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Fault-tolerant quantum computation suppresses logical error by maintaining fragile quantum dis-
tinctions under noise. This paper develops a threshold-compatible finite-maintenance audit for this
process. It does not claim that quantum computation is impossible, does not refute the thresh-
old theorem, and does not identify every syndrome measurement with Landauer erasure. A logical
qubit is treated as a protected quantum quotient or code-algebra distinction, not as a simultaneously
readable classical bit. Quantum error correction converts distinction loss into maintenance work:
redundancy, syndrome acquisition, decoding, feedback, reset, cooling, routing, reservoir engineering,
and control. The central object is a vector ledger, not a scalar cost: syndrome, decoding, reset,
latency, power, cooling, and effective-error components must each fit their corresponding capacity
window and physical location. Landauer’s principle enters only as a lower bound on logically ir-
reversible reset, overwrite, or garbage disposal under its standard assumptions; real hardware may
relocate erasure and entropy export across cold stages, room-temperature electronics, optical chan-
nels, or autonomous reservoirs. This paper therefore frames scalability as an architecture-specific
ledger problem: logical error can fall only if the physical infrastructure that maintains the logical
distinction grows, relocates, or reorganizes without exceeding finite resource, latency, and dissipation
budgets.

READER CONTRACT

This paper is not a no-go theorem for quantum com-
putation. It accepts the threshold theorem as a condi-
tional mathematical result: under suitable noise, locality,
error-rate, decoding, and implementation assumptions,
increasing code distance can suppress logical error [8–
11]. Recent below-threshold surface-code demonstrations
and low-overhead fault-tolerant memory proposals make
this paper’s audit framing especially timely: the issue is
not whether logical error can be suppressed, but how the
maintenance ledger scales when it is suppressed [30, 32].
This paper asks a different question: what finite physical
ledger must be paid to instantiate those assumptions at
scale?

This paper does not claim that quantum error correc-
tion cannot work, that Landauer cost is the only cost
in quantum hardware, that every syndrome measure-
ment dissipates kBT ln 2 at the measurement location, or
that all architectures share the same cooling bottleneck.
Syndrome measurement creates correction information;
Landauer’s bound applies to logically irreversible reset,
overwrite, or disposal of information under the standard
physical bridge assumptions [5–7]. Real devices also pay
positive control, readout, wiring, leakage, clocking, iso-
lation, amplifier, transport, and refrigeration costs. This
paper does not assume that every extracted syndrome
bit is erased at the same temperature stage where it
is measured. Syndrome information can be exported,
buffered, decoded elsewhere, processed reversibly for a
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time, or dissipated in an engineered reservoir. The au-
dit requirement is that the reset, garbage, heat, latency,
and entropy-export path be specified rather than hidden.
The claim of this paper is narrower:

Logical error suppression requires finite
distinction-maintenance infrastructure.

A claimed escape from Q2 must identify where the cor-
rection entropy, reset burden, latency, heat, or failure
probability has been relocated.

I. CLAIM-STATUS SUMMARY

II. INTRODUCTION

A. Quantum computation as distinction
preservation

Quantum computation is often described in terms of
Hilbert-space dimension, entanglement, interference, or
algorithmic speedup. Those descriptions are correct but
incomplete from an FDS perspective. A useful quan-
tum computation must preserve task-relevant alterna-
tives long enough to initialize, transform, correct, de-
code, read out, and verify them. The logical states |0L⟩
and |1L⟩, a stabilizer sector, a phase relation used by an
algorithm, or a nonlocal topological degree of freedom are
not free distinctions. They are fragile logical distinctions
that must be maintained under noise.
This paper’s central question is therefore:

What must be paid to keep QL = q(ρphys) stable
under noise?
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TABLE I. Central claims of this paper, status, and demotion conditions. This paper is formulated as a finite-maintenance
audit, not as a universal impossibility theorem.

Claim Status Demotion or failure condition

Logical qubits are protected
quantum distinctions

FDS/QI bridge Logical information cannot be represented as a protected
code quotient or logical algebra.

QEC is active
finite-distinction maintenance

Main interpretation of
this paper

Logical distinctions are preserved under noise with no
redundancy, syndrome information, feedback, passive
protection, or maintenance channel.

Threshold theorem is
accepted as conditional
baseline

Scope firewall The paper is read as refuting the threshold theorem rather
than auditing its physical assumptions.

Correction demand is a vector
ledger

Engineering bridge Syndrome, decoding, reset, latency, cooling, and control
demands cannot be collapsed into one scalar without losing
bottleneck information.

Irreversible reset has a
Landauer lower bound

Physical bridge Reliable logically irreversible reset below kBT ln 2 per erased
bit under standard Landauer conditions.

Cryogenic solid-state systems
face cold-stage ledger
constraints

Architecture-specific
claim

Large-scale cryogenic processors maintain falling logical error
while all cold-stage power, routing, latency, and reset ledgers
remain within budget.

Topological/passive
protection can reduce active
load

Escape-channel bridge Passive protection removes preparation, finite-temperature,
readout, braiding, leakage, and residual correction costs
entirely.

Q2 failure does not falsify
FDS Core or Q1

Failure propagation rule Architecture-specific failure is treated as failure of the formal
finite-system core or quantum mechanics.

Here q is a logical quotient from the physical state to
the computational degree of freedom that the algorithm
requires. The maintenance problem is not identical to fi-
nal measurement. A logical qubit is not a stable classical
record; it is a protected quantum quotient whose final
readout may later become a record. This distinction in-
herits the discipline of Q1, where coherence preservation,
internal record stability, external record availability, and
erasure history were separated rather than conflated [2].

B. From Q1 record boundaries to maintenance cost
analysis

Q1 treated Wigner-friend scenarios as finite record-
boundary promotion problems. A friend-relative record
cannot be promoted into Wigner’s accessible algebra un-
less a physical record channel supplies sufficient mutual
information. Q1 also introduced a record-availability
horizon and emphasized that device diagnostics should
separate coherence time, internal record stability, ex-
ternal availability, and erasure history [2]. This paper
applies the same finite-boundary discipline to quantum
computation. In one line: Q1 asks when a quantum inter-
action becomes an accessible record; this paper asks what
maintains a logical quantum distinction before readout.
The relevant object is no longer only a measurement
record Z, but a logical quantum distinction QL main-
tained by a code, controller, decoder, reservoir, or pro-
tected sector.

C. Maintenance constraints, not no-go theorems

Finite-maintenance constraints are ledger constraints,
not mathematical impossibility claims. The threshold
theorem says that logical error can be suppressed by in-
creasing encoded structure when its assumptions hold.
This paper asks whether the physical system can keep in-
creasing, relocating, and organizing that structure with-
out violating finite capacity, latency, cooling, and free-
energy budgets.
Thus the thesis of this paper can be summarized as:

Fault tolerance suppresses logical error by
increasing maintained structure;

Q2 audits whether the maintenance ledger scales
with it.

III. FDS INPUTS

A. Active finite distinction systems

The FDS Core defines an active finite distinction sys-
tem as a tuple

S = (X,E,B,M, Y,A, U, π, ℓ,Φ,P, τ), (1)

where X is the system state space, E is the environment,
B is the boundary,M is internal memory or model space,
Y is the observation channel, A is the action or control
space, U is the update rule, π is a finite distinction pro-
jection, ℓ is a boundary-maintenance loss, Φ is a finite
resource budget, P is an admissible perturbation family,
and τ is the update timescale [1]. This paper maps these
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components onto quantum hardware: physical qubits are
carriers, the code is a quotient, noise is the perturbation
family, syndrome extraction is the observation channel,
recovery is the action/update channel, and the mainte-
nance loss is the logical error probability.

B. Capacity deficit

The FDS capacity-deficit theorem states that if the
task-relevant rate-distortion demand exceeds the internal
capacity,

R
(τ)
min(ϵ) > CS , (2)

then no purely internal model of capacity CS can encode
the least demanding admissible task statistic to tolerance
ϵ over window τ ; the system must approximate, external-
ize, relax the task, or fail [1].

For QEC, define a correction demand ledger

R(τ)
corr(ϵL;N , C) =

(
Bsyn, Bdec, Breset, Llatency, Pmaint

)
,
(3)

where N is the noise family and C is the code/control
architecture. The corresponding maintenance capacity
ledger is

C(τ)
maint =

(
Cread, Cdec, Creset, Cfeed, Ccool, Cctrl, Clatency

)
.

(4)
The QEC deficit condition is vectorial:

∆
(τ)
QEC > 0 ⇐⇒ R(τ)

corr ⪯̸ C(τ)
maint (5)

for at least one required ledger component. Writing the
problem this way prevents a common mistake: a system
can have enough syndrome bits but insufficient cooling,
enough cooling but insufficient decoding latency, or ade-
quate readout but excessive routing-induced idle error.

C. Componentwise ledger convention

The order symbol ⪯ is not a scalar comparison across
incommensurable units. Each ledger component is com-
pared only after conversion to the relevant window, loca-
tion, and unit. Bit demands are measured per correction
window or per second; decoding load is measured in op-
erations or bits per latency window; reset is measured as
irreversible bits per cycle and by the temperature stage
where they are erased; power is measured in watts at the
relevant stage; latency is measured in seconds relative to
τcyc; and error probabilities are compared to the code
model’s threshold assumptions. Thus

Rcorr ⪯ Cmaint (6)

means a componentwise feasibility audit, not a universal
conversion of bits, watts, seconds, and probabilities into
one currency.

D. Landauer bridge and relocation

The FDS physical bridge uses Landauer’s principle for
logically irreversible updates: under its standard physical
assumptions, erasing one bit dissipates at least kBT ln 2
of heat [5–7]. The FDS Core writes logical erasure per
update as a preimage entropy,

bt = H(Mt |Mt+1, Yt), (7)

and the informational heat rate obeys

Q̇info ≥ kBT ln 2

τ
H(Mt |Mt+1, Yt), (8)

when the Landauer bridge assumptions are satisfied [1].
This paper imports only this lower-bound logic. Syn-
drome acquisition is not automatically Landauer erasure.
The erasure floor attaches to reset, overwrite, garbage
disposal, and other logically irreversible reuse operations.
A central principle of this paper follows:

Maintenance cost can be relocated, but not made
unaccounted.

Moving a decoder to room temperature, replacing dig-
ital measurement with autonomous dissipation, using
photonic feed-forward, or using topological protection
changes the ledger location. It does not remove the
need to account for entropy export, power, latency,
finite-temperature events, readout, preparation, or fail-
ure probability. Modern machine-learning decoders im-
prove logical performance by learning from noisy syn-
drome data, but they also make decoding capacity, train-
ing data, latency, and deployment location explicit audit
variables [31].

IV. QUANTUM-COMPUTING BASELINE

A. Logical qubits and code spaces

A quantum error-correcting code embeds a logical
Hilbert space in a larger physical Hilbert space,

Hcode ⊂ H⊗n
phys. (9)

Noise acts as a channel Nt and recovery attempts to re-
store the logical sector:

R ◦Nt(ρphys) ≈ ρcode. (10)

For stabilizer codes, the code space is the simultaneous
+1 eigenspace of stabilizer generators Si,

Hcode = { |ψ⟩ : Si|ψ⟩ = |ψ⟩ ∀i }. (11)

The logical operators form an algebra acting on equiv-
alence classes of physical states modulo correctable er-
rors. In FDS language, this is an invariant or quotient-
supported distinction.
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B. Threshold theorem as accepted baseline

The threshold theorem is not challenged here. It is the
mathematical baseline that makes this paper interesting.
If physical errors are below threshold and the model as-
sumptions hold, increasing code distance can suppress
logical error [8–11]. This paper does not ask whether the
theorem is true. It asks how much physical machinery is
required to keep its assumptions true at useful scale.

C. Surface-code normal form

For a surface-code-like architecture [12–14], a common
normal form is

Nphys ∼ αnLd
2, (12)

where nL is the number of logical qubits and d is code
distance. A schematic logical error expression is

pL(d, p) ∼ A

(
p

pth

)(d+1)/2

, p < pth. (13)

Syndrome load per cycle scales similarly,

Bsyn/cycle ∼ βnLd
2. (14)

For a target logical error p⋆L, the same normal form gives
the required distance

dreq ≈ 2
ln(A/p⋆L)

ln(pth/p)
− 1, p < pth. (15)

Thus peff ↑ implies dreq ↑, which in turn increases Nphys,
Bsyn, routing, decoding, and reset demand. These equa-
tions are not universal hardware laws. They supply a
normal form for illustrating the core tradeoff described
here: logical error decreases while maintained distinction
infrastructure grows.

V. DEFINITIONS

Definition 1 (Logical distinction). A logical distinction
is a task-relevant quantum-computational alternative en-
coded as a protected quotient or logical algebra,

QL = q(ρphys), (16)

where q maps physical states to a logical code sector, sta-
bilizer equivalence class, logical operator algebra, or pro-
tected topological sector. A logical distinction is not a
simultaneously readable classical alternative and is not
identical to a classical measurement record. It is a pro-
tected operational difference inside a code algebra, acces-
sible through allowed logical operations and final readout.

Definition 2 (Distinction-maintenance task). A quan-
tum processor performs finite distinction maintenance
over window τ if it keeps the logical quotient stable to
tolerance ϵL under an admissible noise family N :

P [Q̂L(t+ τ) = QL(t)] ≥ 1− ϵL, (17)

where equality is understood operationally relative to the
logical algebra and the accepted decoding criterion.

Definition 3 (Correction ledger). The QEC correction
ledger is

LQEC =
(
Bsyn, Bdec, Breset, Bleak,

Pctrl, Pread, Pwire, Pcool,

τcyc, d,Nphys

)
.

(18)

It records syndrome bits, decoding bits, reset or garbage
bits, leakage events, control power, readout power, wiring
power, cooling budget, cycle time, code distance, and
physical carrier count.

Definition 4 (Maintenance capacity). The finite opera-
tional maintenance capacity over a correction window is
the vector

C(τ)
maint =

(
Cread, Cdec, Cfeed, Creset,

Ccool, Cctrl, Clatency

)
.

(19)

It is not a Hilbert-space dimension. It is the finite ca-
pacity of the correction, reset, readout, cooling, feedback,
control, and timing infrastructure.

Definition 5 (Reset-erasure rate). Let berase/cycle denote
the number of logically irreversible reset, overwrite, or
garbage-disposal bits per correction cycle. Then

ḃerase =
berase/cycle

τcyc
. (20)

Under Landauer bridge assumptions, the informational
heat floor is

Q̇erase ≥ kBT ln 2 ḃerase. (21)

Definition 6 (Ledger relocation). A maintenance ledger
is relocated when correction entropy, heat, latency, mem-
ory, decoding, reset, or failure probability is moved from
one subsystem or temperature stage to another. For-
mally,

LQEC =Lcold + Lroom + Loptical

+ Lcontrol + Ltime + Lfailure.
(22)

Relocation is a valid engineering strategy. It is not dis-
appearance of the ledger.

Definition 7 (Record availability horizon for QEC). Us-
ing the Q1 diagnostic, define

τRAH = inf{t : I2(Zinternal;Zexternal(t)) ≥ H2(Zinternal)−ϵ}.
(23)

In this paper this is a hardware diagnostic for when an
internal logical, syndrome, or readout record has leaked,
been exported, or become externally available. It is not a
new fundamental timescale.
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FIG. 1. QEC as a finite distinction-maintenance ledger. Logical error is suppressed by extracting syndrome information,
decoding, applying feedback, resetting reusable carriers, and paying control/readout/cooling costs. This is a schematic normal
form, not a hardware model.

VI. GENERAL RESULTS

Proposition 1 (QEC as active finite-distinction main-
tenance). Quantum error correction is active finite-
distinction maintenance: it preserves a logical quotient
QL = q(ρphys) under a noise family N by using redun-
dancy, syndrome information, recovery operations, pas-
sive protection, or engineered dissipation.

Proof. A code maps many physical states to a smaller
logical sector. Correctable errors alter the physical rep-
resentative while preserving the logical quotient after re-
covery. Syndrome extraction, recovery, or autonomous
dissipation supplies the update channel that maintains
the quotient under perturbations. Therefore the code
implements the FDS pattern of active boundary main-
tenance: it does not eliminate perturbations; it converts
them into correction work or passive-protection require-
ments.

Audit Principle 1 (No-free logical distinction main-
tenance). Let a logical distinction QL be exposed to an
admissible noise family N with nonzero entropy injec-
tion, leakage, or drift relative to the target logical alge-
bra. If passive protection does not fully suppress N , then
maintaining QL below error tolerance ϵL over window τ
requires at least one of: redundancy, syndrome informa-
tion, feedback, reset or export, engineered dissipation, la-
tency increase, resource growth, task relaxation, or fail-
ure.

This is an audit principle rather than a formal no-go
theorem. Its content is the classification of possible main-
tenance exits. If N introduces task-relevant uncertainty
about QL and passive protection does not fully remove

it, the architecture must either acquire and process in-
formation about the error, encode the logical distinction
redundantly, dissipate entropy into a reservoir, slow the
task to reduce error accumulation, relax the tolerance,
or fail to maintain the target distinction. This is the
quantum-computing instance of the FDS capacity-deficit
exit logic: when task demand exceeds maintained ca-
pacity, approximation, externalization, task relaxation,
resource growth, or failure is forced [1].

Proposition 2 (Correction-ledger feasibility). A finite
QEC architecture can maintain a target logical error rate
only if the correction demand fits the available mainte-
nance ledger. A useful audit form is

Bsyn ≤ Cread, Bdec ≤ Cdec,

Breset ≤ Creset, τread + τdec + τfeed ≤ τcyc,

Pmaint ≤ Pavail, peff < pth.

(24)

Failure of any component creates a maintenance bottle-
neck even if other components have spare capacity.

Proof. Each inequality is required to instantiate a cor-
rection cycle at the specified tolerance. Syndrome in-
formation must be read, decoded, fed back, and reset
or exported before accumulated errors exceed the code’s
correction capability. Power must fit within the available
cooling and energy budget. Effective physical error must
remain below the threshold assumed by the code model.
A violation of any component invalidates the assumed
maintenance cycle.

Proposition 3 (Reset-erasure lower bound). If a QEC
architecture performs berase/cycle logically irreversible re-
set, overwrite, or garbage-disposal operations per correc-
tion cycle at temperature T , then under Landauer bridge



6

assumptions,

Perase ≥
kBT ln 2

τcyc
berase/cycle. (25)

The total maintenance power is

Pmaint =Perase + Pread + Pctrl + Pdec

+ Pwire + Pleak + Pcool + Pparasitic.
(26)

Remark 1. The first term is a lower bound, not a full
hardware power model. In practical hardware, control,
readout, wiring, amplifiers, refrigeration overhead, leak-
age recovery, clocking, and routing may dominate the
Landauer floor by many orders of magnitude. This pa-
per uses Landauer’s principle as an irreducible account-
ing anchor, not as a complete power prediction.

Audit Principle 2 (Ledger relocation principle). If an
architecture claims to evade a QEC maintenance bottle-
neck, it must identify where the relevant ledger has been
relocated: colder or warmer reset, reversible buffering,
external decoding, optical loss and multiplexing, engi-
neered dissipation, topological gap, preparation overhead,
readout overhead, latency, or increased failure probabil-
ity.

The logical distinction must remain protected under
the same noise task. If one maintenance channel is re-
moved, some other physical channel must supply the re-
quired protection, entropy export, or tolerated failure.
Otherwise the no-free maintenance principle is violated.
Thus relocation is possible, but unaccounted disappear-
ance is not.

VII. SPECIAL CASE: SURFACE-CODE
NORMAL FORMS

A. Logical error versus maintenance load

For a surface-code-like architecture, the normal forms

pL(d, p) ∼ A

(
p

pth

)(d+1)/2

,

Nphys ∼ αnLd
2. (27)

show the key signature described here. For a target p⋆L,
the required distance obeys the same inverse relation
dreq ≈ 2 ln(A/p⋆L)/ ln(pth/p) − 1. Increasing d reduces
logical error when p < pth, but it increases physical carri-
ers, syndrome load, routing, decoding, reset, and latency
demands. Figure 2 visualizes this normal form.

B. Cryogenic solid-state reset ledger

For cryogenic solid-state architectures such as super-
conducting circuits and semiconductor spin qubits, a use-
ful special-case ledger is the cold-stage reset fraction. Let

χreset be the fraction of syndrome or auxiliary carriers
whose logically irreversible reset is effectively paid at the
cold stage. Then

bcoldreset/cycle ∼ χresetβnLd
2, (28)

so that

P cold
reset ≳

kBTcold ln 2

τcyc
χresetβnLd

2. (29)

The full cold-stage ledger is larger:

PQEC
cold =P cold

reset + P cold
readout + P cold

control

+ P cold
wiring + Pparasitic + · · · .

(30)

The feasibility condition is

PQEC
cold ≤ P avail

cool (Tcold). (31)

If the condition fails, the architecture must slow down,
reduce load, export heat, increase cooling, change the
control stack, adopt a different code, or leave the tar-
get fault-tolerant regime. Commercial dilution refriger-
ators publish finite cooling powers that depend strongly
on model, wiring, load, and operating temperature; for
example, a current Bluefors comparison table lists guar-
anteed 100 mK cooling powers ranging from > 250µW
to > 1000µW across systems, and 20 mK powers from
about > 10µW to > 30µW for listed dilution units [28].
This paper uses such numbers only as scaling-wall audit
references, not as universal limits.

C. Scaling-wall audit

From the cold-stage reset expression of Eq. (29), a ref-
erence scaling-wall diagnostic for the maximum logical-
qubit count under a given cooling budget is

nmax
L ∼ P avail

cool τcyc
η χreset β kBTcold ln 2 d2

, (32)

where η is an engineering amplification sensitivity factor
capturing the ratio of real cold-stage power to the Lan-
dauer reset floor. This is a scaling-wall diagnostic, not
a platform-independent maximum logical-qubit count.
The audit identifies where the budget is exhausted; it
does not predict that a specific hardware platform can-
not exceed the reference estimate.

D. Ledger-relocation latency tax

Relocating the decoder or syndrome processing to a
warmer stage can reduce cold-stage power but adds
feedback-loop latency:

τloop = τmeas + τexport + τdecode + τfeed. (33)
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FIG. 2. Surface-code normal form. Logical error decreases exponentially in code distance when below threshold, while physical
carriers and syndrome bits per cycle grow approximately as nLd

2. The figure illustrates a scaling relation, not a hardware
prediction.

The idle error accumulated during the loop is approxi-
mately

pidle(τloop) ≈ 1− e−τloop/T2 , (34)

so that increased loop latency raises effective physical
error, requiring larger code distance and therefore more
physical carriers, syndrome bandwidth, and maintenance
power:

τloop ↑ ⇒ peff ↑ ⇒ dreq ↑ ⇒ Nphys, Bsyn, Pmaint ↑ .
(35)

This nonlinear feedback is characteristic of ledger reloca-
tion: moving the ledger does not eliminate the mainte-
nance burden; it transforms it into a different cost chan-
nel. The cold-stage and control-electronics ledger is also
an active engineering topic: recent work on cryogenic
control and surface-code energy-power scaling empha-
sizes that wiring, control electronics, temperature stages,
and room-temperature dissipation must be included in
resource estimates [37, 38].

E. Latency-density double bind

Spacing qubits farther apart can reduce heat density,
crosstalk, and wiring congestion, but may increase rout-
ing delay:

τcyc ≥ τ0 +
Lroute

vsig
. (36)

A correction cycle must also fit within the relevant co-
herence and scheduling window. A conservative audit
writes

τcyc ≤ ζT2, (37)

with 0 < ζ < 1 a platform-dependent safety factor.
Longer cycle time increases idle exposure,

peff = pgate + pmeas + pidle(τcyc), (38)

which may require larger d, which increases Nphys, syn-
drome load, wiring, and heat. Figure 4 shows this as a
normal-form feedback rather than a universal hardware
law.

VIII. ARCHITECTURE CLASSES

This paper must be architecture-aware. The same
finite-maintenance principle applies broadly, but the
dominant ledger differs.

A. Cryogenic solid-state processors

This paper’s strongest special-case claim concerns
cryogenic solid-state processors, where useful qubits,
readout, control, and reset may place nontrivial load on
the cold stage. The claim is not that superconducting
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FIG. 3. Cold-stage reset floor and sensitivity bands. The Landauer reset floor is only the bottom curve. The additional curves
multiply the floor by deliberately non-fitted sensitivity factors η = 106, 108, 1010 and add a small parasitic term to show how
real hardware ledgers can cross a cooling budget long before the formal information floor itself. The sensitivity bands are not
claims about actual overhead factors for any specific platform. This is a conceptual normal form, not a refrigerator model.

TABLE II. Architecture audit template. This paper does not impose one bottleneck on all platforms; it tracks where mainte-
nance cost is paid.

Architecture Protected distinction Main leakage or error Maintenance channel Dominant ledger

Superconducting Stabilizer/logical sector Decoherence, leakage,
crosstalk

Syndrome readout, reset,
feedback

Cold power, wiring, readout,
latency

Spin qubit Spin or encoded sector Charge noise, hyperfine
noise, readout error

Control, shuttling, readout,
reset

Cryogenic control, routing,
calibration

Trapped ion Internal/motional modes Motional heating, laser
noise, transport error

Laser gates, sympathetic
cooling, measurement

Speed, laser power, transport
latency

Neutral atom Hyperfine/Rydberg
sector

Atom loss, motion,
blockade errors

Rearrangement, gates,
measurement

Loss replacement, laser power,
parallelism

Photonic Path/time-bin/cluster
distinction

Loss, source failure,
detector inefficiency

Multiplexing, feed-forward,
detection

Source rate, detector load,
latency

Topological Nonlocal invariant sector Finite-temperature
anyons, poisoning,
readout error

Gap protection plus
residual correction

Preparation, gap,
braiding/readout, residual QEC

Autonomous QEC Stabilized bosonic/logical
manifold

Reservoir mismatch,
leakage, pump noise

Engineered dissipation Pump power, entropy export,
reservoir design

or spin-qubit fault tolerance is impossible. It is that any
utility-scale architecture must satisfy a cold-stage correc-
tion ledger:

PQEC
cold < P avail

cool , τdec + τfeed < τcyc, peff < pth. (39)

B. Ions, neutral atoms, and photonics

Trapped ions and neutral atoms are not governed by
the same millikelvin cooling bottleneck. Their ledgers in-
clude laser power, motional heating, transport, atom loss,

rearrangement, parallelism, and gate speed. Photonic
architectures relocate the ledger into loss, source bright-
ness, detector efficiency, multiplexing, feed-forward, and
cluster-state generation. A photonic system can avoid a
cryogenic reset bottleneck while still facing finite distinc-
tion maintenance through photon loss and feed-forward
latency.
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FIG. 4. Latency-density double-bind normal form. Increasing spacing reduces heat density but increases routing and cycle-time
proxies. The dash-dot line marks an illustrative coherence-window ceiling proxy, not a measured hardware value for any specific
platform.

C. Topological and passive protection

Topological protection reduces active correction load
by encoding logical distinctions in nonlocal or invariant
sectors [12, 13]. This is conceptually adjacent to FDS
invariant persistence. However, topological protection
does not make computation free. Preparation, finite-
temperature stability, quasiparticle poisoning, braiding,
measurement, decoding, and residual correction remain
in the ledger.

D. Autonomous and dissipative QEC

Autonomous QEC replaces repeated digital syndrome
measurement and reset with engineered dissipation or
reservoir coupling [22–24]. Q2 treats this as a legitimate
ledger relocation. The relevant cost is not necessarily
breset/τcyc, but

Pauton =Ppump + Preservoir + Pstabilization

+ Pleakage + Pentropy export.
(40)

If the reservoir actively removes error entropy, the en-
tropy leaves the logical subsystem through a different
channel. That is a success for engineering, not a vi-
olation of this paper’s audit. Recent autonomous and
bosonic-code experiments show that explicit syndrome-
measurement cycles can be reduced or replaced by en-

gineered dissipation and protected manifolds; in this pa-
per’s language, this is ledger relocation rather than ledger
elimination [33–35]. Low-overhead qLDPC and LDPC-
cat approaches change the shape of the ledger by reduc-
ing qubit overhead or exploiting biased noise, but they
still require explicit accounting of connectivity, syndrome
extraction, logical gates, readout, and residual correc-
tion [32, 36].

Autonomous QEC relocates the ledger from digital
syndrome extraction and feedback to engineered reser-
voirs. The hidden ledger components include pump pu-
rity, nonlinear drive stability, reservoir entropy export,
and thermal noise suppression. Autonomous QEC is a
ledger-relocation strategy, not a ledger-elimination strat-
egy.

IX. RELATION TO Q1 AND OTHER FDS
PAPERS

Q1 established that quantum records are boundary-
indexed. It separated ideal global coherence from op-
erational access and introduced record promotion, false
promotion, and a record availability horizon [2]. This
paper uses those diagnostics but shifts the focus from
measurement records to logical quantum distinctions.

The relation is:
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Q1 asks when a quantum interaction becomes an
accessible record.

This paper asks what maintains a fragile logical
quantum distinction before readout.

P6 supplies speed-precision-dissipation intuition; P7 sup-
plies the idea that invariant or topological protection can
reduce active forgetting; the FDS Core supplies capacity
deficit, Landauer bridge, and maintenance exits [1, 3, 4].

X. NUMERICAL NORMAL-FORM
DEMONSTRATIONS

The accompanying Python script in the code directory
generates all figures, CSV tables, and model summaries.
The outputs are deterministic normal forms, not empiri-
cal fits and not quantum dynamical simulations.

The model uses four demonstration blocks:

1. surface-code logical-error and load scaling;

2. cold-stage reset floor plus illustrative overhead re-
location;

3. latency-density feedback;

4. architecture maintenance regimes.

XI. OPERATIONAL TESTS AND
ENGINEERING DIAGNOSTICS

Protocol 1 (Syndrome reset ledger). Measure
berase/cycle, τcyc, the effective reset temperature, and
reset/export location. Compare irreversible reset or
overwrite operations to

Perase ≥ kBT ln 2 berase/cycle/τcyc. (41)

Observable: reset-erasure floor and the difference between
the floor and actual reset/readout power.

Protocol 2 (Logical error versus maintenance power).
Track pL(d), Nphys(d), Bsyn(d), and Pmaint(d) as code
distance changes. This paper expects decreasing logical
error to require growing or relocated maintenance infras-
tructure unless passive protection changes the scaling.

Protocol 3 (Cooling-margin audit). Define

Mcool = P avail
cool − PQEC

cold . (42)

If Mcool < 0, the same cold-stage correction regime can-
not be sustained without relocation or redesign.

Protocol 4 (Latency-induced error audit). Measure the
dependence of idle error on correction-cycle time:

pidle(τcyc), peff , dreq(peff , p
⋆
L). (43)

Observable: whether wiring or cooling changes increase
latency enough to raise correction demand.

Protocol 5 (Record leakage and RAH audit). Use the
Q1 metric τRAH to identify when internal syndrome or
logical records become externally available or environ-
mentally objectified. Observable: I2(Zinternal;Zexternal(t))
versus time and architecture boundary.

XII. MINIMUM REPORTING TEMPLATE AND
SUPPORT PATTERNS

A Q2 audit report should specify at least

(nL, d,Nphys, peff , p
⋆
L, τcyc, Bsyn, Breset, Pcold, Proom, Ptotal),

(44)
together with decoder location, reset location, cool-
ing stage, latency bottleneck, and entropy-export path.
These fields are not a complete resource estimate; they
are the minimum needed to make the maintenance ledger
auditable.
What would count as support for Q2? First, a family of

devices may show pL decreasing with d while Bsyn, Nphys,
and measured maintenance ledgers grow. Second, an ar-
chitecture may successfully reduce a cold-stage term by
moving correction work to photonic feed-forward, room-
temperature decoding, or an autonomous reservoir, while
a corresponding source, detector, reservoir, latency, or
entropy-export ledger becomes measurable. Third, a
topological or passive design may reduce active syndrome
burden while making a gap, preparation, readout, or
finite-temperature ledger explicit. These are positive Q2
signatures: the ledger is not denied; it is measured or
relocated.

XIII. FALSIFICATION AND DEMOTION
CONDITIONS

This paper is weakened or demoted if a large-scale ar-
chitecture demonstrates sustained logical-error suppres-
sion while all correction, reset, cooling, routing, latency,
and entropy-export ledgers remain bounded within the
stated resources and no relocation, passive-protection, or
task-restriction account is needed; if irreversible reset,
overwrite, or garbage disposal is reliably implemented
below the Landauer floor under the bridge assumptions;
if, for a fixed useful computational task family with
growing logical volume, logical error is suppressed be-
low target while all relevant maintenance components
remain bounded without relocation or passive protec-
tion; if topological or passive protection eliminates not
merely reduces active maintenance, preparation, readout,
and finite-temperature costs; or if the finite-maintenance
ledger has no predictive relation to hardware scaling.
Architecture-specific demotion should not be overgen-

eralized. A failure of the cryogenic solid-state subclaim
does not falsify photonic or trapped-ion ledgers. A suc-
cessful autonomous-QEC architecture does not falsify
this paper if it identifies an engineered reservoir that ex-
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TABLE III. Q1-to-Q2 diagnostic translation. Q2 keeps coherence, record formation, leakage, and reset history separate.

Variable or diagnostic Quantum-computing meaning

T1, T2 Physical coherence metrics for carriers, not full logical maintenance guarantees.
τrec Time until syndrome or readout record stabilizes to error tolerance.
τRAH Time until internal syndrome/logical information becomes externally available or

environmentally objectified.
Crec Stable distinguishable readout capacity of the measurement chain.
I2(Zinternal;Zexternal) Cross-boundary leakage or export of syndrome/logical record information.
berase Irreversible reset, overwrite, or decoder-garbage burden per cycle.
PQEC Total finite-maintenance power, including reset, readout, control, decoding, routing,

and cooling.

FIG. 5. FDS-Q2 relation map. Q2 inherits finite capacity and maintenance logic from the FDS Core, record-boundary discipline
from Q1, speed/precision/dissipation constraints from P6, and invariant-protection language from P7.

ports entropy and maintains the logical quotient. Fail-
ure of this paper would demote this quantum-computing
bridge; it would not falsify quantum mechanics, QEC
theory, Q1, or the FDS formal core.

XIV. LIMITATIONS

This paper is not a full hardware resource-estimation
framework. It does not include device-specific microwave
control models, cryostat engineering, exact decoder com-
plexity, fabrication yield, packaging, crosstalk, leakage
models, or correlated-noise modeling. The numerical fig-
ures are normal forms. A platform-specific Q2 audit
must specify the architecture, code, noise model, temper-
ature stages, reset mechanism, decoder placement, wiring
topology, and cooling curve.

This paper also does not claim that all correction in-
formation must be erased at the cold stage. Reversible

buffering, higher-temperature processing, optical export,
autonomous reservoirs, and architectural redesign can re-
locate cost. This paper’s requirement is that the reloca-
tion be explicit.

XV. CONCLUSION

FDS-Q2 frames fault-tolerant quantum computation
as finite distinction maintenance. Logical qubits are pro-
tected quantum quotients, not free abstract alternatives.
Error correction suppresses logical error by increasing,
relocating, or reorganizing the physical ledger that main-
tains those distinctions. The threshold theorem describes
how logical error can fall under suitable assumptions; Q2
audits the finite physical cost of instantiating those as-
sumptions at scale.

The core result is not a universal no-go theorem. It is
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FIG. 6. Architecture maintenance regime map. The diagonal line marks equality of normalized correction demand and
maintenance capacity. Below it, the architecture enters deficit or failure regimes unless the ledger is reduced, relocated, or the
task is changed.

TABLE IV. Minimum Q2 reporting template for architecture audits.

Field Unit or domain Purpose

nL, d,Nphys counts logical scale, code distance, and maintained physical carriers.
peff , p

⋆
L probabilities effective physical error and target logical error.

τcyc seconds correction-cycle time relative to coherence and scheduling
windows.

Bsyn, Breset bits/cycle or bits/s syndrome acquisition and irreversible reset or
garbage-disposal burden.

Pcold, Proom, Ptotal watts by stage where heat and entropy-export costs are actually paid.
decoder/reset locations architecture labels prevents hiding cost by moving it across the boundary.

a ledger discipline:

R(τ)
corr(ϵL) ⪯ C(τ)

maint, Pmaint ≤ Pavail. (45)

When this fails, the architecture must slow down, relo-
cate cost, increase resources, change code, change hard-
ware, relax the computational task, or lose fault toler-
ance. Quantum computation remains possible; scalable
quantum computation must be physically maintained.

CODE AVAILABILITY

The Python script code/generate results.py regen-
erates all figures, CSV tables, and the model summary

JSON included with this release.
AI ASSISTANCE DISCLOSURE

AI-assisted tools were used for language polishing,
structural feedback, LaTeX drafting support, and code-
debugging assistance. The author reviewed and edited
all content and remains responsible for all claims, ref-
erences, simulations, and conclusions. No AI system is
listed as an author.
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