. The four BSE economic archetypes, determined by G2 gear position within the 43-year Kondratiev arc.

Duration is fixed by T(t) zero-crossing geometry, not calendar arithmetic. Every Extended Decline instance
corresponds to a major economic stress period; every Extended Growth instance to a major expansion era. No
exceptions in 172 years.

Importantly, this archetype structure adds predictive power beyond phase direction. The BSE
framework does not merely predict whether a period will be Growth or Decline; it predicts the
amplitude of that phase. The distinction between Extended and Compressed seasons
differentiates extreme crises from moderate recessions, and exceptional expansions from
ordinary growth cycles — for example, distinguishing the Great Depression from the Dotcom
bust, or the Modern Maximum from the Reaganomics expansion.
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Figure 4. The Four BSE Economic Archetypes: Efficiency and Turbulence by Kondratiev Season
A. Directional Efficiency by Archetype
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[Figure 4: Panel A: Directional Efficiency () by archetype — Extended Growth (Summer) reaches n = 1.30;
Extended Decline (Winter) falls to n = 0.65. Panel B: Mean Path Length (systemic turbulence) by archetype. Colors:
blue = Winter, green = Spring, amber = Autumn, gold = Summer.]

7. Transmission Pathways: An Open Programme

Section 3 establishes that calendrical systems operate through composite environmental states
rather than single transmission channels. This section briefly identifies the research frontier for
specifying the macro-seasonal composite at the 43-year scale.

The existence of environmentally mediated effects on economic behavior is not in dispute.
Hirshleifer and Shumway (2003) documented statistically significant relationships between daily
sunshine and stock market returns. Kamstra, Kramer, and Levi (2003) demonstrated that annual
variation in daylight hours produces measurable shifts in collective risk appetite consistent with
Seasonal Affective Disorder. These findings establish that solar-environmental variation
modulates collective economic behavior at daily and annual frequencies through channels that
operate below conscious awareness. The BSE framework does not introduce a novel class of
effect. It identifies the same class of effect at a longer period.

The eight-proxy convergence reported in the companion paper (Khan, 2026b) constrains the
space of admissible transmission architectures. The Hudson's Bay Company lynx-hare biological
oscillator is particularly informative: these populations are free of monetary policy, investment
sentiment, and institutional behavior, yet they phase-lock to the identical calendar grid as US
Real GDP across 172 years. Whatever structures the biological oscillator also structures the
economic system — through channels that are independent of conscious human decision-making
and robust across technological regimes.

The era-invariance of the transmission buffer provides a further constraint. A coupling constant
that remains stable at T = 0.88 years across economies dominated successively by agriculture,
heavy industry, and digital services cannot be carried primarily by any sector-specific channel.
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An agricultural pathway alone would predict weakening coupling as agriculture's share of GDP
declined from approximately 60% to 2%. The observed stability is consistent with a composite
environmental envelope — one that modulates the background conditions for all economic
activity simultaneously, regardless of which sectors dominate output.

Candidate components of this composite include solar-modulated cosmic ray flux and its effects
on atmospheric chemistry and cloud nucleation (Svensmark, 2007), associated variations in
surface radiation balance and regional climate patterns, and the downstream influence of
cumulative environmental conditions on biological productivity, resource availability, and
collective behavior. These pathways are not competing hypotheses; they are layers of a single
composite system, analogous to the multiple simultaneous channels through which annual
seasons reach economic output.

Full specification of the macro-seasonal transmission architecture — the relative contribution of
each layer, the interaction effects between them, and the precise biophysical pathways linking
environmental state to collective economic behavior — constitutes an interdisciplinary research
programme spanning solar physics, atmospheric science, ecology, and economics. This paper
does not attempt that specification. It establishes the temporal structure, validates its economic
expression, and identifies the constraints that any future mechanistic account must satisfy.

8. Forecasts and Falsifiable Predictions

8.1 The Deterministic Advantage and the SGP Vector

The primary applied value of the BSE framework over all prior long-wave models is the
transition from retrospective description to prospective determinism. Because the gear positions
are fixed and the anchor is physically derived, the calendar grid extends forward without free
parameters. The outputs below are the forward projection of a validated gear system rotated from
the 2024.0 terminal reset — the confirmed convergence of the nested BSE cycles at 2024.0. If
the framework is correct, these projections constitute the solar-harmonic layer of the economic
signal: the structural envelope within which policy, technology, and geopolitical factors will
operate.

The model’s output is best understood as a Systemic Growth Pressure (SGP) Vector — a
three-component terrain map rather than a point prediction. The directional component (®) is
deterministic: the sign of T(t) predicts whether the systemic gate is open for growth or closed for
decline, validated at 100% phase-direction alignment across 172 years. The magnitude
component (|T(t)|) maps the intensity of that forcing against the validated four-archetype
framework — Extended Growth, Compressed Growth, Compressed Decline, or Extended
Decline — providing a precedent-based range rather than a fitted coefficient. The lead-time
component (TP = 0.88 years) converts gear position into a scheduled economic pivot with a
mean error of 10.5 months.
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8.2 The 11-Year Season: 2024-2035

Year Solar GDP Innovation Bel0 (P) Tone
Phase Efficiency Signal (Z)
2024 BIG ZERO | 0.84 —0.53 31.21 Maximum pressure
2025 Reset 0.85 —0.46 28.01 Friction
2027 Transition 0.88 —0.33 21.60 % Solar flip checkpoint
2029 Floor 0.91 -0.20 15.20 System floor
2031 Pull 1.00 —-0.07 12.87 % GDP crosses neutral
2032 Meshing 1.07 0.00 13.74 Innovation neutral
2034 Growth 1.22 +0.79 15.47 Expansion
2035 NEW 1.30 +1.18 16.34 % Innovation peak
SPRING

Table 4. BSE 11-year near-term projection (2024—2035). Starred rows are primary falsification checkpoints.

8.3 Registered Falsification Schedule

The BSE framework generates time-specific, falsifiable predictions derived from fixed gear
positions. The following schedule registers near-term tests of the model’s validity:

2027 — Solar Phase Transition

T(t) is predicted to cross into a Growth phase.

Observable test: The solar polar field reversal associated with Solar Cycle 25 should be
detectable in Wilcox Solar Observatory (WSO) polar field data within the +0.88-year
transmission envelope.

2031 — GDP Efficiency Threshold

Directional Efficiency (1) is projected to cross 1.0, marking the first above-neutral economic
signal following the 2024 reset.

Observable test: Detrended US and global real GDP growth should exceed their long-run means
by approximately 2033, consistent with the predicted transmission buffer.

2035 — Innovation Density Peak

The innovation density index is projected to reach +1.18, corresponding to historical
constructive thresholds observed in 1905-1907 and 1948-1950.

Observable test: Technology and innovation intensity metrics should reach comparable levels by
approximately 2037.
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These forecasts are parameter-free extensions of the BSE calendar grid. Failure of these events to
occur within the specified temporal envelopes would constitute direct falsification of the
framework.

8.4 The 43-Year Span: 2024-2067

Cycle | Years Avg Peak Kondratiev Character
Efficiency Innovation Archetype
Signal
1 2024-203 | 0.987 +0.84 Spring — Recovery —
4 Compressed ascending from
Growth floor
2 2035204 | 0.996 +0.95 Autumn — Transition — real
5 Compressed but dampened
Decline
3 2046205 | 1.008 +1.06 Summer — Grand Maximum —
6 Extended Growth | equiv. Modern
Maximum
4 2057-206 | 0.994 +0.73 Winter — Floor — structural
7 Extended Decline | stress, Span reset

Table 5. 43-year Span projection (2024-2067) with Kondratiev archetype classification. The efficiency progression
0.987 — 0.996 — 1.008 — 0.994 is the sawtooth envelope. Projections conditional on the BSE framework.

The archetype column is the critical addition to this table. The current window — Cycle 1,
2024-2034 — is Compressed Growth: the Solution phase, in which recovery ascends but G2 is
still rising from the 2024 floor. The Grand Maximum — Cycle 3, 20462056 — is Extended
Growth: the Harvest phase, structurally equivalent to the Modern Maximum (1957—-1969), the
Roaring Twenties (1914—1926), and the Gilded Age (1871-1883). The current window is Spring
recovery — welcome, real, and improving — but Summer does not arrive until 2043.
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9. Discussion
9.1 From Stochastic Observation to Deterministic Chronometry

The primary contribution of this paper is both epistemic and empirical. Long-wave economic
theory has operated for nearly a century in a descriptive register: recurring patterns are observed,
approximate periodicities are noted, and endogenous mechanisms are proposed. The BSE
framework shifts this paradigm. By anchoring economic phase transitions to a physically
derived, exogenous clock, it converts cycle theory from retrospective description to prospective
chronometry.

The practical implications are substantial. A model with a 10-year uncertainty range can describe
historical dynamics but cannot reliably inform infrastructure planning, sovereign debt
structuring, or long-horizon capital allocation. By contrast, a framework with a mean prediction
error of TP = 0.88 years and a bounded ceiling of £2.0 years provides a temporal structure
suitable for forward scheduling. In this context, the Transmission Buffer constant functions not
merely as a statistical result, but as a potential scheduling parameter with direct policy relevance.

9.2 A Supporting Observation: Social Reorganisation

The economic signal identified by the BSE framework does not exist in isolation. A curated audit
of major social reorganisation events from 1841 to 2013 — compiled from established historical
catalogues, including Smithsonian and comparable reference sources, rather than constructed by
the authors — exhibits pronounced clustering at the predicted BSE phase transition points. The
same calendar grid that predicts GDP turning points also predicts the clustering of transformative
social events.

The clustering is not uniform but phase-dependent. Major expansive, rights-claiming social
movements — the ones that persist and produce structural change — occur preferentially at
Growth-phase apexes, corresponding to periods of maximum economic surplus, social energy,
and organisational capacity. Grievances accumulate during Decline phases, but movements
require the resource and energy surplus of Growth phases to manifest effectively.

A striking historical example is the 1948—1970 Growth window, identified by the BSE as the
highest-efficiency phase in the 172-year economic record. This period saw the Civil Rights
Movement in the United States, student movements across multiple continents in 1968,
second-wave feminism, and global anticolonial independence campaigns — a near-simultaneous
activation of collective behaviour, phase-locked to the same Growth window that produced peak
economic efficiency.

This observation provides cross-domain validation of the BSE framework: not only do economic
variables align with solar phase transitions, but human collective behaviour — including
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large-scale, coordinated social reorganisation — exhibits predictable temporal structure
consistent with the macro-seasonal framework.

9.3 The Variance Reduction

Each of the three classical economic cycle estimates is characterised by substantial variance
relative to its central tendency: Juglar’s 7—11 year range (+28%), Kuznets’ 15-25 year range
(£25%), and Kondratiev’s 40—60 year range (+£20%). The BSE framework reduces these
uncertainties to a single empirically observed constant, TP = 0.88 years — corresponding to a
mean error of approximately 4% relative to the 21.5-year cycle period.

This reduction is not achieved through curve-fitting or parameter optimisation. It arises from
anchoring the analysis to an exogenous physical clock derived independently of the economic
data. The framework introduces no free economic parameters, distinguishing it from
conventional cycle estimation approaches.

9.4 Limitations and Open Questions

The GDP sample — eight 22-year windows — is limited when considered in isolation. However,
the evidential basis of the paper does not rest on GDP alone. The primary support derives from
convergence across eight independent proxy systems, with GDP representing the most
downstream expression of a broader physical signal.

The evidential architecture is deliberately combinatorial. A critic who evaluates any single
dataset in isolation — eight GDP windows, or sixteen sunspot windows — can reasonably
question statistical power. The BSE framework is not designed to rest on any single dataset. Its
evidential force derives from the simultaneous appearance of the same structural asymmetry
across eight independent proxy systems at identical calendar positions through an identical
pipeline. The strength of this convergence is structural rather than parametric: it rests on the
diversity and physical independence of the responding systems, not on a combined probability
estimate. Adding UK GDP as a ninth independent system — replicating the phase structure
without parameter changes — further reinforces the case against coincidental alignment.

The transmission mechanism is empirically supported but not fully specified at the mechanistic
level. The agricultural pathway provides a plausible explanation for the pre-industrial signal,
while the observed era-invariant coupling constant suggests a mechanism that persists
independently of economic structure. Identifying the dominant transmission pathway remains an
open interdisciplinary problem spanning solar physics, climate science, and economics.

What the era stability finding does constrain is the class of admissible explanations: a coupling
constant that remains stable across transitions from agrarian to industrial to digital economies is
unlikely to be driven solely by sector-specific channels.
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Finally, the projections presented in Section 7 should be interpreted with appropriate scope. They
represent the forward extension of a validated temporal structure — the solar-harmonic layer of
the economic signal — rather than comprehensive forecasts of economic outcomes. Policy,
technological change, and geopolitical shocks will continue to shape realised economic
trajectories within this structural envelope.

9.5 Relationship to Existing Literature

This paper positions itself as a refinement of the classical long-wave tradition rather than a
rejection of it. The contributions of Clément Juglar, Simon Kuznets, and Nikolai Kondratiev
were empirically robust: each identified recurring structures in economic activity at distinct
temporal scales. What remained unresolved was the absence of a unifying framework capable of
fixing their periodicities, connecting their scales, and identifying a consistent exogenous driver.
William Stanley Jevons proposed such a driver in solar variability, but lacked the empirical and
cross-domain validation required to substantiate the claim. The BSE framework integrates these
strands by providing a single structure that links the observed cycles to a physically defined
temporal system.

A closely related temporal framework in the modern literature is Carlota Perez’s
Installation/Deployment schema in Technological Revolutions and Financial Capital (2002). Her
“Synergy” phase — the period of broad-based expansion following institutional adjustment —
corresponds closely in both timing and character to the BSE Extended Growth (Summer)
archetype. The key distinction is methodological: Perez’s phases are identified retrospectively
from historical patterns, whereas the BSE calendar is specified prospectively from an exogenous
physical input, independent of economic outcomes. The convergence of these two approaches —
one institutional and endogenous, the other physical and exogenous — on similar historical
structures provides a form of independent corroboration. A detailed comparison is developed in a
companion paper (Khan, 2026¢).

The Schumpeterian tradition, which attributes long-wave dynamics to clustered innovation and
processes of creative destruction, can be interpreted within the same framework.The innovation
surges identified by Schumpeter align systematically with Growth-phase apexes in the BSE
structure, exhibiting 100% window alignment and pronounced clustering near phase boundaries.
Within this interpretation, innovation clusters are not the primary driver of the long wave, but
rather a phase-dependent response to underlying systemic conditions. This reframing preserves
the empirical observations of the Schumpeterian literature while situating them within a broader
temporal structure.

The BSE framework sits within the long-wave tradition pioneered by Kondratiev, Schumpeter,
and Perez — and, like those frameworks, it tells a story about economic history. The difference is
methodological. To the authors' knowledge, no prior long-wave framework has been validated
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quantitatively across multiple independent national economies, multiple independent proxy
systems, and a registered falsification schedule with time-bound predictions. This paper provides
all three. The results should be evaluated on that methodological basis, regardless of the
upstream physical input.

10. Conclusion

More than a century ago, Clément Juglar documented the recurrence of commercial crises.
William Stanley Jevons, observing similar regularities, proposed a solar origin. Decades later,
Simon Kuznets identified medium-term oscillations in investment and output, while Nikolai
Kondratiev described long-wave dynamics in industrial capitalism. Each contributed a piece of a
recurring empirical pattern; none had access to a unifying framework capable of linking these
observations across scales.

This paper presents evidence that these cycles are consistent with the economic expressions of a
single nested harmonic structure. The Bicameral Solar Engine (BSE) framework aligns the
Juglar cycle (10.75 years), the Kuznets swing (21.5 years), and the Kondratiev wave (43 years)
with the solar polar field reversal cycle. Within this structure, the three classical cycles are not
independent phenomena requiring separate causal accounts, but components of a unified
temporal system.

The framework yields two distinct predictive outputs. First, phase direction — whether a period
exhibits Growth or Decline characteristics — is validated at full alignment across the 172-year
GDP record. Second, phase intensity — whether a period is amplified or compressed — is
determined by G2 modulation and expressed through four recurring economic archetypes. These
archetypes repeat systematically across the 43-year span and provide additional structure beyond
directional classification.

The empirical foundation combines 172 years of US GDP data with cross-domain validation
across multiple independent proxy systems. Key results include complete directional alignment
across all eight Hale cycles in the US record, a supporting correlation (r = —0.780, p = 0.023),
exact alignment at three consecutive mid-series major boundaries, and a mean transmission
buffer of TP = 0.88 years — a stable temporal constant observed across pre-industrial, industrial,
and modern eras. The framework does not rely on curve-fitting or free economic parameters, and
the observed coupling is not specific to any single economic structure.

The forward implications are explicitly testable. The model predicts a transition to Growth-phase
forcing by 2027, above-neutral GDP efficiency by 2031, and a peak in innovation intensity by
2035. These projections are time-bound and falsifiable: failure to observe these transitions within
the specified temporal envelopes would directly challenge the framework.
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More broadly, the BSE framework suggests that long-wave economic dynamics may be
governed, in part, by a deterministic temporal structure external to the economic system itself. If
validated, this shifts the role of long-wave theory from descriptive classification toward
predictive chronometry, providing a structured temporal context within which economic,
technological, and institutional dynamics unfold.

Data Availability

All data, analysis files, and tools supporting this study are openly available as a citable
repository:

Khan, N. (2026a). The BSE Economic Clock: Interactive Tool, Data Archive, and Working
Papers. Zenodo. https://doi.org/10.5281/zenodo.19358948

The repository includes US real GDP data (1841-2013), phase-window analysis outputs,
boundary audit tables, era conformance statistics, and both near-term and 43-year forecast series
in machine-readable format.

An interactive implementation of the BSE Economic Clock is provided within the same
repository, enabling year-by-year queries of the Systemic Growth Pressure (SGP) Vector across
the full 1841-2079 range. This tool allows independent verification of phase assignments,
boundary alignments, and forecast projections presented in the paper.

Rights and Use

This work is licensed under CC BY-NC-ND 4.0. It may be shared with proper attribution but
may not be modified, adapted, or used for commercial purposes without permission from the
author. Contact: nkhanworkbox@gmail.com
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