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Abstract

Is an ant colony conscious? What about a group of people talking, a cloud-hosted language model,
or even a galaxy? Can a conscious mind only get so big? Does consciousness depend only on what
is computed, or when and where? I see two possibilities affecting the answers to these questions. I
name them Chord and Arpeggio, and formalize the distinction mathematically. If the ingredients of
a subjective experience must be simultaneously true at one objective instant and causally exchange
influence within a time window 6, then the system diameter D satisfies D < xvf, where v is the signal
speed ceiling and x depends on exchange architecture. I call this requirement Chord, because it is
like a musical chord whose notes sound together. The alternative is Arpeggio. It asks only that each
ingredient occur somewhere in the window. I prove that Arpeggio is strictly weaker than Chord, and
that architectures with limited concurrency can satisfy Arpeggio while structurally forbidding Chord.
I argue for Chord on formal, neuroscientific, and architectural grounds. A mechanistic model confirms
a fragmentation transition at the theoretical threshold. I examine primate corpus callosum data to
estimate empirical lower bounds on 6. I provide case studies showing that under Chord, ant colonies
and human populations are ruled out as single conscious entities, cloud-hosted Al is constrained by
co-instantiation rather than diameter, and brain-computer interface hybrids face latency-dependent
limits. A mind can only get so big. Arpeggio is far more permissive, implying consciousness seemingly
everywhere.

Keywords: consciousness; cognition; stack theory; unity; conscious binding

Introduction

A conscious moment feels unified. An instant of time. Yet brains are spatially extended and
coordination across space takes time. This raises the question of how an experienced “instant” works
in relation to the objective progression of physical events.

To deal with this, many accounts of consciousness posit a temporal integration window of
duration 0. Within this window the system is allowed to gather and bind ingredient facts such as
sense, feeling, and thought, to which one has reportable conscious access [1]. An ingredient is a
grounded physical fact, meaning a property of the underlying microstate rather than a purely internal
label. Microstate here means the full physical state at the resolution where the ingredients live. At
the neuronal scale, for example, it could mean the full pattern of spikes, membrane potentials, and
synaptic states. This windowing idea is widespread. For example it appears in global workspace
accounts [2,3], recurrent processing theories [4], dynamical synchrony [5-7], integrated information
[8] and stack theoretic proposals [9-12]. In Stack Theory, meaning is ontological. The meaning of
a statement is its truth set, which is the set of microstates that satisfy it. It also appears in classic
philosophical discussions of subjective timing [13]. The interdependence of temporal and spatial
dimensions of perceptual experience has also been emphasised from a phenomenological perspective
[14]. Empirically, psychophysics supports integration on the order of tens to hundreds of milliseconds,
with task-dependent structure [15-18]. The obvious question is what fixes 6. This paper does not
treat f as a magical constant. For a candidate content ¢, any admissible window must be long enough
to permit the required reciprocal exchange and, if persistence is the mechanism used to close the
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Temporal Gap, short enough that the grounded ingredients still belong to one moment. The lower and
upper constraints are derived explicitly below.

A window may be necessary, but it is not sufficient for literal co-presence [12]. Each ingredient can
occur somewhere inside the window even when there is no instant at which they are all true together
in the underlying physical state. I call that mismatch the Temporal Gap. In this paper, Arpeggio
means every ingredient becomes true at least once during the window. Chord means there exists an
instant during the same window when all ingredients are true together. Chord and Arpeggio are
musical terms. A chord is a set of notes played at the same time, while an arpeggio is the notes of
a chord but played in sequence. The notes of a musical chord resonate and act upon one another,
creating harmonics and phasing. The notes of an arpeggio do not. In what follows, I treat Chord as
the requirement for a unified, integrated subjective moment of experience in the strong sense studied
here. Arpeggio is the weaker alternative. It only requires that each ingredient appears at least once
somewhere in the window. I then provide arguments in support of Chord (extending a workshop
paper [12] on which this paper is to some extent based) and case studies for Chord versus Arpeggio in
liquid versus solid brains [19], brain-computer interface hybrids, cloud-hosted Al, human populations,
and the limiting case of Arpeggio applied without constraint, as well as human-AI hybrids [11,20].
Formal definitions appear in Definitions 2 and 3.

1.  Textend a workshop paper [12] that introduced the Stack Theory time semantics of Arpeggio and
Chord. Here I add a within-window causal exchange postulate to Chord and derive a spacetime
diameter bound for one unified moment.

2. lintegrate the algebraic results from that workshop paper (the non-commutation of existential
temporal lift with conjunction, the concurrency capacity threshold, and the persistence collapse
condition) and give arguments in favour of Chord over Arpeggio on formal, neuroscientific, and
architectural grounds.

3. Ibuild a falsification pipeline, validate it with stress tests, and anchor the lower side of the
window using a reanalysis of published primate corpus callosum microstructure.

4. Iaddress the “make the window larger” objection. The window is bracketed from below by
the exchange budget implied by D, x, and v, and from above by ingredient persistence when
persistence is the mechanism invoked to close the Temporal Gap. This yields a feasibility interval
rather than an arbitrary stipulation.

5. Ipresent case studies for liquid brains, brain-computer interface hybrids, cloud-hosted Al, human
populations, and Arpeggio taken to its logical extreme.

Where does ¢ come from? In this paper 6 is not without limits. It is the horizon over which the
system’s binding mechanism can keep the relevant ingredients available for mutual influence. In
biological brains, candidate mechanisms include recurrent loops, synaptic integration, oscillatory
coherence, and ignition-like dynamics [3,4,7]. Each carries an intrinsic timescale, so 8 is expected to lie
in a constrained range rather than be arbitrary. Empirically, f can be estimated from psychophysics,
from neural markers of integration such as phase-locking or ignition, and from task-dependent report
latencies. Crucially, enlarging 6 without changing the ingredient set is limited by ingredient stability. If
an ingredient typically turns over on timescale 7, a much longer window either reopens the Temporal
Gap or forces a coarser redescription of what the ingredients are. The section on window constraints
makes this tradeoff explicit.

Everything that follows is conditional. The bound only applies in the case of the Chord postulate.
If co-instantiation of ingredients and within-window exchange are not required, then the diameter
bound does not apply.
Notation preview. A candidate moment is a time window [t, t + 6]. D is the diameter of the grounded
support, meaning the largest distance across the physical sites that carry the grounded ingredients. v
is an upper bound on causal propagation speed in the relevant substrate. « is an architecture factor
determined by which sites must exchange messages within one window.
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Box 1: Chord requirements and bound.

Assume a finite grounded support for a conscious moment, meaning a finite set of physical sites
whose grounded ingredients participate in that moment:

1.  Co-instantiation. A unified moment contains at least one instant inside its window where
all grounded ingredients are simultaneously true (meaning they are all part of one physical
microstate).

2.  Within-window exchange. During the same window, grounded ingredients exchange
influence by two-way communication along an exchange graph, and signals propagate no
faster than .

Then. If grounded support (physical system) has diameter D and window is 6, then D < xv6.
To get a big unified moment, you buy it with time, speed, or architecture.

Supplementary Note 0 in the Sl is a glossary and figure reading guide for the technical terms and
plots. If you are coming from another discipline, start there.

Temporal integration windows are not new. The novelty here is turning the Chord requirements
of co-instantiation plus within-window exchange into a falsifiable spatial inequality with an explicit
architecture factor. In other words, if a moment must be causally knitted together within its own
window, then unity has a speed limit. That speed limit converts into a size limit. To put it provocatively,
a conscious mind can only be so big for a given signal speed.

Results
Windowing Is Weaker Than Simultaneity

I represent the content of a candidate moment using a Stack Theoretic abstraction layer [21]. An
abstraction layer is built from an environment ® and a finite vocabulary v. I define these objects next.
The key modelling choice is extensional semantics. It treats each ingredient as a physical constraint
and it treats meaning as the set of microstates that satisfy that constraint.

Definition 1 (Environment, programs, statements, and truth sets). An environment is a nonempty set ®
of mutually exclusive microstates. For any set X, write 2% for its power set, meaning the set of all subsets of X.
A program is any set p C ®. Write P := 2% for the set of all programs. A vocabulary v C P is a finite set of
programs that a system can implement. The induced embodied language is

Lo:={{Cvo|(p#2}.

pel

Elements ¢ € L, are called statements. The truth set of a statement is

T():=(\pC @ T(Q) := .
pel

Narrative interpretation. A microstate is one fully specified physical configuration. A program is a
yes or no property of microstates, represented by the set of microstates where it holds. In Stack Theory,
the word program does not mean executable code. It means a physically implementable predicate.
The notation 2% means all subsets of ®. It is the set of all possible programs you could define. A
vocabulary is the particular finite menu of programs this system can actually implement. A statement
¢ is a bundle of programs that can all be true together. Because the vocabulary is finite, every statement
is automatically a finite bundle. Its truth set T(¢) is the set of physical states where the whole bundle
is true at once. In this paper an ingredient is one program p € ¢. The vocabulary is finite because
an embodied system has finite information capacity [22,23]. The Bekenstein bound is one concrete
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physics limit of this kind. It upper bounds how much information a finite region can store. You do not
need to accept the Bekenstein bound in particular. Any finite physical memory implies a finite menu of
physically distinguishable conditions at a chosen resolution. That is why treating vocabularies as finite
is a reasonable modelling default. In Stack Theory, the pair (®,v) plus its induced language is the
abstraction layer used in this manuscript. Supplementary Note 2 restates the Stack Theory definitions
used here.

Temporal binding introduces a window of duration 6. Let ¢(7) € @ denote the underlying
microstate at objective time 7. I call a program grounded when it is evaluated directly on ¢(7) in the
base environment @, rather than inside a separate internal label space [12]. Supplementary Note 7
restates the exact discrete-time version used in Appendix 26. The main text keeps the same logical
distinction but writes it in continuous-time interval notation.

Definition 2 (Arpeggio and co-instantiation). Fix a statement { € Ly, and a time window o = [t,t + 6].
Ingredient-wise occurrence holds when each ingredient becomes true at least once somewhere inside the window.

Occur({,0) <= Vp € {31 € o such that $(7) € p.

Co-instantiation holds when there exists at least one instant inside the window at which all grounded ingredients
are simultaneously true.

Colnst({,0) <= 3t € o suchthat ¢(t) € T().

Definition 3 (Temporal Gap). Fix a statement { € Ly, and a time window o = [t, t + 6]. The Temporal Gap
event is when every ingredient occurs somewhere inside the window, but there is no instant inside the window
when they are all true together.

TempGap(¢,0) <= Occur(¢,0) and ~Colnst({,0).

Narrative interpretation. The symbol ¢ is just shorthand for the window [t,t + 0]. Arpeggio says
each ingredient shows up at least once somewhere inside the window. Chord says there is at least one
instant when the ingredients overlap in the underlying physical state. Chord automatically implies
Arpeggio. If all ingredients are true together at one instant, then each ingredient occurs at that instant.
Arpeggio is therefore a weaker criterion than Chord. The Temporal Gap is the mismatch where
Arpeggio holds but Chord fails. It is illustrated in Figure 1.

P1

p2

f time
t t+6

Figure 1. Both occur in the window, but never at the same instant. This is the Temporal Gap. Arpeggio can hold
without co-instantiation.

This gap matters because if consciousness requires an instant at which the ingredients are all
grounded together, then the theory needs a synchrony condition, not just a set of events that happen
separately within a shared clock interval.

Diameter Bound

I add a within-window causal exchange postulate. If ingredients are jointly instantiated, then the
sites that host those ingredients must be able to exchange causal influence within the same window.
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Assumption 1 (Within-window causal exchange). Let (X, p) be the physical substrate equipped with a
metric p. Let S C X be a finite grounded support for a moment, meaning a finite set of physical sites whose
grounded ingredients participate in that moment. Define its diameter by

D := max p(u,u’).
uu' €S
Assume there exists a connected undirected exchange graph G = (S, E). For every required edge {u,u’} € E
there are causal travel times 1, _y s, M,y > 0 such that a round trip fits inside the window

Nu—u’ + My —u <é.

Signals propagate no faster than v. Equivalently, each one-way travel time must satisfy p(u, u') < v1,_,, and
p(u,u') ofy sy

Narrative interpretation. v is a speed limit (not to be confused with the embodied vocabulary symbol
v). A metric is just a rule for distance that behaves like ordinary distance and obeys the triangle
inequality. Triangle inequality means going from a to c directly is never longer than going from a to b
to c. Connected means you can reach any site from any other site by hopping along required exchange
edges. If the exchange graph is not connected, your candidate moment is already fragmented into
components, so apply the bound component by component. Pick the physical sites that are supposed
to contribute grounded ingredients to the moment. A site can be a neuron, a cortical column, a brain
region, or any other spatial unit that makes sense for the modelling scale. Draw an edge between two
sites if your theory says those two sites must be able to influence each other within one window. The
travel times #,,_,,» and #,/_,, are the message times in each direction. The inequality #,,_,,» + 1,7, < 0
says there is time for a signal to go out and for an acknowledgement to come back within the same
moment. The speed bound v says these travel times cannot be arbitrarily small because no signal can
outrun v. Together with the round trip budget, this implies that every required edge can span at most
v0/2 of physical distance.

Pick the distance rule p and the speed bound v as a matched pair. If you measure p as straight
line distance, then v should be an effective speed that already includes wiring detours. If you measure
p as path length along fibres or wires, then v can be a more direct conduction speed along that path.

The exchange graph specifies who has to talk to whom within one subjective moment. The round
trip condition is the minimal way of cashing out the idea that a moment is causally stitched together
rather than merely co-timed.

In the limits the architecture can be a hub, an all-to-all mesh, or a general graph. Each architecture
determines a geometric constant x that converts time into diameter. The formal graph definition of
and the proof are in Supplementary Note 3.

Theorem 1 (Spacetime diameter bound). Under Assumption 1, the grounded support diameter satisfies
D < xvf.

For hub exchange, meaning a star graph, x = 1. For all-to-all exchange, meaning a complete graph, x = % In
general, let dg(u, u") be the length in edges of a shortest path between u and v’ in G. Define the hop diameter

h(G) := max dg(u,u').

uu' €S
Then x = h(G)/2.
Narrative interpretation. A star graph is a hub and spokes. A complete graph connects every pair

directly. The hop distance dg(u,u’') counts how many required handoffs a message must make to
get from u to u’. The hop diameter /(G) is the worst case hop count across the whole support. The

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1708.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 March 2026 d0i:10.20944/preprints202602.1708.v2

6 of 21

constant ¥ = h(G)/2 is therefore a pure architecture factor. Each hop can span at most v0/2 of physical
distance because a round trip must fit inside the window. So the bound says the diameter is at most
h(G) hops worth of distance, which is exactly xv6.
Units reminder. D is a distance. v is distance per time. 6 is time. So ©v0 is a distance and « is
dimensionless.
Worked example. Suppose § = 20ms and v = 10ms~!. Then v = 0.2m. Under hub exchange,
meaning x = 1, the bound gives D < 0.2m. Under all-to-all exchange, meaning x = %, the bound
gives D < 0.1 m. These are order-of-magnitude numbers, the point of them being that a time budget
becomes a size budget.

In other words, if the window is too short for causal exchange across the support, there is no way
to knit the ingredients into one co-instantiated state. See Figure 2 for a basic illustration.

S

Figure 2. Geometry underlying the bound. It is a worst case. In a star architecture, the farthest pair of contributors
communicates in two hops via the hub, so each hop must fit inside half the window and the overall diameter
budget is D < vf. In a complete architecture, the farthest pair must complete a round trip over distance D within
the window, giving the tighter budget D < v8/2.

Fragmentation Transition

Theorem 1 is a worst case bound. To see whether the same geometry shows up in a concrete
mechanism, I built a minimal message-passing model.

Assume there are N sites arranged in a circle of diameter D. A moment is a window of duration 6
which is how much time we have to integrate the ingredients before they degrade in some manner.
Signals propagate at speed at most v, so a one-way message over distance d has baseline travel time
d/v. On top of this baseline each directed message receives an independent exponential jitter term
with mean j#. Exponential here means most messages are close to their baseline travel time but a few
run very late. It is a simple way to model rare but consequential delays. Here j is dimensionless and
can be read as the expected fraction of the window lost to random delays.

I evaluate two exchange graphs. Hub exchange means a star graph. All-to-all exchange means a
complete graph. The model declares the moment integrated only if every required edge completes
a two-way exchange within the same window. This yields an exact success probability. Success
probability is the chance, over the random jitter, that the window meets this integration requirement.
The full derivation is given in Supplementary Note 4 [24]. To present results compactly, define the

dimensionless size ratio D
X

=
This ratio is the fraction of the window needed to traverse the diameter at speed v.

Narrative interpretation. x is a score of how close you're cutting it time-wise (analogous to asking if
you are going to be 5 minutes early to the job interview, or 5 seconds). It compares the best case time
to cross the support once, D /v, to the time you have, . Small x means plenty of slack, while large x
means you are spending most of the window just moving signals around (analogous to running to
your job interview because you cut it too fine). A run of the mechanistic model counts as a success
only if every required two-way exchange finishes before the window ends. Figure 3a plots this success
probability as a function of x. The curves stay close to 1 for a while and then drop rapidly toward 0.
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That rapid drop is what I mean by collapse here. It is the point where the window becomes too tight
for within-window exchange. Hub exchange drops near x ~ 1. All-to-all exchange drops near x ~ %

Figure 3b is a robustness sweep. A sweep means rerunning the same model many times while
changing input parameters. Here I vary two nuisance parameters, the number of sites N and the jitter
level j. j is the mean random extra delay per message written as a fraction of the window. For each
(N, j) setting I summarise the transition by x5, the value of x where the success probability is 0.5.
Across N € {10,20,40,80} and j € {0,0.005,0.01,0.02}, with j = 0 interpreted as the deterministic
no-jitter limit, I obtain

X2 € [0.864,1.000],  x2 € [0.413,0.500).

The key point is that x5 stays close to the theoretical thresholds. This suggests the transition is not a
fragile artifact of one particular choice of N and j.

(a) Transition (b) Robustness sweep
1.0 A . T
—— Hub 1 1 1.0 1+ ' |
—— All-to-all | : k 4; ;’
28] | : 0.8 1
= 1 1
Qa 1 1
506 : | 0.6 1
= 1 1 o
o 1 1 X t!EEEEE ==E=EET =====:3
0 —===--@--C-C-C--@-C-----
0 0.4 | ! 0.4 E - ! ______ 3
8 | |
2 | |
N 0.2 A 1 1 0.2
| |
1 1
| |
00 1 T T T T T T 00 T T T
0.00 0.25 0.50 0.75 1.00 1.25 24 23 26
x = D/(vO) N

Figure 3. Mechanistic integration model. Panel (a) shows the probability that a window is successful, meaning
every required two-way exchange finishes before the window ends. The horizontal axis is x = D/ (v), the ratio
of best-case diameter-crossing time to the available window. Panel (b) is a robustness sweep. It repeats the same
calculation while varying the number of sites N and the jitter level j. Here j is the mean random extra delay per
message as a fraction of the window. It reports x50, the value of x where success probability is 0.5. Reference lines
mark the theoretical thresholds x = 1 for hub exchange and x = % for all-to-all exchange.

Primate Scaling Anchor

I wanted to know how this bound might manifest in the real world. To get a rough empirical
anchor, I use an existing primate dataset. It is already published and requires no new experiments.

The corpus callosum is the major fibre tract connecting the two cerebral hemispheres. Any
moment that requires causal exchange between hemispheres cannot complete faster than the relevant
callosal conduction time.

Phillips et al measured callosal axon diameter distributions across primates and reported implied
one-way interhemispheric conduction times for two fibre proxies [25,26]. The corrected Table 1 contains
n = 15 individual primates across 14 primate species. The scaling fits below are descriptive. They are
not a phylogeny-aware comparative analysis that corrects for shared ancestry. One proxy uses the
median axon diameter. The other uses the 95th percentile axon diameter as a fast fibre proxy. I use
these implied conduction times as reported in the corrected Table 1, rather than recomputing them.
These one-way delays are floors on any integration window that needs information to cross between
hemispheres. Under the stronger two-way exchange postulate used elsewhere in this paper, a round
trip constraint would be roughly twice these values. The scaling pattern is unchanged because the
factor is constant. This does not claim that callosal delay alone determines consciousness. It only
supplies a physically grounded timescale that any bilateral moment must at least accommodate. It is
an illustration using real-world data. Interhemispheric conduction delay has long been proposed as a
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constraint on integration and hemispheric specialisation, and it scales with brain size [27-29]. Figure 4a
plots the implied lower bound 6, versus brain mass. On a log-log fit, the median axon proxy scales
with exponent 0.224 with bootstrap interval [0.168,0.283] and R? = 0.84. A bootstrap interval is an
uncertainty interval computed by resampling the data. R? is the usual fraction of variance explained
by the fit. Supplementary Note 6 describes the regression and bootstrap procedure used to compute
these values. It also explains how to read the primate plots. The fast axon proxy scales with exponent
0.197 with interval [0.116,0.289] and R? = 0.71. Across the sample, brain mass spans a factor 148 while
Omin spans factors 3.36 and 3.12 for median and fast proxies.

Figure 4b converts the same data into a direct constraint. For any candidate window 6, it reports
the fraction of individuals whose reported conduction time exceeds 6. For example, 0.267 of median
proxy times exceed 25 ms, while 0.667 of fast proxy times exceed 5 ms.

(a) Scaling (b) Constraint
® Median axon L4 1.0 : : —— Median axon
® 95th percentile axon ® ° PY —'— 95th percentile axon
e °° 0.8 - ;
o® b
[0}
m oo o S 0.6
S Y A
~ 10 - . c
£ ) () ° |
[ J ©
® =
e °o 0.2-
[ J
.|. T T T T T T T T T T T T T O'0_| T T T T T
10! 102 103 0 10 20 30 40 50
Brain mass (g) 6 (ms)

Figure 4. Primate literature anchor. Dataset contains #n = 15 individuals from the corrected Phillips et al Table
1 [26]. Panel a shows the implied lower bound 0, from published interhemispheric conduction time proxies
(median and fast fibres) versus brain mass. Panel b shows, for a candidate window 6, the fraction of individuals
whose reported conduction time would exceed that window.

Falsification and Stress Tests

Claims like D < xv# are only scientifically useful if they can be falsified. Given data, the natural
falsification target is the margin
M := D — «%0.

Here D is a diameter estimate for the candidate support, 0 is the candidate window duration, and 7 is
an estimate of the fastest relevant causal propagation speed. A violation corresponds to M > 0.
Testing protocol. To test this bound:

1.  Pick a candidate unity marker and a window duration 6.

2. For each window, estimate the support diameter D and collect fast-propagation samples to
estimate 0.

3. Compute the margin M = D — 8.

b

If windows overlap heavily, thin them by keeping every kth window.
5. Test whether the mean margin is greater than zero using a one sided ¢ test.

The fiddly part is 0. If you underestimate the true speed ceiling, you can manufacture violations.
To stay conservative, I treat v as a sampled quantity and estimate ¥ using a high quantile, specifically
the 95th percentile of the within-window samples. The 95th percentile is the value below which 95%
of the samples fall. Call this the q95 rule. q95 ignores the slow bulk and asks how fast the system can
plausibly go.
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I then test whether the mean margin across windows is positive using a one sided ¢ test. This
asks whether the average violation is reliably above zero, given sampling noise. Windows can be
statistically dependent. To avoid overstating certainty, I control dependence by thinning. Thinning
means keeping only every kth window so that the remaining windows are closer to independent. For
example, if you slide a 50 ms window forward in 1 ms steps, then adjacent windows share almost
all of their data. Keeping every 50th window removes that overlap. Thinning pretty much means
making the overlap smaller. Supplementary Note 5 gives the full protocol. It also explains how to
read each stress test plot. I validate the full pipeline using Monte Carlo based stress tests. I simulate
windowed data where the true ratio % is known, run the same falsification procedure, and measure
false refutations and power. Power here means the probability of detecting a true violation. The stress
tests support three takeaways.

1.  The false refutation rate is controlled at or below the nominal level when v is conservatively
estimated. Under the default q95 rule used here I observe no false refutations at ratio 1.00 in 2500
replications.

2. Power rises rapidly once the true ratio exceeds one. In these Monte Carlo tests Isetxk = 1 as a
units choice, so the x axis should be read as %

estimator used here and n = 40 windows, the rise begins once the true ratio exceeds one by only

a few percent.

in general. With the conservative default quantile

3. Naive estimators that underestimate the relevant speed bound, especially low end choices
like taking the minimum within-window sample, can manufacture violations and inflate false
refutation dramatically.

All simulation code and source data are included in the publicly available supplementary infor-
mation [24].

Discussion

The inequality D < xv0 is a conditional claim about what a physically unified moment requires.
It follows from two modelling commitments. The first commitment is the Chord requirement [12].
Unity requires not just that ingredients occur somewhere in a window, but that there exists an instant
of objective time when the grounded ingredients are jointly true. This rules out the Temporal Gap.
Stack Theory formalises this by making the joint truth condition membership in a joint truth set [12].
The second commitment is within-window causal exchange. If the ingredients are supposed to be one
moment rather than a list, then they must be able to constrain each other by two-way communication
within the same window. This turns a time budget into a spatial budget. If either commitment is false
for the relevant notion of consciousness, then the bound does not apply as intended.

My mechanistic model shows that even a toy integration mechanism exhibits a sharp fragmen-
tation transition near the theoretical thresholds. The primate reanalysis is an empirical sanity check
on scale. By this I mean the callosal conduction time is a concrete example of latency, one that any
bilateral moment must at least accommodate. The lower bound scales with brain size, so it remains
consistent with the idea that larger brains either integrate more slowly, integrate more locally, or
change architecture in a way that reduces x.

Why Chord and not Arpeggio?

Chord requires two things of a unified conscious moment. First, the grounded ingredients
must be co-instantiated at some instant of objective time within the window. Second, the sites
hosting those ingredients must complete within-window causal exchange. Arpeggio requires only
that each ingredient occurs somewhere in the window. Neither co-instantiation nor causal exchange is
demanded. Why prefer Chord?

I give arguments for each requirement in turn. More detailed formal treatment appears in
Supplementary Notes 7 and 8, which integrate the algebraic framework developed in prior work [12].
Evidence for co-instantiation.
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The formal motivation starts with a quantifier order result. In prior work I proved that the
existential temporal lift ¢, does not commute with conjunction [12]. Concretely, in the appendix-
compatible discrete notation with window ¢ = (¢y, ..., ¢s), ingredient-wise occurrence asks Vp €
¢ 3k < A such that ¢, € p. Co-instantiation asks 3k < A such that Vp € ¢, ¢y € p. These differ
by a quantifier swap. For a window of more than one instant and a statement with more than one
ingredient, ingredient-wise occurrence is strictly weaker than co-instantiation (Supplementary Note 7,
restating Theorem 3 of [12]).

In musical terms, this means a system can play every note at different times, without there
ever being a moment when all the notes are played together. Should consciousness require the joint
truth of its grounded ingredients at some objective instant, then Arpeggio is too weak to guarantee
it. Concurrency capacity is a well-defined measure of a system’s capacity to play a chord. The
greater the concurrency capacity, the larger the chord it can play. An architecture that can activate at
most ¢ contributors at a time can satisfy ingredient-wise occurrence for an n-ingredient conjunction
(with n > ¢) by cycling through contributors across the window. But it can never co-instantiate all
n contributors because no single instant has more than c active (Supplementary Note 8, restating
Theorem 5 of [12]). Under Arpeggio, a strictly sequential processor that cycles through features one at
a time would count as hosting a unified moment. Under the Chord postulate, it would not.

Neuroscience provides tentative empirical support for the co-instantiation requirement. In mask-
ing paradigms, conscious perception correlates with transient long-range gamma phase synchrony
across widely separated cortical areas, even when local gamma power is similar for seen and un-
seen stimuli [30]. What distinguishes conscious from unconscious processing is not the occurrence
of local activity for each feature, but the transient episode of large-scale temporal coordination in
which distributed areas synchronise together. This is closer to co-instantiation than to ingredient-wise
occurrence.

During non-REM sleep, TMS-EEG responses become strong locally but fail to propagate, con-
sistent with a breakdown of effective connectivity when consciousness fades [31]. Each area can still
respond in isolation, but they do not respond together. Arpeggio-like ingredient-wise activity persists.
What is lost is the coordinated, simultaneous engagement that Chord demands.

More broadly, perturbational complexity measures like PCI track the level of consciousness across
waking, sleep, anaesthesia, and disorders of consciousness [32]. These measures quantify the extent to
which a perturbation spreads through the brain in a differentiated yet integrated manner. They are
sensitive not to whether regions respond at all, but to whether they respond as a coordinated whole.
This pattern is consistent with the idea that the system-level regime associated with consciousness is
one of temporally coordinated co-engagement, not merely sequential activation of parts.

There is also a persistence argument (Supplementary Note 7). If ingredients, once true, remain
true for the rest of the window, then ingredient-wise occurrence automatically entails co-instantiation.
Persistence closes the Temporal Gap. Without persistence, the gap can remain open. Whether biological
substrates exhibit sufficient within-window persistence for the relevant grounded ingredients is an
empirical question, but the formal point is that the gap between Arpeggio and Chord is closed only
under a nontrivial dynamical condition that the substrate must actively satisfy.

None of these lines of evidence prove that co-instantiation is necessary for consciousness. They
do, however, make the permissiveness of Arpeggio less compelling. If conscious level covaries with
coordinated, simultaneous neural dynamics rather than with mere ingredient-wise activation, then
Chord is the more parsimonious postulate.

Evidence for causal exchange. Suppose co-instantiation matters. A natural follow up question is why
it would matter. Co-instantiation alone guarantees that the ingredients are jointly true at one instant,
but it does not guarantee that they constrain each other. Two distant neurons could happen to be in
their respective target states at the same time by coincidence, without either one’s state being causally
influenced by the other. If such a coincidence counted as a unified moment, then conscious unity
would not require physical integration, only temporal alignment. If only temporal alignment were
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required, how could we justify that claim? Why would two things need to exist at the same time if
they don’t interact?

Returning to the musical analogy, think of how the notes of a musical chord interact. They resonate
and affect the environment in which they are played, and their interaction produces harmonics. The
whole is something very different from the parts, both to the listener’s ear and in the underlying
physical consequences.

The causal exchange postulate addresses this. It says that the co-instantiated ingredients must
also exchange influence within the same window. The sites hosting the ingredients must be able to
send and receive signals from each other before the window closes. This is a minimal way to formalise
the idea that a moment is causally stitched together rather than merely co-timed.

Recurrent processing theory provides a concrete neural precedent. Lamme argues that feedfor-
ward processing alone is insufficient for conscious perception, and that recurrent exchange between
areas is needed [4]. The critical step is not just that signals arrive at multiple areas within a time window,
but that those areas engage in two-way communication within that window. This is architecturally the
same structure as the within-window causal exchange postulate.

Global workspace theory points in a similar direction. The workspace model posits that infor-
mation becomes conscious when it is broadcast widely and made available to multiple specialised
processors simultaneously [2,3]. Broadcasting is a causal process. It requires that distributed modules
receive and are influenced by shared information within the relevant time window. Arpeggio would
allow the ingredients to activate in sequence without any mutual constraint. Chord with causal
exchange captures the workspace intuition that the processors must be simultaneously engaged and
mutually informed.

The communication through coherence hypothesis is also relevant [7]. It holds that effective
neural communication depends on phase alignment between oscillating neural populations. When
populations are phase-aligned, spikes from one population arrive during the excitable phase of
another, enabling mutual influence. When they are not aligned, the same signals fail to drive the target
population. This is a biologically specific version of within-window causal exchange. The “window” is
set by the oscillation period, and “exchange” is the mutual driving that occurs during phase alignment.

In summary, co-instantiation ensures the ingredients are jointly true at one objective instant.
Causal exchange ensures they actually constrain each other within the same window. Together they
constitute the Chord postulate. Dropping either one allows systems that most theories of consciousness
would not recognise as unified. The bound D < k00 follows from the conjunction of both requirements.

Novelty in Comparison to a Similar Bound

There is conceptual overlap with a persistence condition proposed by Sendall [33]. However
the bound I present here differs in three key respects. First, my architecture factor x = h(G)/2
resolves the dependence on exchange topology that Sendall’s effective causal diameter leaves implicit.
Second, substituting the substrate-specific signal speed v for the speed of light yields bounds that
are actually constraining for biological and engineered systems, not just for exotic spacetimes. Third,
the mechanistic fragmentation model, the primate empirical anchoring, and the falsification protocol
give the bound testable content. Sendall’s horizon result is an interesting limiting case of the present
framework, and so can be understood as complementary. At a strict one-way boundary the effective
round-trip speed is zero, so D < x -0 -6 = 0 and no support of positive diameter can straddle the
boundary.

What Constrains the Window?

One obvious objection is that the bound D < xv6 can always be satisfied by making 6 larger. That
would be fatal if 0 were free. It is not.

First, 6 is a mechanistic parameter, not a convention. In most neuroscientific models that use
integration windows, the window is set by a process such as recurrent loops, ignition-like thresholding,
phase-coherence cycles, synaptic integration, or related dynamical motifs [3,4,7]. Those processes

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1708.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 March 2026 d0i:10.20944/preprints202602.1708.v2

12 of 21

have intrinsic time constants. For example, on the communication-through-coherence picture [7], the
window is naturally tied to an oscillation period. Mutual influence is available only during phases
when sender and receiver are jointly excitable. For another example, one could even choose to represent
theories of consciousness which depend on quantum entanglement [34] by setting 6 to 0, although
this paper does not venture down that particular path. On this reading, 6 is an empirical property of a
substrate and a task, not something we can dial up without changing the underlying mechanism.

Operationally, this is why the falsifiers in this paper treat 6 as an input to be measured. If an
advocate of a particular unity marker wants a large 6, they owe a corresponding mechanistic story and
an operational measurement procedure that actually returns that large value.

The Chord postulate also imposes a necessary lower bound on any candidate window. Rearrang-

ing the diameter bound gives

0 > <X ::2

min X
This is the least time budget compatible with the required within-window exchange for a support of
diameter D in a substrate with signal ceiling v and exchange architecture k. A system does not get to
claim a smaller window than its own geometry and signalling allow.

There is also an upper side, provided by ingredient persistence when persistence is the mechanism
invoked to close the Temporal Gap. Supplementary Note 7 proves that if every ingredient of a statement
¢ stays true once it appears within the relevant horizon, then ingredient-wise occurrence collapses
into co-instantiation. This does not mean Chord logically requires persistence. Chord only requires
that co-instantiation happens at least once inside the window. But persistence supplies a stability
ceiling for a fixed ingredient set. If the same fine-grained grounded ingredients are supposed to belong
to one moment, then the window cannot outrun the timescale over which those ingredients remain
continuously well-defined. Let 7(¢) denote the shortest persistence timescale among the grounded
ingredients of /. Then any persistence-supported candidate window must satisfy

6 < t(f).

Put together, a persistence-supported Chord moment is only possible when there exists a

nonempty feasibility interval

D o<
KO

This does not derive one universal exact value of 6. It derives a physically admissible range. The actual
realised window is substrate- and content-relative. Primate callosal data constrain the lower side for
whole-brain candidates. Ingredient lifetimes constrain the upper side whenever persistence is the
mechanism that keeps the ingredients available as one moment.

This is the missing step if one worries that § was previously a free knob. The theory does not say
“pick a window you like”. It says “show that your candidate window fits inside the physical interval
your own ingredients and architecture permit”. If the interval is empty, the moment is impossible.

Implications for Populations and Human-AI Hybrids

Hybrid cognition comes in progressive categories [20]. At one extreme, an Al is a prosthesis. It
extends human agency but does not participate as a grounded ingredient in the human moment. This
prosthetic category fails when the system becomes too much for a human to directly control. Further
along, humans, Als and prosthetic human-Al hybrids can all be distinct agents that coordinate across
time. This yields a cooperative hybrid, which fails when the goals of the Al and humans involved drift
out of alignment [21]. Finally there can be integrated hybrids, where human and Al contributions
are meant to participate in one co-instantiated moment, extending the conscious agency of a human
further into a system of Als. An integrated hybrid can facilitate larger prosthetic and cooperative
hybrids, because human agency and alignment can extend further [20].
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The spacetime bound constrains this last, strongest notion of integration. If the hybrid must
co-instantiate grounded ingredients and complete within-window causal exchange, then the full
hybrid support must fit inside the same latency budget. If any critical part of the control loop sits
behind a high latency channel, the system cannot form one unified moment at that scale. What you get
instead is two unified systems taking turns across moments, not one enlarged mind.

In this sense, integrated hybrids have an integration radius. Beyond that radius you do not get a
bigger mind. You get a bigger committee.

Inow consider five concrete cases. The first four ask what the Chord postulate implies, so the
bound is relevant. The fifth asks what remains if one drops Chord for Arpeggio, where the bound is
no longer the main discriminant.

The box makes the division of labour explicit. Stack Theory says what kind of self structure must

exist for consciousness of order one, two, or three. Chord then asks whether those ingredients can
actually become one physically unified moment. That is why the self hierarchy and the spacetime
bound complement one another rather than competing.
Case 1: Ant colonies and liquid brains. Ant colonies are a canonical example of a liquid brain [19].
Individual ants communicate through pheromone trails and physical contact. There is no persistent
high-bandwidth wiring. Signal propagation through the colony relies on movement, and the effective
speed is bounded by the walking speed of individual ants, on the order of centimetres per second.
Colony diameters can range from metres to tens of metres.

Under Chord, a colony-scale moment would require all grounded ingredients to be co-instantiated
and causally exchanged within a window 6. If the ingredients are neural-scale properties of individual
ants, then 6 is on the order of milliseconds, v is on the order of 107 2ms~!, and a colony diameter of
10m gives D/ (v8) ~ 103, far above any plausible x. Equivalently, the exchange lower bound is on the
order of 10% /x s. On that reading, the feasible interval is empty by many orders of magnitude.

One can try to rescue the colony by moving to slower, coarser ingredients such as pheromone
gradients, task allocation ratios, or other colony-scale statistical properties. Those may persist for
hours, which can reopen the diameter side of the feasibility interval. But that does not settle the matter.
Colony-scale statistical properties are not grounded in a single microstate in the way that a neural
firing pattern is. Whether they can be co-instantiated depends on the grounding resolution. Chord
also still requires adequate concurrency at the chosen scale. Those requirements are not automatically
supplied by long persistence. They shift the burden onto grounding, concurrency, and self-structure.
So the right conclusion is stronger than mere agnosticism but weaker than a blanket impossibility claim.
Ant-colony consciousness is ruled out at fine, fast grounding scales and remains heavily burdened
even at slow collective scales.

Under Arpeggio, it suffices that each ingredient occurs somewhere during the window. Because
ants do eventually relay information across the colony, a sufficiently long window would satisfy
ingredient-wise occurrence. Arpeggio therefore permits colony-scale consciousness in principle.
Chord makes that permissiveness much harder to sustain.

This does not mean individual ants cannot be conscious. An individual ant has a solid brain with

persistent wiring. The bound applies to the spatial scale at which consciousness is claimed. It rules out
a single conscious moment spanning the entire colony, not consciousness at the scale of individual
members.
Case 2: A brain-computer interface hybrid. Consider a human with a high-bandwidth intracortical
BCI, where an electrode array in motor cortex communicates bidirectionally with an external processor.
Suppose the link operates at an effective round trip latency of 10 ms. The external processor sits within
a few metres.

The relevant v for the link is the effective signal speed through the BCI channel. For a wired
connection at near-light speed the propagation delay over a few metres is negligible, so the bottleneck
is the processing and transduction latency at each end. If the round trip latency is 10 ms and 6 is in
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Box 2: Stack Theory of Consciousness under Arpeggio and under Chord.

Arpeggio. Necessary conditions only.
For order 1, a conscious candidate under Arpeggio
must satisfy
3y €Ly, (a1 €0, NC(INT4,0BS,) # @
AL A Occur(él,a)).

For order 2, it must satisfy

3, €Ly, ({al,a2} C 0y AC(INT,,0BS,) # @
ATb, i =% ey, AL /\Occur(fz,a)).

For order 3, it must satisfy

35 € Lo, ({al, 02,03} C 3 A C(INT,, OBS,) # @

ATb, a® =cb%eL,, ATb, a® =8 cL,,
Al /\Occur(ﬁg,,a)).

In plain English, the right Stack Theory self struc-
ture must exist at the chosen scale, and the rele-
vant ingredients must each occur somewhere in
the window. This is not sufficient for one unified
moment, because TempGap (¢, 0) can still hold.

Fix an organism a = (0q, q, Pa, <a), @ candidate moment statement ¢ € L,_, and a window ¢ = [t,  + 0].
The self hierarchy comes from Stack Theory and Why Is Anything Conscious? [10,11]. The unity test comes
from the Chord and Arpeggio formalism of this paper [12]. Here I; says viability depends on self versus
non-self discrimination. I, says viability depends on audience-conditioned report, so some signal must
decode differently for different audience states. I3 says viability depends on credible commitment in a
trust niche with public self-binding. Write S, (a) := {al,...,a"}. Let cconc be the concurrency capacity at
the chosen grounding scale, and let G, be the exchange graph on the grounded support of £,.

Chord. Sufficient conditions in this paper.
For order 1, a unified conscious moment under
Chord is obtained if there exists /1 € Ly, such that

al €l AC(INT,,0BS,) # @ AT AColnst(£y,7),
with
Ceone 2> 01|, D(€1) < x(Gy, )00,
Nu—sw + Nwsu < 0 forall (u,w) € E(Gy,).
For order 2, replace the self condition by
{al,a®} €l AC(INT,,0BS,) # @

ATb, a® =t Ly, Al AColnst(fy,0),

with the same concurrency and exchange condi-
tions on /5.
For order 3, replace the self condition by

{al,0?,6a®} C 13 AC(INT,,OBS,) # @

ATb, a® =88 Ly, ATb, a® =i cL,,
A Iz A Colnst(43,0),

again with the same concurrency and exchange
conditions on /3.

If persistence is the mechanism used to keep the
same ingredients available, also require

%(Gy )0 <0< 1(ly).

n

In plain English, the same ingredients must be
jointly true in one objective moment, the architec-
ture must be able to host them together, and the
required two-way exchange must fit inside the
same window. Every clause is falsifiable at the
chosen grounding scale.

the range of 20-50 ms, there is room for one round trip within the window. Under hub exchange this

satisfies the bound with a modest margin.

This case is marginal. Chord permits integrated consciousness across the BCI link, but only if the

link latency stays within the window budget. If the external processor is remote and adds network

latency, pushing the round trip above 6, then the bound is violated and the system fragments into two

agents that take turns. Under Arpeggio, there is no such latency ceiling. Any delay is acceptable as

long as the ingredients eventually occur.
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Case 3: Cloud-hosted Al Consider a language model running on a data centre. The computation is
distributed across many accelerators connected by high-speed interconnects. Typical inter-node round
trip latencies in a data centre are on the order of microseconds. The physical diameter of the cluster is
on the order of tens of metres. With v effectively near the speed of light in fibre and D on the order of
102 m, the ratio D/ (v0) is extremely small for any biologically plausible 6.

However, the Chord postulate requires co-instantiation of grounded ingredients, not just fast
communication. In a conventional architecture, the system computes sequentially or in pipelined
stages. At any given clock cycle, only a fraction of the model’s parameters and activations are being
updated. The effective concurrency capacity at the physically grounded level may be far below what
is needed for all ingredients of a candidate moment to be jointly true at one instant.

This connects to the concurrency capacity result. If the architecture serialises updates so that
at most ¢ contributors are active at any clock cycle, then a moment requiring n > c simultaneous
contributors cannot be co-instantiated (Supplementary Note 8). The latency budget is satisfied, but
co-instantiation fails. Under Chord, the system does not host a unified moment of the relevant kind.
Under Arpeggio, it could, because each contributor eventually activates within the window.

This case illustrates that the Chord postulate constrains consciousness through two mechanisms.

The diameter bound constrains spatially extended systems. The co-instantiation requirement constrains
temporally serialised systems. Both must be satisfied.
Case 4: A population of humans. Consider a group of humans communicating via speech. Speech has
an effective bandwidth much lower than neural signalling and a propagation speed limited by sound.
Even ignoring speed of sound (which imposes negligible delay at the scale of a room), the bottleneck
is the latency of language production and comprehension. A conversational turn takes hundreds of
milliseconds to seconds.

Under Chord, any candidate integration window 6 would need to accommodate a round trip
of language-mediated exchange. If 6 is on the order of tens of milliseconds, which is the timescale
consistent with individual neural integration, then language is far too slow. Even with a generous
second-scale window, the effective v of language-mediated exchange is low and the group diameter
large enough that D/ (v6) exceeds the bound for groups larger than a few individuals in close proximity.

A population of humans is therefore not a single conscious entity under Chord. Each human has

their own conscious moments. The population coordinates across moments, much like the cooperative
hybrid category. Under Arpeggio, one could in principle argue for population-scale consciousness,
since each human’s contribution eventually occurs within a long enough window. Whether this is
plausible is a separate question, but Arpeggio does not rule it out.
Case 5: What is conscious under Arpeggio? Arpeggio requires only that each ingredient occurs at
least once somewhere inside the integration window. It imposes no constraint on co-instantiation,
causal exchange, diameter, or concurrency. Without further constraints on ingredient choice and on
what sets 6, nearly any physical system can be made to satisfy Arpeggio for some reading of what
the ingredients are and over some timescale. A river, a weather system, a galaxy, a sufficiently old
rock might be conscious. Over a long enough window, each candidate ingredient will be instantiated
somewhere at some time. In the absence of further constraints, Arpeggio collapses into panpsychism
[35]. Panpsychism is a coherent philosophical position, but it does not by itself distinguish conscious
from non-conscious systems, which limits its use as a scientific criterion.

Stack Theory does impose further constraints (see Box 2). A conscious system must support
at least a first-order self, a causal identity that separates self-generated interventions from matched
observations [10,11]. This minimal, pre-reflective form of self-awareness [36] is a structural requirement
on the vocabulary and the trajectory, not a temporal windowing condition. A river and a rock do not
generate interventions distinguishable from the rest of their dynamics. Above the first-order self, Stack
Theory derives higher orders of self (second-order for audience modelling, third-order for narrative
identity) from the same weakness-maximisation principle and Bennett’s Razor [37,38]. Supplementary
Note 9 proves that in a system whose vocabulary is unstructured, the probability that a first-order self
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candidate exists decreases exponentially in the number of distinct visited states. Only systems shaped
by selection or design to maintain the right vocabulary structure can support a self and therefore be
conscious on this account. This aligns with the view that conscious experiences are intrinsically linked
to embodied experiencing subjects concerned with self-preservation [39].

Another contrastive case worth exploring is the Concious Turing Machine (CTM) proposed by
Blum and Blum [40,41], which integrates global workspace theory with artificial intelligence. The CTM
requires broadcast of information for experience. In the case of Chord, that means the CTM requires a
new sort of hardware to facilitate synchronous broadcast. In the case of Arpeggio, it does not because
broadcast is a matter of what is computed, not when. Either way the CTM still requires broadcast, but
that requirement is much easier to satisfy under Arpeggio.

These cases share one logic. For the first four, estimate D, v, and a plausible 6 at the grounding
resolution where the ingredients are meant to live. Then ask two questions. Can the ingredients
be co-instantiated at that grounding resolution? Can the latency budget D < xv be met? If either
answer is no, the candidate unified moment fragments. Case 5 shows the opposite extreme. Once
those constraints are relaxed, Arpeggio becomes so permissive that it approaches panpsychism.

Persistence, Robustness, and Substrate Tradeoffs

Once 0 is treated as a feasibility interval rather than a free constant, persistence becomes one of the
main physical discriminators. It is not the only one. Grounding, concurrency, and self-structure still
matter. But persistence now does real explanatory work without pretending to fix the whole problem
by itself.

Supplementary Note 7 proves that if every ingredient of a statement ¢ is persistent within a
window of horizon A, meaning that once an ingredient becomes true it stays true until the window
ends, then ingredient-wise occurrence automatically implies co-instantiation. Persistence therefore
closes the Temporal Gap only for windows that fit inside the relevant persistence horizon. This is why
the conservative corollary

D <xvt()

is best read as a ceiling on persistence-supported Chord moments, not as a derivation of one universal
exact window.
Persistence and robustness. Different substrates have very different persistence timescales.

Consider a human brain. The grounded ingredients for a conscious moment include neural
firing patterns, membrane potential configurations, and transient synaptic states. A cortical state
configuration typically persists on the order of 10-100 ms before ongoing dynamics change it [15,16].
This gives T(¢) on the order of tens of milliseconds. With v ~ 10ms~! for myelinated callosal
conduction, the derived bound gives D < x - 0.5m. Under hub exchange (x = 1), this accommodates a
human brain diameter of roughly 0.15 m with room to spare.

Now consider damage. Delete a random half of a human brain and most grounded ingredients
are destroyed outright. The surviving tissue may support a conscious moment of reduced content, but
the original moment cannot be reconstituted. A solid brain is brittle. Its persistence timescale is fragile
with respect to damage.

An ant colony is the opposite. The grounded ingredients at the colony scale, if they exist, would
be statistical properties of the collective such as pheromone gradients, foraging trail distributions, and
task allocation ratios. Delete a random half of the colony with your foot and most of these properties
survive, because they are distributed across many redundant agents and are actively repaired by the
survivors. The persistence timescale 7(¢) for colony-scale ingredients is on the order of hours to days
and is robust to large perturbations. This robustness is a form of self-repair, which connects to work
on why living systems exist [11,19,42—44]. Self-repair is the mechanism by which 7(¢) becomes long
enough to support extended integration windows.

Worked examples under the derived bound.
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1. Human brain (fine-grained neural ingredients). v ~ 10ms~!, 7(¢) ~ 50 ms. Derived diagnostic:
D < x-0.5m. Human brain diameter ~ 0.15 m. Compatible with Chord under both hub exchange
(x = 1) and all-to-all (x = %). Consistent with consciousness at the whole-brain scale.

2. Ant colony (coarse-grained colony-scale ingredients). v ~ 10>ms~!, 7(¢) ~ 10* s (hours, for
colony-scale statistical properties). Derived diagnostic: D < « - 10> m. A small colony (D ~s 10m)
can satisfy the diameter budget under hub exchange. Whether Chord is satisfied still depends on
co-instantiation and concurrency at the relevant grounding resolution, not just on diameter.

The derived bound D < xvt(/) reveals a tradeoff between speed and persistence. Solid brains
have high v but short, fragile 7(¢). Liquid brains have low v but potentially long, robust 7(¢). The
product v T(¢) helps determine the spatial reach of a persistence-supported unified moment, but it
does not settle the whole story by itself.

The moral is not that persistence alone decides consciousness. Rather, 6, v, k, grounding resolution,
and concurrency capacity jointly constrain what kinds of unified moments are even physically available.
Persistence matters because “just make 6 bigger” is not cost-free. It typically forces a move to coarser,
slower ingredients and thereby changes the hypothesised phenomenology.

Under Arpeggio, that persistence advantage becomes even more consequential. If no co-
instantiation is needed, then slow but persistent systems like ant colonies or oceanic current systems
become candidate conscious systems, operating on timescales from hours to geological epochs. Chord
is more selective. Once the window is no longer free, T(¢) becomes one of the main discriminative
physical quantities, but not the only one. Grounding, concurrency, and self-structure still matter.

Predictions and Falsifiers

Each falsifier targets a different modelling commitment.

1. Temporal Gap falsifier. Take any high time resolution recording where you can define a set
of grounded ingredients ¢ and a candidate unity marker over windows of duration 6. A unity
marker is any measurable variable that is supposed to indicate that one unified moment occurred,
such as a phase synchrony measure or a behavioural report. For each window [, t 4 6], compute
Occur(¥, [t, t + 6]) and Colnst(¥, [t, t + 6]) for the same ¢. Then focus on windows where Occur
holds but Colnst fails. If the unity marker still behaves as if a single moment occurred in those
windows, then the Chord requirement is wrong for that marker.

2. Latency budget violation. Pick any substrate where you can estimate a support diameter and a
propagation ceiling for the same candidate unity marker. Write Dy, for a conservative lower bound
on diameter, and write vy; and 6y for conservative upper bounds on speed and window duration.
Compute the conservative margin Mcons = D — kvy0y. If Mcons is significantly positive across
windows under the protocol in Supplementary Note 5, then either the within-window exchange
postulate is false or the marker is not a unified moment.

3. Architecture factor shift. Hold the same nodes, the same geometry, and the same window
definition. Change only the exchange graph. For engineered systems this means swapping
between hub exchange, all-to-all exchange, and a chosen sparse graph. For the same measured v
and 6, the largest diameter that still supports integration should scale in direct proportion to «. If
the transition does not move when x moves, then the architecture factor model is wrong.

These are just sense checks on timestamps, distances, and who must talk to whom. A unified
moment is the set of sites that can mutually exchange causal influence within a window of duration 6.
Its spatial diameter cannot exceed xvf. If you want a bigger subjective moment, you must either have
more time for integration (somehow), propagate faster, or change the exchange architecture.
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Methods
Stack Theory Objects and Temporal Lift

Definitions 1 and 2 give the formal objects used in the Results. I repeat the core pieces here for
convenience.

An environment is a nonempty set @ of mutually exclusive microstates. A programisasetp C .
A finite vocabulary v C 2% is the set of programs a system can implement. The induced embodied
language is

Lo:={{Co|(p#2}.
pel
For £ € Ly, the truth setis T(¢) := (¢, p, with T(?) = .

To lift truth to time, let ¢(7) € ® be the microstate trajectory. Arpeggio, Chord, and the related
synchrony conditions are defined in Definitions 2 and 3. Supplementary Note 7 gives the exact
Appendix 26 discrete-time lift. There an objective trajectory ¢ : N — & induces windows o, =
(p(u),...,¢(u+A)) € p, with Occur(?,0y) <= o0y € T(Opl) and Colnst(¢,0,) <= 0, € OaT(¥).
The interval notation in the main text is just the continuous-time reading of the same distinction.
Grounded means that the programs are evaluated directly on ¢(7) in the base environment.

Architecture Factor and Proof Idea

Supplementary Note 3 defines x = %h(G) where hi(G) is the hop diameter of an exchange graph
G on the grounded support. In other words, 1(G) counts the worst case number of message handoffs
needed to connect the two most separated sites, given the required exchange edges.

Theorem 1 follows from one inequality. Assume each edge (u,w) can complete a round trip
within the window so #7,—w + #w—u < 6. Then at least one direction has travel time at most 6/2. With
propagation speed bounded by v this implies the metric distance between 1 and w is at most v6/2.

Any pair of sites is connected by a path of at most /1(G) hops. The triangle inequality says the
direct distance between two sites is at most the sum of distances along any path between them. So
their separation is at most #(G)v6/2 = xvé.

Mechanistic Integration Model

The mechanistic model places N contributor sites uniformly on a circle of diameter D. For all-to-all
exchange I require a completed round trip for every unordered pair of sites, using the Euclidean chord
distance on the circle. Chord distance is the straight line distance between two points on the circle.
For hub exchange I model a central mediator at the circle centre, so each contributor must complete a
round trip via the hub.

A directed message time is d /v + ¢, where d is the one-way Euclidean distance and ¢ is exponential
jitter with mean jf. A round trip time is therefore 2d /v 4- {1 + ¢2. Under the independence assumptions,
overall success probability factorises over required exchanges.

Because §1 + ¢7 is the sum of two independent exponential random variables, it has a Gamma
distribution. I therefore evaluate success probability exactly using the closed form Gamma cumulative
distribution function. In other words, this is just the probability that the random delay stays below the
remaining time budget.

Primate Literature Extraction

The primate dataset is extracted from Table 1 of Phillips et al [25] plus the published correction
[26]. The corrected Table 1 contains n = 15 individuals across 14 species. I include the extracted values
in ttgs_phillips2015_tablel.csv. I treat the reported interhemispheric conduction times as Opyin
proxies for moments requiring bilateral exchange.
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Monte Carlo Stress Tests

I simulate a measurement pipeline where D, 8, and v are observed with noise. For each simulated
run I form the margin M = D — x50 across windows and test whether its mean is positive with a
one sided t test. In other words, this asks whether the average margin is reliably above zero given
sampling noise.

I treat v as a sampled quantity and compare estimators. I also simulate dependence across
windows with an AR(1) model. AR(1) means a first order autoregressive process, where each window
is correlated with the previous one. I show that thinning controls false refutations. Thinning means
keeping only every kth window so that the remaining windows are closer to independent. For example,
if you slide a 50 ms window forward in 1 ms steps, then adjacent windows share almost all of their
data. Keeping every 50th window removes that overlap.
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