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Abstract

Why sleep takes the form of a recurrent organismal mode remains unresolved de-
spite an extensive literature on processes associated with sleep. A central source
of confusion is that four questions are often treated as interchangeable: what
counts as sleep, how prior wake history is regulated, which operations depend
on a sleep mode, and how sleep evolved. Here I present a structured synthe-
sis spanning sleep homeostasis, local network dynamics, plasticity, interregional
timing, body-wide physiology, REM sleep, comparative sleep architectures, evo-
lution, and technical counterexamples to global-offline necessity. I distinguish
organismal sleep from sleep-like organismal modes, local sleep-like events, and
sleep-associated operations, and introduce a typed causal audit separating func-
tional states, sensors, history integrators, messengers, controllers, modes, events,
interventions, functions, coupling profiles, observations, and evidence scope. The
evidence rejects the inference that maintenance, learning, self-modification, or re-
play inherently require simultaneous global sleep. It also establishes cross-state
occurrence, alternative natural architectures, and narrow operator transfer for
selected processes. These findings do not establish broad substitution. I there-
fore define relative mode dependence against prespecified comparator classes,
endpoints, time horizons, resource constraints, and biological equivalence mar-
gins. The residual explanatory space is organized into three levels: local mode
dependence and state moderation; neural and neuron-body interaction; and batch-
ing or safety advantages. The same component discipline is then applied to evo-
lution. Present-day mode dependence does not identify origin, and present-day
substitutability does not erase possible historical selection. Phenotype, history-
dependent regulation, controller pathways, operations, functions, spatial organi-



zation, and active modes require separate ancestral reconstruction. The decisive
empirical task is to determine which, if any, operations retain a mode-specific ad-
vantage after fair biological substitution; the decisive historical task is to establish
when and how the relevant components became coupled.

Keywords: sleep function; sleep evolution; sleep homeostasis; local sleep; REM
sleep; relative mode dependence; substitution; Process S; homology; evolutionary
lock-in

1. Introduction: useful operations do not yet explain a
biological mode

Sleep is physiologically active, recurrent, reversible, and costly. It reduces normal
environmental engagement and, in many species, exposes the organism to oppor-
tunity costs or predation. Yet the biological literature has identified no single pro-
cess whose presence during sleep is sufficient to explain why sleep is organized as
a distinct organismal mode. The problem is not a shortage of candidate functions.
Sleep has been linked to synaptic regulation, memory, ion homeostasis, genomic
stability, vascular and fluid dynamics, immunity, metabolism, tissue repair, and
developmental plasticity. The problem is that occurrence during sleep is often
treated as if it established necessity of sleep.

The distinction matters because many operations associated with sleep also occur
outside organismal sleep. Hippocampal replay occurs during quiet wake and be-
havioral pauses [1,2]. Local cortical populations can enter off periods while an
animal remains behaviorally awake [3]. In awake mice, experimentally imposed
cortical on/off dynamics can modify local sleep pressure, synaptic markers, and a
narrow memory output [4]. Birds and marine mammals can spatially divide sleep,
while chinstrap penguins can accumulate large amounts of sleep in bouts lasting
only seconds [5,6,7]. These findings refute a simple global-offline argument: the
existence of maintenance, learning, self-modification, or replay does not logically
entail that the entire brain or organism must enter simultaneous global sleep.

They do not prove that sleep is broadly replaceable. Wake replay may perform a
different computation from sleep replay. A local operator may rescue one endpoint
while leaving other neural, bodily, or regulatory states untouched. Unihemispheric
sleep is an evolved architecture, not a within-individual substitute for bilateral
sleep. A short-term behavioral rescue does not establish tissue restoration, later
homeostatic equivalence, durability, or acceptable biological cost. The scientific
target is therefore narrower and more tractable than the question “what is sleep
for?”:

Which operation retains a measurable advantage in a local or or-
ganismal sleep mode after fair biological alternatives are tested?

A second problem is historical. A current sleep-dependent operation need not be
the reason sleep originated. It may have been co-opted after a quiescent mode
already existed, become specialized through evolutionary lock-in, or lost an an-
cestral alternative. Conversely, an operation that can now be reproduced exper-



imentally outside sleep may still have favored the origin or maintenance of sleep
because that substitute was unavailable to ancestral lineages. Current mode de-
pendence and evolutionary origin therefore require different evidence.

This paper separates four explananda:

1. Classification: what counts as organismal sleep, a sleep-like organismal
mode, a local sleep-like event, or a sleep-associated operation?

2. Regulation: what stores or represents prior wake history, and how is that
history translated into sleep expression?

3. Current mode dependence: which operations remain non-equivalent out-
side sleep within a defined comparator class?

4. Evolution: which components are homologous, convergent, co-opted, inde-
pendently gained, elaborated, locked in, or secondarily lost?

Figure 1. Four explananda and the inference barriers between them

1. Classification 2. Regulation 3. Mode dependence 4. Evolution
What is sleep? What tracks wake? What survives substitutio What shares history?
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Inference barriers: occurrence # function; function # mode dependence;
rebound # material debt; current dependence # origin; similarity # homology

Figure 1: Four explananda and the inference barriers between them.

The paper makes four contributions. First, it proposes an operational taxonomy
that does not define sleep by its presumed function. Second, it introduces a typed
causal architecture that distinguishes the state requiring restoration from the sen-
sors, messengers, controllers, operations, and readouts used to regulate it. Third,
it replaces absolute claims of non-substitutability with bounded comparisons and
a multidimensional substitution profile. Fourth, it applies the same component dis-
cipline to sleep evolution, where the complete phenomenon should not be treated
as one historical unit before its components have been reconstructed.

The central claim is deliberately modest:

A useful process occurring during sleep does not establish cur-
rent sleep-mode dependence. Current dependence must be tested
relative to explicit biological comparators, while evolutionary ex-
planation requires a separate reconstruction of component ori-



gin, elaboration, maintenance, lock-in, and loss.

2. Methods: a structured theory-building synthesis

2.1 Design

This manuscript distills a twelve-module research program developed through
broad synthesis, separate adversarial review, revision, and cross-module integra-
tion. The active corpus covers: global-offline arguments; Process S and sleep-
pressure candidates; control architecture; evolution; plasticity and critical peri-
ods; local sleep, replay, and interregional timing; body-wide physiology; anesthe-
sia, torpor, and consciousness boundaries; REM; natural short-sleep and spatially
divided architectures; continual-learning agents; and a final master synthesis.

The review is curated and question-driven, not systematic. It does not claim
exhaustive coverage. Sources were selected because they carried a central claim,
provided a counterexample, altered the status of a claim, filled an empty compar-
ison class, or defined a decisive experiment. This method is suitable for theory
construction but limits field-wide absence statements. Whenever the manuscript
says that no substitute or universal mechanism has been identified, the intended
domain is the audited evidence set, not every paper ever published.

2.2 Claim types

The synthesis separates:

* empirical findings: what was measured;

* causal findings: what an intervention changed;

 methodological rules: what evidence is required for a conclusion;

* epistemic non-implications: what does not follow from a result;

* theoretical hypotheses: proposed present-day mechanisms;

* historical hypotheses: proposed evolutionary trajectories;

* technical counterexamples: engineered architectures that constrain logi-
cal necessity.

A construction is not cited as evidence for itself. A cross-study chain is treated as
a hypothesis graph unless all causal links were measured in one system.

2.3 Evidence calibration

Mechanistic depth, taxonomic scope, and independent replication are evaluated
separately. A deep mechanism in one cell type can be highly informative while
remaining phylogenetically narrow. Conversely, broad comparative occurrence
can have little mechanistic resolution. Recent 2025-2026 findings are treated as
especially informative but still young.

Equivalence claims follow non-inferiority logic: failure to detect a difference is not
evidence of equivalence [8,9]. A substitute must be evaluated against prespecified
biological margins, not against a null-hypothesis p value.



2.4 Corrections and contested records

Corrections, errata, formal disputes, and retractions are treated as part of the evi-
dence chain. The awake sharp-wave-ripple intervention by Jadhav and colleagues
is therefore read with its 2026 erratum [10,11]. The clearance result of Miao and
colleagues is read with its Author Correction and the subsequent formal challenge
and reply [12,13,14,15]. A retracted sponge-root phylogenomic article is not used
as positive evidence [16].

2.5 Al assistance and responsibility

ChatGPT assisted with literature organization, model comparison, adversarial re-
view, claim governance, experiment architecture, drafting, and document produc-
tion. Kimi was used in an independent parallel analysis that was examined only
after the original ChatGPT synthesis had been frozen; selected ideas were then
incorporated in narrower form. Al systems are not authors. All interpretive and
editorial decisions remain the responsibility of the human author.

3. What is the object called sleep?

A theory of sleep can become circular if sleep is defined by the mechanism or
function the theory is supposed to explain. The present paper therefore uses an
operational taxonomy:.

3.1 Organismal sleep

Organismal sleep is a recurrent, reversible biological mode or mode complex
characterized, where measurable, by a species-specific cluster of:

* altered behavioral organization;

* altered responsiveness or arousal threshold;

* endogenous temporal regulation;

* characteristic neural and bodily dynamics;

 distinction from paralysis, acute pathology, anesthesia, and torpor;
* history-dependent regulation, where demonstrated.

No single criterion is required across all taxa. The definition is a cluster definition,
not a claim of one function or one origin.

3.2 Sleep-like organismal mode

A sleep-like organismal mode satisfies several sleep criteria but lacks ade-
quate evidence for one or more dimensions, such as homeostatic regulation,
state-specific physiology, functional restoration, or distinction from another qui-
escent condition. Cnidarian work demonstrates that sleep-like, homeostatically
regulated modes can exist without a central brain [17,18]. That establishes
architectural possibility. It does not date the origin of sleep.



3.3 Local sleep-like event

A local sleep-like event is a spatially restricted neural event or regime with par-
tial correspondence to sleep dynamics while the organism remains globally awake
or in another mode. Natural local off periods in awake rats are the clearest ex-
ample [3]. They can predict task errors without converting the whole animal into
sleep.

3.4 Sleep-associated operation

A sleep-associated operation is a defined process that is enriched, gated, made
more effective, or experimentally reconstructable during sleep. Examples include
local on/off dynamics, spindle-ripple coupling, selected synaptic changes, REM-
theta-dependent operations, dendritic spine selection, and defined immune or vas-
cular effects [19,20,21,22,23]. An operation is not identical to the mode in which
it usually occurs.

3.5 Neighboring states

Anesthesia, sedation, torpor, coma, neuromuscular blockade, and pathological un-
responsiveness are not simply deeper sleep. They can mimic selected outputs
while differing in causal architecture and functional consequences. Behavioral
unresponsiveness is also not a sufficient exclusion criterion for external cognitive
integration during sleep [24].

3.6 Does sleep form a natural biological kind?

The phrase “natural kind” can mean a shared phenotype, mechanism, regulator,
function, or ancestry. Those are different claims. A strong case for a coherent
historical sleep character would require converging evidence for:

1. a recurring organismal phenotype;

2. related history-dependent regulation;

3. homologous or transformable components;
4. a coherent ancestral reconstruction;

5. at least partly conserved causal roles.

Current evidence does not establish that all operationally classified sleep modes
satisfy all five.

4. Typed causal architecture and relative mode depen-
dence

The term “sleep pressure” often compresses several causal roles into one word. A
mechanistic account should distinguish them.

For biological context x, define:

M,=(I,Z,8 H,B,C,qeU,F,G0,Y,E).
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Here [ is an input class; Z a functional tissue, network, or bodily state; S a sensor;
H a history integrator or accumulator; B a messenger; C' a controller; ¢ a local or
organismal mode; e a measured event; U an intervention; F' a functional output;
(G a coupling profile; O the observation model; Y the measured readout; and & the
evidence scope, depth, and replication status.

Figure 2. Typed causal architecture for sleep regulation and sleep work

Input _p |Functional state| [ Sensor / history (| Messenger |_ Controller | Mode /event
| z S, H B C q, e
Intervention Operation / function Observed readout
u ’ O, F ’ Y = Obs(.)

The diagram is a causal audit grammar, not a claim that one universal chain or master controller exists.

Figure 2: Typed causal architecture for sleep regulation and sleep work.

This grammar prevents three recurrent errors.

First, a messenger or controller state is not necessarily the tissue burden that
needs restoration. Adenosine can alter sleep expression without being a universal
material store [25]. Tryptamine can carry wake-history information to preoptic
control systems without being the complete biological content of Process S [26].

Second, a mode is not an operation. Pharmacologically induced behavioral sleep
can fail to reproduce a natural sleep-associated process. In zebrafish, synaptic
loss depended on sleep pressure and a particular neuromodulatory configuration,
not on behavioral sleep alone [27].

Third, a readout is not restoration. Slow-wave activity, sleep duration, latency,
performance, and molecular markers may diverge. Reducing later SWA does not
by itself show that all functional states have been restored.

4.1 Process S

The two-process model remains a powerful macroscopic description of sleep reg-
ulation [28]. But a predictive scalar does not identify an ontic scalar. Process S
may summarize one deep state, a serial cascade, a coupled field, or several par-
tially independent states. Its biological interpretation must remain output- and
context-specific.



4.2 Input classes

Four input classes should remain distinct:

* H: basal history-dependent regulation during natural wake;
* A: allostatic, injury-, infection-, or damage-induced sleep;

* D: developmental or remodeling-associated sleep;

» C: circadian, motivational, and ecological gating.

A shared sleep output does not prove a shared upstream burden. DNA damage
can recruit sleep after UV or mutagenic challenge without being the dominant
everyday mammalian Process S [29,30].

4.3 Relative mode dependence

Absolute non-substitutability cannot be demonstrated because no experiment can
test every imaginable alternative. The relevant object is relative mode depen-
dence.

For operation O, target-state vector Z, functional endpoints F, context x, compara-
tor class €, resource envelope X, time horizon 7, and biological margins ¢:

RMD(O;Z,F,k,C, R, T,9).

Relative mode dependence is supported when the reference sleep implementation
meets prespecified criteria and every admissible tested comparator fails at least
one equivalence constraint, after accounting for operator fidelity, timing, off-target
effects, and biological cost.

The strongest legitimate conclusion is:

Within the tested comparator class, endpoint set, resource enve-
lope, and time horizon, no non-sleep implementation was equiv-
alent.

It is not:

the operation requires sleep in principle.

5. Evidence cartography: what occurs outside organis-
mal sleep?

The evidence outside organismal sleep falls into four classes.

Question What it does not
Evidence class answered Example establish
El: Cross-state Does the process = Wake replay; Functional
occurrence also occur outside continuous equivalence
sleep? molecular
turnover



Question What it does not

Evidence class answered Example establish
E2: Alternative Can sleep be Unihemispheric Same-system
natural spatially or sleep; microsleeps substitution
architecture temporally

reorganized?
E3: Operator Can a Awake cortical Broad restoration
transfer sleep-associated on/off induction

dynamic be
induced outside

sleep?
E4: Functional Does an Narrow Multi-domain
substitution alternative meet a behavioral rescue  mode equivalence
prespecified

endpoint margin?

5.1 Continuous maintenance

The brain is not maintained only during sleep. Protein turnover, membrane re-
newal, organelle quality control, ion regulation, and receptor trafficking continue
during wake. This alone is enough to reject the literal statement that biological
maintenance cannot occur online. It does not show that every rate, coordination
pattern, or functional repair can be achieved under normal wake physiology.

5.2 Wake replay

Reverse and remote replay occur during wake [1,2]. Awake sharp-wave ripples can
influence spatial memory, although the intervention literature is task-specific and
one classic study now carries an erratum affecting the exact stimulation pattern
[10,11,31]. Wake replay therefore rejects exclusivity. It does not show that sleep
replay is redundant or that identical interregional operations occur under matched
conditions.

5.3 Natural local sleep

After extended wake, local cortical populations can enter off periods while the
rat remains globally awake, and such events predict task errors [3]. This demon-
strates spatially distributed sleep pressure and a natural local alternative to whole-
organism sleep. It also shows the cost: an unpredictable local outage can hit a
currently required network.

5.4 Awake operator transfer

The strongest narrow transfer result is the induction of cortical on/off periods in
awake mice [4]. The intervention reduced later local SWA and synchrony, changed
synaptic markers, and rescued one recognition-memory outcome after sleep depri-



vation. Tonic inhibition with a similar reduction in mean firing did not reproduce
the effect, implicating temporal organization rather than mere inactivity.

The result is important but bounded. It does not establish long-term safety, REM
substitution, broad body restoration, or equivalence across memory systems. It
also does not show that reduced coupling itself is necessary; the induced event
may be sufficient without identifying why natural sleep normally generates it.

5.5 Spatial division

Fregattbirds sleep in flight and can show unihemispheric or bihemispheric sleep
while remaining airborne [5]. Fur seals can suppress REM for long periods at sea
without a corresponding conventional rebound [7]. These cases demonstrate that
sleep architecture is spatially and mode-specifically plastic. They do not show that
all omitted operations were executed elsewhere or that no latent costs remained.

5.6 Temporal fragmentation

Chinstrap penguins can accumulate roughly normal daily sleep through thousands
of seconds-long microsleeps [6]. This challenges the assumption that sleep must
be consolidated into long bouts. It does not establish equivalence for every species,
function, or ecological context.

5.7 Extreme reduction and preserved performance

Pectoral sandpipers can sharply reduce sleep during mating competition, with high
performers obtaining more offspring [32]. Dolphins can sustain a narrow echolo-
cation vigilance task for days [33]. Chronic human sleep restriction, however, pro-
duces cumulative neurobehavioral deficits even when subjective sleepiness adapts
imperfectly [34]. Low observed sleep is therefore not a direct measure of low bio-
logical need.

5.8 Technical counterarchitectures

Continual-learning robots and digital systems can learn online through modular-
ity, redundancy, separate evaluation paths, replay buffers, and controlled updates
[35]. This constrains any claim that self-modification logically requires global
sleep. It does not constitute biological evidence because engineered systems can
copy, pause, replace, or externalize state in ways living organisms cannot.

6. What fair substitution has and has not established

Cross-state occurrence is not substitution. A substitute should be described
through a multidimensional evidence profile:

AR
P :(Po,szpFaPH7PT7P37P0)7

sub
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where P is operator fidelity, P, target-state normalization, P, functional non-
inferiority, P;; homeostatic or controller equivalence, P durability, Py breadth,
and P, cost and side effects.

Figure 3. Evidence classes and the multidimensional substitution profile

El E2 E3

Occurrence Natural architecture Operator transfer Functional substitution

Higher evidential demand

Substitution evidence profile

A N N
B

Operator State Function Regulation Durability Breadth Cost

Report each dimension separately. Unmeasured dimensions are not evidence of necessity.

Figure 3: Evidence classes and the multidimensional substitution profile.

6.1 Narrow substitution exists

The Driessen intervention reaches a meaningful level for selected endpoints: the
operator was reconstructed outside organismal sleep, local state markers shifted,
and one behavior was rescued [4]. That is more than occurrence. It is still nar-
rower than broad mode equivalence.

6.2 Wake replay is not a matched substitute

Wake replay demonstrates that replay is not sleep-exclusive. Existing studies do
not generally match sequence content, event number, phase, neuromodulatory
context, starting burden, and downstream function across wake and sleep. The
equivalence question therefore remains open.

6.3 Natural architectures are not same-system substitutions

Unihemispheric sleep, microsleep, and ecological sleep compression show that
evolution can reorganize sleep. They do not compare the same organism, starting
state, endpoint set, and resource envelope against ordinary bilateral sleep. They
are powerful architecture cases, not simple substitutes.
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6.4 Pharmacological state labels are insufficient

A hypnotic may increase behavioral sleep or slow-wave activity while altering
natural oscillations, vascular dynamics, or specific operations. Norepinephrine-
mediated vasomotion is one example of a process that can be changed by a
hypnotic even when sleep-like behavior is present [23]. In human T cells, state-
dependent neuroendocrine signaling can be partly reconstructed ex vivo, but the
result concerns a specific immune readout rather than a global sleep milieu [22].

6.5 The bounded negative conclusion

Within the audited comparator set, endpoint-specific functional substitution ex-
ists only in limited contexts. No evaluated alternative has demonstrated durable,
broad neural, bodily, and regulatory equivalence to organismal sleep. This is a
corpus-bounded audit result, not proof that such an alternative is impossible.

7. Three-tier hypothesis architecture

The unresolved explanatory space should not be compressed into one vague claim
of “coordination.” Six separable hypotheses occupy three levels.

Figure 4. Three-tier hypothesis architecture

Tier | — Mechanistic mode dependence

H{LM: local mode or measured coupling dependenge H-SM: state moderation of the same operator
Tier Il — Multi-compénent interaction
H-INT: non-additive neural interaction H-ORG: non-additive neuron-body interaction
Tier Ill — Evolutionary / design optimization
H-BAT: batching efficiency H-SAFE: safety advantage

Figure 4: Three-tier hypothesis architecture.
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Tier Hypothesis Exact question Decisive evidence

I H-LM: local Does a verified Same operator
mode local mode or with and without
dependence reduced coupling the local mode

contribute beyond
a matched
operator?

I H-SM: state Does the same Operator X mode
moderation operator have X moderator

different efficacy design
across modes

because of

measured

moderators?

IT H-INT: neural Do distributed Factorial A, B,
interaction neural operations A+B design

produce a
non-additive gain?

IT H-ORG: Do neural and Factorial neural X
neuron-body peripheral peripheral
interaction operations intervention

interact beyond
additivity?

II1 H-BAT: batching Is consolidated Cost-matched
sleep cheaper or distributed
faster for alternative
equivalent
restoration?

II1 H-SAFE: safety Does a declared Error- and
organismal mode  fitness-matched
reduce failures comparison

relative to local
outages?

7.1 H-LM: local mode dependence

Local off periods and induced on/off dynamics support the importance of a dynamic
regime [3,4]. They do not yet show that reduced task or sensory coupling itself is
necessary once the downstream operator is matched. H-LM remains open.

7.2 H-SM: state moderation

Several processes are gated by neuromodulatory or physiological state. Zebrafish
synapse loss depended on sleep pressure, adenosine, and low noradrenergic tone
[27]. Homerla-dependent AMPA regulation requires a sleep-associated molecular
context [36]. Human T-cell integrin activation is modulated by sleep-associated
G-protein-coupled signals [22]. These cases support process-specific gating. The

13



strongest form of H-SM—an identical downstream operator showing different
efficacy across matched modes because a measured moderator mediates the
difference—remains incompletely tested.

7.3 H-INT: neural interaction

Sleep oscillations can be precisely coupled. Triple phase-locking among cortical
slow oscillations, thalamic spindles, and hippocampal ripples supports memory
formation in rodents [19]. Manipulating hippocampo-cortical coupling can affect
consolidation [37], and human stimulation that augments hippocampal-prefrontal
synchrony can improve memory [38]. Yet timing dependence is not automatically
a non-additive interaction. A factorial design must compare the components alone,
asynchronous combination, phase-correct combination, and phase-incorrect com-
bination. Null memory effects despite enhanced oscillations also show that rhythm
amplification is not sufficient [39].

7.4 H-ORG: neuron-body interaction

Sleep affects hematopoiesis and atherosclerotic inflammation [40], can be re-
cruited after myocardial infarction to limit damage [41], and in Drosophila can
gate clearance of brain-derived lipids by peripheral blood cells [42]. These are
real pathways. They do not establish a non-additive organismal synergy. H-ORG
requires separate manipulation of neural and peripheral arms and a combined
condition that exceeds the expected sum.

7.5 H-BAT and H-SAFE

A consolidated mode could be advantageous even if all component operations were
technically reproducible elsewhere. Batching may reduce time, energy, switching
costs, or ecological exposure. Safety may prevent unpredictable local failures dur-
ing ongoing behavior. Predation-related asymmetry, in-flight sleep, seasonal sleep
reduction, and microsleep motivate these hypotheses [43,5,32,6]. They do not di-
rectly test them.

8. Regulation, Process S, and the unresolved burden

8.1 History-dependent regulation is real

Prolonged wake changes later sleep, local dynamics, performance, and molecular
states. The two-process model captures a robust macroscopic regularity [28]. The
unresolved issue is what Process S compresses biologically.

8.2 Candidate roles

Adenosine

Adenosine links activity and metabolism to sleep expression and mediates part of
the effect of prolonged wake [25]. It is a strong regional messenger and gate, not
a demonstrated universal store.
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Tryptamine-GPR139

Tryptamine from wake-active monoaminergic neurons tracks sleep history and
acts through GPR139 in preoptic circuitry [26]. This is a strong mammalian
messenger-controller pathway. It may count activity of wake systems rather than
a global material burden.

Synaptic strength

Acute prefrontal synaptic potentiation can increase NREM sleep and delta activity
[44]. Sleep pressure modulates synapse-number changes in zebrafish [27]. Synap-
tic strength is therefore a local burden and operation target, but a selective wake
rescue that normalizes function and later rebound remains missing.

Intracellular chloride

Wake-history-dependent chloride regulation can affect local cortical sleep pres-
sure, recruitment, and performance [45]. Chloride may be a burden, a coupling
variable, or a downstream state in a broader cascade.

Redox and lipid-peroxidation memory

In Drosophila sleep-promoting neurons, mitochondrial electron flow, lipid perox-
idation, and a voltage-gated Kvp-NADP(H) memory form a mechanistically deep
controller pathway [46,47]. The mechanism is strong in a narrow cell population
and research lineage. It may store controller history rather than the total repair
burden of the brain.

DNA stability

Sleep is linked to chromosome dynamics and DNA repair in zebrafish neurons
[48,30]. In cnidarians, DNA damage can recruit sleep-like behavior and sleep is
associated with reduced damage-response markers [29]. These findings establish
challenge and repair pathways; they do not identify DNA damage as the universal
basal mammalian Process S. Short-sleeping cavefish can show elevated damage
markers without an obvious corresponding aging phenotype, illustrating the dif-
ference between marker, mechanism, and fitness cost [49].

8.3 No universal material debt has been identified

No audited candidate closes the full chain required for a universal basal material-
debt claim:

natural wake burden — sensor — controller — sleep operation — state and functional rescue

This does not imply that no common burden exists. It means the present evidence
does not identify one.
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8.4 Drive generation and state competence

A high upstream drive and the capacity to express a stable sleep mode can dissoci-
ate. A controller can be masked without repairing the target state; a target state
can be repaired while a slow controller continues to report need. This distinction
generates a high-value experiment: controller-tissue double dissociation.

9. Stress tests: REM, body coupling, and short-sleep sys-
tems

9.1 REM is a mode complex

REM contains tonic and phasic substructure, specific controllers, motor atonia,
eye movements, theta dynamics, dendritic events, and narrow causal operations.
REM-theta disruption can impair contextual memory [20]. REM can select or
prune developing synapses [21], and reactivation of small adult-born ensembles
during REM can support memory in mice [50]. These findings support particular
REM operations, not one universal REM function.

Long REM suppression in fur seals and paradoxical memory outcomes after phar-
macological REM suppression constrain strong universal claims [7,51]. The cor-
rect question is not whether REM “has a function,” but which operator needs which
REM context and remains non-equivalent elsewhere.

9.2 Body-wide physiology

Sleep is embedded in autonomic, thermal, vascular, metabolic, endocrine, and
immune physiology. Challenge pathways are especially strong: peripheral injury
or inflammation can recruit sleep, and sleep can alter subsequent tissue outcomes
[41]. Basal daily regulation is harder. A pathway showing that sleep changes a
tissue is not automatically the pathway that causes daily sleep need.

The clearance literature illustrates the danger of overcompression. Hauglund and
colleagues identify norepinephrine-mediated vasomotion and fluid dynamics dur-
ing NREM [23]. Miao and colleagues report reduced clearance under their sleep
and anesthesia conditions, but the result has a correction and a formal methodolog-
ical dispute [12,13,14,15]. “Sleep clears waste” and “sleep reduces clearance” are
both too broad without specifying route, tracer, compartment, state, anesthesia,
and endpoint.

9.3 Natural short sleep and alternative architectures

Short sleep is not one mechanism. It can reflect:

* ecological suppression;

» controller or gate changes;

* spatial division;

* temporal fragmentation;

* altered burden accumulation;
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* improved operation efficiency;
e tolerated residual costs;
e measurement limitations.

Pectoral sandpipers, frigatebirds, penguins, fur seals, dolphins, Drosophila mu-
tants, and cavefish occupy different positions in this design space [32,5,6,7,33,52,49].
Their diversity argues against a fixed dose law. It does not establish absence of
sleep need.

10. Does sleep form one coherent historical character
complex?

A historical claim needs a defined character. “Sleep” can refer to:

* organismal quiescence;

* increased arousal threshold;
* history-dependent regulation;
* local off dynamics;

* a particular controller;

* slow-wave or active modes;

* one operation or function.

Those components may have different histories.

Cnidarians demonstrate sleep-like modes and homeostatic regulation without
central brains [17,18]. Zebrafish possess multiple neural sleep signatures [53].
Drosophila species show divergence in amount, depth, pharmacology, and re-
bound [54]. Octopus active sleep and jumping-spider retinal movements expand
the space of active sleep-like components beyond vertebrates [55,56]. These
findings are consistent with a deep precursor, multiple gains, repeated co-option,
or a mosaic of homology and convergence.

The animal root itself remains contested. Synteny evidence supports ctenophores
as sister to other animals [57], while a corrected partitioned-phylogenomics anal-
ysis supports sponges [58,59]. A separate 2025 sponge-root article was retracted
and supplies no positive evidence [16]. Root topology alone would not solve sleep
history because comparable phenotype and homeostasis data remain sparse in
several root taxa.

The strongest current wording is:

Current evidence does not establish that all operationally clas-
sified sleep modes constitute one homologous, mechanistically
coherent historical character complex.
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Figure 5. Component evolution of sleep as a historical model space

Quiescent History-dependent Controller Local / global Slow / active Functions and
phenotype <> regulation <> architecture <> organization <> modes <> body coupling

origin co-option elaboration lock-in convergence secondary loss

Np single linear timeline is assumed. Each component may have a different historical trajectory.

Figure 5: Component evolution of sleep as a historical model space.

11. Component evolution: origin, co-option, lock-in, and
loss

11.1 Separate historical processes

A component can undergo:

* origin: first appearance;

* elaboration: increased complexity or range;

* co-option: recruitment for a new role;

* maintenance: continued selection because of current benefit;
* lock-in: derived dependence after alternatives are lost;

* convergence: independent emergence of similar features;

* secondary loss: reduction or disappearance.

Current mode dependence may reflect lock-in rather than origin. Current substi-
tutability may rely on a modern intervention unavailable ancestrally.

11.2 Representative component matrix

Historical
Component Present evidence alternatives Current verdict
Reversible Broad across Deep precursor or Deep precursor
quiescence with bilaterians and multiple gains plausible, not
arousal change cnidarians proven
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Component

Present evidence

Historical
alternatives

Current verdict

History-dependent

Strong in many

Ancestral,

Whole-state

regulation taxa, variable in repeatedly added, history unresolved
form or repeatedly lost
DNA-damage Cnidaria and Deep co-option, Causal-role
coupling vertebrate challenge-specific  correspondence;
mechanisms convergence homology open
Local off dynamics Strong in Derived cortical Current
mammalian cortex specialization or mechanism;
broader network historical depth
principle unknown
Multiple Vertebrates, Homology, Component
slow/active modes octopus, possible convergence, convergence
spider component generic network plausible
attractor
Unihemispheric Birds and marine = Independent Strong secondary
organization mammals ecological architecture
specialization
REM-associated Multiple narrow Early component No universal
operations vertebrate package, function identified
mechanisms elaboration, or
repeated
co-option

11.3 The possible “birth of the counter”

One historical model is that quiescence preceded explicit history-dependent de-
fense, and that an older mode later became coupled to a burden integrator. This
model is compatible with existing data but not favored decisively over alternatives.
It should be treated as a model to compare, not an answer.

11.4 Current causal evidence constrains history without determin-
ing it

If a local operator can be executed during wake, then global sleep is not its only
physically possible implementation. That constrains strong necessity stories. It
does not show that the operator was historically irrelevant. If a modern REM
operation is currently non-equivalent outside REM, that may reflect derived spe-
cialization rather than original selection. Functional and evolutionary inference
therefore meet at component identity, not at one common proof rule.

12. Decision experiments

The paper’s value depends on experiments that can weaken its branches. Four
designs are sufficient for a near-term agenda.
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12.1 Process-specific mode x moderator test

Compare natural sleep, EEG-verified quiet wake, and active wake for one defined
operation. Measure and selectively manipulate one process-specific moderator
rather than invoking a global “sleep milieu.” Where relevant, separate damage
formation from repair rate.

Interpretation:

* aresidual sleep-mode effect after operator and moderator matching strength-
ens H-LM;

* complete mediation by the moderator strengthens process-specific H-SM;

* no advantage weakens mode dependence for that operation.

12.2 Matched cross-state operator reconstruction

Reconstruct the same downstream operator across quiet wake and sleep, matching
target population, event number, phase, amplitude, duration, and starting state.
Measure operator fidelity, target-state normalization, function, later regulation,
durability, and cost.

This is the direct test of whether a state label contributes beyond the operator
itself.

12.3 Factorial interaction test
For two neural operations, or one neural and one peripheral operation, compare:

1. control;

. A alone;

B alone;

A+B asynchronous;

. A+B phase-correct;
6. A+B phase-incorrect.

The interaction scale must be prespecified. A combined effect larger than either
component is not sufficient; the relevant quantity is the residual beyond the ex-
pected joint effect.

12.4 Controller-tissue double dissociation

Manipulate the controller signal and the candidate target state independently:

* high burden, controller intact;

* high burden, controller expression suppressed;

* burden selectively reduced, controller initially high;
* normal mode expression with the operation blocked;
* burden and controller jointly normalized.

Measure target state, function, mode expression, operation, and delayed rebound.
This design distinguishes masking of sleep need from actual restoration.
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13. Relationship to existing frameworks

The present architecture is not a universal replacement for established theories.
It asks a different question: what evidential step connects a useful process to a
distinct mode?

13.1 Synaptic homeostasis

Synaptic homeostasis explains important local and global regularities, and causal
evidence links synaptic strength to sleep pressure [44]. It does not by itself es-
tablish organismal-mode necessity, because selected synaptic operations can be
local, conditional, or transferred across states [27,4].

13.2 Clearance frameworks

Clearance and fluid-dynamics frameworks identify real transport processes [23].
The heterogeneous and contested literature requires route- and assay-specific
claims [12,14,15]. A clearance function is not automatically the daily burden that
causes sleep.

13.3 Energy restoration and allocation

Energy-based theories can explain why operations are scheduled differently across
modes and why sleep quantity is ecologically plastic. They remain compatible
with batching. They do not establish a unique material counter or exclude non-
energetic mechanisms.

13.4 Adaptive inactivity

Adaptive inactivity explains timing and ecological negotiation. The striking flexi-
bility of sleep supports part of this account [32,5]. History-dependent regulation
and local use dependence show that sleep is not merely arbitrary inactivity.

13.5 The window thesis K13

K13 proposes that sleep is a defended physiological window in which selected
maintenance chemistry operates faster, with drive coupled to material burden.
The present paper retains narrower elements: process-specific state moderation,
drive versus state competence, vulnerability surfaces, and a direct sleep-versus-
quiet-wake rate comparison. It does not adopt a universal material counter, a
single global milieu, or a confirmed linear origin sequence.

14. Limitations and conclusion

14.1 Limitations

This is a curated theory-building synthesis, not a systematic review. The source
base is heterogeneous across species, developmental stages, assays, and causal
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depth. Some of the most informative mechanistic studies are recent and not inde-
pendently replicated. Several literatures are research-house concentrated. Nega-
tive conclusions are bounded to the audited corpus. The paper proposes an audit
architecture rather than one compact universal biological mechanism, and that
methodological breadth risks insufficient explanatory compression.

Al assistance enabled a wide synthesis but does not substitute for independent
scientific review. The manuscript should therefore be read as a preprint-level ar-
gument and experiment agenda, not as a final adjudication of the field.

14.2 Conclusions

Many processes associated with sleep also occur during wakefulness, local sleep-
like dynamics, or spatially divided modes. This rejects the inference that mainte-
nance, replay, or self-modification inherently require simultaneous global sleep. It
does not establish broad replacement of organismal sleep.

The next empirical task is to determine which, if any, operations retain a mode-
specific advantage after matched biological alternatives are tested across target
states, functions, regulatory residuals, durability, breadth, and cost. The residual
hypotheses fall into three levels: local mode dependence and state moderation;
neural and neuron-body interaction; and batching or safety advantages. None has
yet won as a universal explanation.

The historical task is different. Current dependence cannot identify origin unless
organismal mode, history-dependent regulation, controllers, operations, functions,
and spatial organization are reconstructed separately and compared with alterna-
tives available in ancestral lineages. Sleep may ultimately prove to be a coherent
mode complex assembled from components with different histories and different
degrees of present-day mode dependence. Current evidence establishes neither
one universal function nor one whole-state origin.

Declarations
Competing interests

The author declares no competing interests.

Funding

No external funding was received for this synthesis.

Data and materials availability

The manuscript is based on published literature and a versioned internal claim-
and-source register. A compact technical supplement accompanies this preprint.

22



Al assistance

ChatGPT assisted with research organization, synthesis, adversarial testing, claim
governance, experiment design, drafting, and document production. Kimi was
used in a separate parallel analysis and selected ideas were incorporated only
after independent comparison. The author remains responsible for all claims, in-
terpretations, and final wording.

References

1. Foster, D. J. & Wilson, M. A (2006). Reverse replay of behavioural sequences
in hippocampal place cells during the awake state. Nature, 440, 680-683.
https://doi.org/10.1038/nature04587

2. Karlsson, M. P. & Frank, L. M (2009). Awake replay of remote ex-
periences in the hippocampus. Nature Neuroscience, 12, 913-918.
https://doi.org/10.1038/nn.2344

3. Vyazovskiy, V. V. et al (2011). Local sleep in awake rats. Nature, 472, 443-447.
https://doi.org/10.1038/nature10009

4. Driessen, K., Squarcio, F., Tononi, G. & Cirelli, C (2026). Induction of cortical
on/off periods in awake mice fulfills sleep functions. Nature Neuroscience,
29, 1954-1965. https://doi.org/10.1038/s41593-026-02318-9

5. Rattenborg, N. C. et al (2016). Evidence that birds sleep in mid-flight. Nature
Communications, 7, 12468. https://doi.org/10.1038/ncomms12468

6. Libourel, P-A. et al (2023). Nesting chinstrap penguins accrue large quan-
tities of sleep through seconds-long microsleeps. Science, 382, 1026-1031.
https://doi.org/10.1126/science.adh0771

7. Lyamin, O. I. et al (2018). Fur seals suppress REM sleep for very long
periods without subsequent rebound. Current Biology, 28, 2000-2005.e2.
https://doi.org/10.1016/j.cub.2018.05.022

8. Piaggio, G. et al. (2012). Reporting of Noninferiority and Equivalence Ran-
domized Trials: Extension of the CONSORT 2010 Statement. JAMA, 308,
2594-2604. https://doi.org/10.1001/jama.2012.87802

9. Lakens, D. (2017). Equivalence Tests: A Practical Primer for t Tests, Corre-
lations, and Meta-Analyses. Social Psychological and Personality Science, 8,
355-362. https://doi.org/10.1177/1948550617697177

10. Jadhav, S. P. et al (2012). Awake hippocampal sharp-wave ripples support spa-
tial memory. Science, 336, 1454-1458. https://doi.org/10.1126/science.1217230

11. Erratum for the Research Article “Awake Hippocampal Sharp-Wave Rip-
ples Support Spatial Memory” (2026). Erratum for the Research Arti-
cle “Awake Hippocampal Sharp-Wave Ripples Support Spatial Memory”.
(2026). Science, 393. https://doi.org/10.1126/science.aek1745 [CORREC-
TION/ERRATUM]

12. Miao, A. et al (2024). Brain clearance is reduced during sleep and anesthesia.
Nature Neuroscience, 27, 1046-1050. https://doi.org/10.1038/s41593-024-
01638-y

13. Miao, A. et al. (2024). Author Correction: Brain clearance is reduced during
sleep and anesthesia. Nature Neuroscience, 27, 1425. https://doi.org/10.1038/s41593-

23



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

024-01698-0 [CORRECTION/ERRATUM]

Pla, V. et al. (2025). A curious concept of CNS clearance. Nature Neuro-
science, 28, 731-733. https://doi.org/10.1038/s41593-025-01897-3

Franks, N. P. & Wisden, W. (2025). Reply to: A curious concept of CNS clear-
ance. Nature Neuroscience, 28, 734-736. https://doi.org/10.1038/s41593-
025-01898-2

Steenwyk, J. L. et al. (2025). Integrative phylogenomics positions sponges at
the root of the animal tree. Science. https://doi.org/10.1126/science.adw9456
[RETRACTED/RETRACTION RECORD]

Nath, R. D. et al (2017). The Jellyfish Cassiopea Exhibits a Sleep-like State.
Current Biology, 27, 2984-2990.e3. https://doi.org/10.1016/j.cub.2017.08.014
Kanaya, H. J. et al (2020). A sleep-like state in Hydra unravels conserved sleep
mechanisms during the evolutionary development of the central nervous sys-
tem. Science Advances, 6, eabb9415. https://doi.org/10.1126/sciadv.abb9415
Latchoumane, C.-F. V. et al (2017). Thalamic spindles promote memory forma-
tion during sleep through triple phase-locking of cortical, thalamic, and hip-

pocampal rhythms. Neuron, 95, 424-435.e6. https://doi.org/10.1016/j.neuron.2017.06.02:

Boyce, R., Glasgow, S. D., Williams, S. & Adamantidis, A (2016). Causal evi-
dence for the role of REM sleep theta rhythm in contextual memory consoli-
dation. Science, 352, 812-816. https://doi.org/10.1126/science.aad5252

Li, W. et al (2017). REM sleep selectively prunes and maintains new
synapses in development and learning. Nature Neuroscience, 20, 427-437.
https://doi.org/10.1038/nn.4479

Dimitrov, S. et al (2019). Gas-coupled receptor signaling and sleep regulate
integrin activation of human antigen-specific T cells. Journal of Experimental
Medicine, 216, 517-526. https://doi.org/10.1084/jem.20181169

Hauglund, N. L. et al (2025). Norepinephrine-mediated slow vasomo-
tion drives glymphatic clearance during sleep. Cell, 188, 606-622.e17.
https://doi.org/10.1016/j.cell.2024.11.027

Turker, B. et al (2023). Behavioral and brain responses to verbal stimuli re-
veal transient periods of cognitive integration of the external world during
sleep. Nature Neuroscience, 26, 1981-1993. https://doi.org/10.1038/s41593-
023-01449-7

Porkka-Heiskanen, T. et al (1997). Adenosine: a mediator of the sleep-
inducing effects of prolonged wakefulness. Science, 276, 1265-1268.
https://doi.org/10.1126/science.276.5316.1265

Cao et al (20206). Tryptamine from wake-active monoaminergic neu-
rons regulates sleep homeostasis. Nature Neuroscience, 29, 1942-1953.
https://doi.org/10.1038/s41593-026-02332-x

Suppermpool, A. et al (2024). Sleep pressure modulates single-neuron
synapse number in zebrafish. Nature, 629, 639-645. https://doi.org/10.1038/s41586-
024-07367-3

Borbély, A. A., Daan, S., Wirz-Justice, A. & Deboer, T (2016). The two-process
model of sleep regulation: a reappraisal. Journal of Sleep Research, 25, 131-
143. https://doi.org/10.1111/jsr.12371

Aguillon, R. et al (2026). DNA damage modulates sleep drive in basal
cnidarians with divergent chronotypes. Nature Communications, 17, 3.

24



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

https://doi.org/10.1038/s41467-025-67400-5

Zada, D. et al (2021). Parpl promotes sleep, which enhances DNA repair in
neurons. Molecular Cell. https://doi.org/10.1016/j.molcel.2021.10.026
Deceuninck, L. & Kloosterman, F (2024). Disruption of awake sharp-wave rip-
ples does not affect memorization of locations in repeated-acquisition spatial
memory tasks. eLife, 13, e84004. https://doi.org/10.7554/eLife.84004
Lesku, J. A. et al (2012). Adaptive sleep loss in polygynous pectoral sand-
pipers. Science, 337, 1654-1658. https://doi.org/10.1126/science.1220939
Branstetter, B. K. et al (2012). Dolphins can maintain vigilant behavior
through echolocation for 15 days without interruption or cognitive impair-
ment. PLOS ONE, 7, e47478. https://doi.org/10.1371/journal.pone.0047478
Van Dongen, H. P. A., Maislin, G., Mullington, J. M. & Dinges, D. F (2003). The
cumulative cost of additional wakefulness: dose-response effects on neurobe-
havioral functions and sleep physiology from chronic sleep restriction and to-
tal sleep deprivation. Sleep, 26, 117-126. https://doi.org/10.1093/sleep/26.2.117
Srisuchinnawong, A. & Manoonpong, P (2025). Growable and interpretable
neural control with online continual learning for autonomous lifelong lo-
comotion learning machines. International Journal of Robotics Research.
https://doi.org/10.1177/02783649251336385

Diering, G. H. et al (2017). Homerla drives homeostatic scaling-down of exci-
tatory synapses during sleep. Science, 355, 511-515. https://doi.org/10.1126/science.aai8:
Maingret, N. et al (2016). Hippocampo-cortical coupling mediates
memory consolidation during sleep. Nature Neuroscience, 19, 959-964.
https://doi.org/10.1038/nn.4304

Geva-Sagiv, M. et al (2023). Augmenting hippocampal-prefrontal neuronal
synchrony during sleep enhances memory consolidation in humans. Nature
Neuroscience, 26, 1100-1110. https://doi.org/10.1038/s41593-023-01324-5
Henin, S. et al (2019). Closed-loop acoustic stimulation enhances sleep os-
cillations but not memory performance. eNeuro, 6, ENEURO.0306-19.2019.
https://doi.org/10.1523/ENEURO.0306-19.2019

McAlpine, C. S. et al (2019). Sleep modulates haematopoiesis and protects
against atherosclerosis. Nature, 566, 383-387. https://doi.org/10.1038/s41586-
019-0948-2

Huynh, P. et al (2024). Myocardial infarction augments sleep to limit cardiac
inflammation and damage. Nature, 635, 168-177. https://doi.org/10.1038/s41586-
024-08100-w

Cho, W. H. et al (2026). Sleep-dependent clearance of brain lipids by periph-
eral blood cells. Nature, 651, 720-731. https://doi.org/10.1038/s41586-025-
10050-w

Rattenborg, N. C., Lima, S. L. & Amlaner, C. J (1999). Half-awake to the risk
of predation. Nature, 397, 397-398. https://doi.org/10.1038/17037

Sawada, T. et al (2024). Prefrontal synaptic regulation of homeostatic
sleep pressure revealed through synaptic chemogenetics. Science, 385,
1459-1465. https://doi.org/10.1126/science.adl3043

Alfonsa, H. et al (2023). Intracellular chloride regulation mediates
local sleep pressure in the cortex. Nature Neuroscience, 26, 64-78.
https://doi.org/10.1038/s41593-022-01214-2

25



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Rorsman, H. O. et al (2025). Sleep pressure accumulates in a voltage-gated

lipid peroxidation memory. Nature, 641, 232-239. https://doi.org/10.1038/s41586-

025-08734-4

Sarnataro, R. et al (2025). Mitochondrial origins of the pressure to sleep.
Nature, 645, 722-728. https://doi.org/10.1038/s41586-025-09261-y

Zada, D. et al (2019). Sleep increases chromosome dynamics to enable re-
duction of accumulating DNA damage in single neurons. Nature Communica-
tions, 10, 895. https://doi.org/10.1038/s41467-019-08806-w

Lloyd, E. et al (2025). Elevated DNA damage without signs of aging in the
short-sleeping Mexican cavefish. elLife, 13, RP99191 / Version of Record.
https://doi.org/10.7554/eLife.99191.3

Srinivasan, S. et al (2025). Transient reactivation of small ensembles of adult-
born neurons during REM sleep supports memory consolidation in mice. Na-
ture Communications, 16, 7210. https://doi.org/10.1038/s41467-025-62554-
8

Rasch, B. et al (2009). Pharmacological REM sleep suppression paradoxically
improves rather than impairs skill memory. Nature Neuroscience, 12, 396-
397. https://doi.org/10.1038/nn.2206

Geissmann, Q. et al (2019). Most sleep does not serve a vital function:
evidence from Drosophila melanogaster. Science Advances, 5, eaau9253.
https://doi.org/10.1126/sciadv.aau9253

Leung, L. C. et al (2019). Neural signatures of sleep in zebrafish. Nature,
571, 198-204. https://doi.org/10.1038/s41586-019-1336-7

Joyce, M. et al (2024). Divergent evolution of sleep in Drosophila species. Na-
ture Communications, 15, 5091. https://doi.org/10.1038/s41467-024-49501-
9

Pophale, A. et al (2023). Wake-like skin patterning and neural activity during
octopus sleep. Nature, 619, 129-134. https://doi.org/10.1038/s41586-023-
06203-4

RoRler, D. C. etal (2022). Regularly occurring bouts of retinal movements sug-
gest an REM sleep-like state in jumping spiders. Proceedings of the National

Academy of Sciences, 119, e2204754119. https://doi.org/10.1073/pnas.2204754119

Schultz, D. T. et al (2023). Ancient gene linkages support ctenophores as sis-
ter to other animals. Nature, 618, 110-117. https://doi.org/10.1038/s41586-
023-05936-6

Redmond, A. K. & McLysaght, A (2021). Evidence for sponges as sister to all
other animals from partitioned phylogenomics with mixture models and re-
coding. Nature Communications, 12, 1783. https://doi.org/10.1038/s41467-
021-22074-7

Redmond, A. K. & McLysaght, A. (2022). Author Correction: Evidence
for sponges as sister to all other animals from partitioned phylogenomics
with mixture models and recoding. Nature Communications, 13, 6639.
https://doi.org/10.1038/s41467-022-33707-w [CORRECTION/ERRATUM]

26



	Preprint notice
	Abstract
	1. Introduction: useful operations do not yet explain a biological mode
	2. Methods: a structured theory-building synthesis
	2.1 Design
	2.2 Claim types
	2.3 Evidence calibration
	2.4 Corrections and contested records
	2.5 AI assistance and responsibility

	3. What is the object called sleep?
	3.1 Organismal sleep
	3.2 Sleep-like organismal mode
	3.3 Local sleep-like event
	3.4 Sleep-associated operation
	3.5 Neighboring states
	3.6 Does sleep form a natural biological kind?

	4. Typed causal architecture and relative mode dependence
	4.1 Process S
	4.2 Input classes
	4.3 Relative mode dependence

	5. Evidence cartography: what occurs outside organismal sleep?
	5.1 Continuous maintenance
	5.2 Wake replay
	5.3 Natural local sleep
	5.4 Awake operator transfer
	5.5 Spatial division
	5.6 Temporal fragmentation
	5.7 Extreme reduction and preserved performance
	5.8 Technical counterarchitectures

	6. What fair substitution has and has not established
	6.1 Narrow substitution exists
	6.2 Wake replay is not a matched substitute
	6.3 Natural architectures are not same-system substitutions
	6.4 Pharmacological state labels are insufficient
	6.5 The bounded negative conclusion

	7. Three-tier hypothesis architecture
	7.1 H-LM: local mode dependence
	7.2 H-SM: state moderation
	7.3 H-INT: neural interaction
	7.4 H-ORG: neuron-body interaction
	7.5 H-BAT and H-SAFE

	8. Regulation, Process S, and the unresolved burden
	8.1 History-dependent regulation is real
	8.2 Candidate roles
	Adenosine
	Tryptamine-GPR139
	Synaptic strength
	Intracellular chloride
	Redox and lipid-peroxidation memory
	DNA stability

	8.3 No universal material debt has been identified
	8.4 Drive generation and state competence

	9. Stress tests: REM, body coupling, and short-sleep systems
	9.1 REM is a mode complex
	9.2 Body-wide physiology
	9.3 Natural short sleep and alternative architectures

	10. Does sleep form one coherent historical character complex?
	11. Component evolution: origin, co-option, lock-in, and loss
	11.1 Separate historical processes
	11.2 Representative component matrix
	11.3 The possible “birth of the counter”
	11.4 Current causal evidence constrains history without determining it

	12. Decision experiments
	12.1 Process-specific mode × moderator test
	12.2 Matched cross-state operator reconstruction
	12.3 Factorial interaction test
	12.4 Controller-tissue double dissociation

	13. Relationship to existing frameworks
	13.1 Synaptic homeostasis
	13.2 Clearance frameworks
	13.3 Energy restoration and allocation
	13.4 Adaptive inactivity
	13.5 The window thesis K13

	14. Limitations and conclusion
	14.1 Limitations
	14.2 Conclusions

	Declarations
	Competing interests
	Funding
	Data and materials availability
	AI assistance

	References

