Passive Error Resilience Through Ultrametric Geometry: A
Proposal for p-Adic Quantum Metrology

Rowan Brad Quni-Gudzinas
2026-08-01

Keywords. ultrametric, p-adic, quantum metrology, quantum error correction, Bruhat-Tits tree, passive error resilience, room-

temperature quantum sensing

Author: Rowan Brad Quni-Gudzinas | Date: 2026-08-01 | License: CC-BY-4.0

Abstract

Active quantum error correction is the dominant paradigm for achieving fault-tolerant quantum computation, but its
thermodynamic cost at utility scale remains unaddressed. Each round of syndrome extraction, decoding, and
feedback erases information — and under Landauer's principle, that erasure carries an irreducible energy cost that
scales with system size. We explore an alternative: passive error resilience through ultrametric (p-adic) geometry,
where noise self-organizes into hierarchical clusters that a single global measurement averages out automatically,
without ancilla qubits, syndrome extraction, or feedback loops. Building on the Bruhat-Tits tree — the natural state
space for the p-adic group SL(2, Q_p) — we propose a room-temperature photonic metrology architecture that
exploits the hierarchical structure of noise as a computational resource rather than treating it as an enemy. We
present the theoretical framework, a candidate experimental protocol, and a structured forecast assessing the

probability of demonstrating standard-quantum-limit-beating precision within 24 months.

1. Introduction

The fault-tolerant quantum computing roadmap has been "roughly ten years away" since the mid-1990s [speculative
— the timeline claim is widely repeated but the author considers it a self-perpetuating institutional forecast, not a
falsifiable prediction]. While qubit counts and coherence times have improved, the fundamental architecture
remains unchanged: encode logical qubits in a subspace of a larger physical Hilbert space, measure error
syndromes, decode, and feed back — continuously, at cryogenic temperatures, with overhead factors of 10A3—10/6
physical qubits per logical qubit. The energy cost of this process has received surprisingly little attention in the
published literature [my conjecture — the author has searched for a peer-reviewed scaling analysis of the

thermodynamic cost of fault-tolerant quantum computation at utility scale and has not found one, see Section 2].

Meanwhile, a separate line of inquiry has developed around ultrametric (p-adic) geometry in quantum physics.
Beginning with the p-adic string theory program of the late 1980s and early 1990s, continuing through the p-adic
AdS/CFT correspondence of the 2010s, and most recently extending to the Adelic Physics Programme's structured
assessment of when and whether non-Archimedean geometry will displace the Archimedean default in at least one
scientific or engineering domain by 2036 [established — see ACRP-08, https://papers.qnfo.org/papers/acrp08-
paradigm-forecast/], the mathematical machinery of p-adic spaces has been gradually accumulating in the physics

literature — but it has never been applied to the specific problem of passive error resilience in quantum metrology.

This paper proposes exactly that synthesis. We assess whether ultrametric geometry can provide a path to near-term
quantum advantage that bypasses the thermodynamic wall facing active quantum error correction entirely — not by
building a better quantum computer, but by building a quantum sensor that reads noise the way nature organizes it:

hierarchically.



The structure is as follows. Section 2 reviews the thermodynamic argument against active QEC at scale. Section 3
introduces the mathematical framework of ultrametric spaces and the Bruhat-Tits tree. Section 4 presents the
proposed metrology architecture. Section 5 provides a structured forecast with calibration register entries. Section 6

discusses practical applications and Section 7 concludes with open questions.

2. The Thermodynamic Wall

2.1 Landauer's Principle and Active Error Correction

Landauer's principle states that erasing one bit of information in a memory at temperature T dissipates at least kT In
2 of energy as heat [established — Landauer, 1961]. This is not an engineering constraint; it is a consequence of the

second law of thermodynamics.

Active quantum error correction requires, at minimum, the following irreversible operations per error-correction
round:

1. Syndrome measurement: The ancilla qubits are measured, collapsing their state and erasing the pre-

measurement superposition. Each measurement of m ancilla qubits erases m bits.

2. Decoding: The classical decoder processes the syndrome data and selects a recovery operation. While the
decoding algorithm itself can be implemented reversibly in principle, the practical need to complete decoding
within the coherence time forces the use of irreversible classical logic gates, each of which dissipates heat.

3. Feedback: The recovery operation is applied to the data qubits. This step is unitary and therefore does not
directly erase information — but the decision to apply it does, since the decoder's output must be committed

(erased) to trigger the feedback.

For a surface code with distance d protecting k logical qubits, the number of physical qubits scales as O(d/2) and
the number of syndrome measurement rounds between logical operations scales as O(d). Each round involves

0(d/2) ancilla measurements. The total information-erasure burden per logical gate is therefore O(d/3).

At utility scale — say, k = 1016 logical qubits operating at a surface-code distance sufficient for a logical error rate
of 10/ {-15} per gate — the distance d must be several hundred. The information erasure per logical gate is then on
the order of 1078 bits. At a cryogenic operating temperature of 10 mK, the Landauer bound is approximately
107 {-25} J/bit, giving a minimum energy cost of approximately 10/ {-17} J per logical gate. At a clock speed of 1
MHz, this yields roughly 10 kW of heat dissipation from Landauer-limited erasure alone — before accounting for
the energy cost of the classical decoder, the dilution refrigerator, the control electronics, or any inefficiency in the

measurement chain.

2.2 The Missing Scaling Analysis

The author has searched the published literature for a peer-reviewed analysis that closes the full thermodynamic
budget for a utility-scale fault-tolerant quantum computer. To date, no such analysis has been found [my conjecture
— the search was conducted across OpenAlex, Crossref, the QNFO archive records, arXiv, and web search as part
of the due diligence for this project; see the companion Phase 1 report in the project repository]. The published
error-correction literature focuses almost exclusively on threshold theorems and code performance as functions of

physical error rate, not on the system-level energy budget.

This absence is concerning. If the thermodynamic argument outlined above is correct — even to within an order of
magnitude — then active QEC at utility scale faces a heat-dissipation problem that no amount of engineering

optimization can circumvent. The laws of thermodynamics are not a roadmap item; they are a physical constraint



that must be satisfied before any other consideration.

2.3 The Sensing Escape Hatch

Quantum metrology does not face the same thermodynamic wall. A quantum sensor does not need to maintain
coherence across millions of qubits for thousands of gate operations. It needs to maintain entanglement across a
small number of probes (N ~ 10) for the duration of a single measurement cycle. This radically reduces the
information-erasure burden — and, as we will argue, the ultrametric structure of noise in certain physical platforms

may eliminate it almost entirely.

3. Ultrametric Geometry and the Bruhat-Tits Tree

3.1 The Strong Triangle Inequality

A metric space (X, d) is called ultrametric if its distance function satisfies the strong triangle inequality:
d(x, z) < max(d(x, y), d(y, z)) for all x, y, z € X.

This is a strictly stronger condition than the ordinary triangle inequality. Its most striking consequence is that all
triangles are isosceles with two equal long sides — the two largest of the three distances d(x, y), d(y, z), d(x, z)
must be equal. This forces the space to organize into a nested hierarchy of clopen balls: at any fixed radius r, the
balls of radius r partition the space into disjoint clusters, with the clusters at smaller radii nested inside those at

larger radii.

The p-adic numbers Qp, for any prime p, are the canonical example of an ultrametric space. The p-adic absolute

value |-|p induces the metric dp(x, y) = |x - y|p, which satisfies the strong triangle inequality.

3.2 The Bruhat-Tits Tree

The Bruhat-Tits tree Tp is the natural geometric object associated with the p-adic group SL(2, Qp). It is a (p+1)-
regular tree whose vertices correspond to homothety classes of lattices in Q_p/A2 and whose edges correspond to

inclusion relations.
For our purposes, the key properties of the Bruhat-Tits tree are:

1. Hierarchical structure: The tree organizes vertices into levels based on their distance from any chosen root.

Vertices at the same level form clusters whose mutual distances are bounded by the tree depth.

1. Apartment structure: Maximal flat subspaces (apartments) of the Bruhat-Tits building provide a natural
coordinate system for labeling error syndromes. In the SL(2, Q_p) case, an apartment is simply an infinite path

through the tree, corresponding to a choice of basis for the underlying p-adic vector space.

1. Automorphism group: The tree automorphism group includes SL(2, Q_p), which acts transitively on vertices.
This group structure can be exploited for transversal logical gates in a code construction — an automorphism

of the tree induces a unitary on the encoded Hilbert space that preserves the code subspace.

Underlying this approach are several critical assumptions. First, existing QEC code constructions must admit a
reformulation on Bruhat-Tits trees without catastrophic performance loss — a plausible claim given that geometric
reformulations (e.g., symplectic codes to toric codes) typically preserve or improve performance. Second, the tree
structure must admit a tensor-product operation compatible with concatenated coding, which is an open



mathematical question for buildings of rank greater than one. Third, and most critically, a tree-based code must
achieve a threshold within a factor of two of the surface-code threshold — currently an unbuilt construction

[speculative — these assumptions are enumerated and assessed in ACRP-08].

3.3 Error Hierarchies in Ultrametric Spaces

The ultrametric property has a direct physical interpretation for error correction. Consider a noise process that acts
on N physical qudits. In an ordinary Euclidean metric, the distinguishability of two error patterns depends on their
Hamming distance — the number of qudits on which they differ. In an ultrametric space, distinguishability is
governed by tree depth: two error patterns that diverge at a shallow level of the tree (i.e., belong to different coarse

clusters) are more easily distinguished than two that diverge at a deep level.

This hierarchical distinguishability suggests a decoding strategy: resolve coarse errors first (shallow divergences),
then refine. Because the strong triangle inequality forces errors into a nested hierarchy of clusters, a decoder that
processes syndromes level-by-level — from root to leaves — naturally separates large-scale from small-scale

correlations without requiring a global optimization.

4. Proposed Metrology Architecture

4.1 From Code to Sensor

The standard QEC paradigm asks: "Given a noisy quantum channel and a desired logical error rate, what is the
smallest overhead required?" The metrology paradigm asks a different question: "Given a noisy quantum sensor and

a desired measurement precision, what is the smallest resource cost required to beat the standard quantum limit?"

The distinction is not merely semantic. In QEC, the figure of merit is the logical error rate after decoding. In
metrology, the figure of merit is the estimator variance after measurement. An ultrametric code that cannot achieve a
competitive logical error rate for computation may still achieve SQL-beating precision for sensing — because the
requirement is weaker (precision, not fidelity) and the measurement is final (no need for repeated rounds of
correction).

4.2 Photonic Platform

We propose a photonic implementation using spontaneous parametric down-conversion (SPDC) as the entangled

photon source. The experimental requirements are modest by current standards:

¢ Photon source: Type-II SPDC in a periodically poled KTP crystal, producing N ~ 8-10 polarization-entangled

photon pairs.

* Encoding: Each photon's path degree of freedom encodes a qudit in a p-adic basis, with the p-adic coordinate

corresponding to the photon's transverse spatial mode.

» Hierarchical measurement: A sequence of dichroic beam splitters implements a tree-structured measurement
that projects onto the Bruhat-Tits apartment coordinates. The measurement order follows the tree hierarchy —

coarse splitting first (apartment identification), then fine splitting (vertex within apartment).
¢ Detection: Single-photon avalanche diodes (SPADs) with coincidence counting.

¢ Operating conditions: Room temperature (~300 K). No cryogenic cooling required.



The key empirical question — and the primary risk to the proposal — is whether the photonic noise in this platform

exhibits the ultrametric correlation structure that the theoretical framework assumes. Section 5 registers a dated

prediction for this test.

4.3 Resource Comparison

Resource

Surface-Code FTQC

p-Adic Metrology (Proposed)

Physical qubits/qudits
Ancilla qubits
Operating temperature
Error correction
Gate/model complexity

Timeline to practical advantage

~1076

~99% of total

~10 mK

Active (syndrome + decode + feedback)
Universal circuit model

"10 years" (since 1995)

~10

0

~300 K

Passive (geometry)
Single-shot measurement

24 months (forecast, see §5)

5. Structured Forecast

The following analysis is a structured judgment exercise — not a Bayesian computation. Probability ranges are the
analyst's estimates, loosely anchored to historical reference classes where available. The primary value is in making

assumptions explicit and registering dated, falsifiable predictions.

5.1 Candidate Assessment

We assess the candidate comparatively against three alternatives:

Candidate Probability Range Impact (1-10) Timeline
Ultrametric p-adic metrology (this work) 0.20-0.40 8 < 2 years
Dissipative QEC sensing (Reiter et al., 2017) 0.15-0.30 7 Medium

Standard SQL-limited sensing 1.0 (baseline) 0 Now

The probability range for the proposed approach is higher than the general Bruhat-Tits QEC forecast (ACRP-08:
0.12-0.25 by 2036 for computation) because metrology has a relaxed threshold — SQL beating is easier than fault-
tolerant logical gates.

5.2 Enabling Assumptions

# Assumption Confidence Type

Al Photonic noise exhibits hierarchical (ultrametric) correlation structure 0.70 Empirical

A2 A global measurement protocol achieves noise suppression > 1/VN 0.60 Theoretical

A3 Room-temperature operation does not introduce unstructured noise that overwhelms the 0.50 Empirical
ultrametric benefit

A4  Existing photonic hardware (SPDC + SPADs) is sufficient for prototyping 0.85 Infrastructure

A5 The hierarchical measurement can be reduced to a feasible optical setup 0.55 Engineering




The dependency chain is: A4 - A5 - Al - A2 - A3 - DEMONSTRATION. The ranking is CONDITIONAL
on Al: if photonic noise proves non-ultrametric, the dissipative QEC approach of Reiter et al. becomes the preferred

near-term path.

5.3 Calibration Register

6. Practical Applications

If the proposed metrology architecture succeeds, the near-term applications span three domains with combined
market values exceeding $100 billion annually [speculative — market estimates are approximate; the key claim is

that precision sensing is not a niche application]:

1. Magnetic field sensing. A room-temperature p-adic magnetometer with sub-femtotesla sensitivity would
replace cryogenic SQUID-based systems in medical imaging (MEG/MCG), mineral exploration, and

navigation.

1. Molecular spectroscopy. Ultrametric spectral resolution at the single-molecule level would enable portable,
low-cost chemical analysis for pharmaceutical quality control, environmental monitoring, and security

screening.

1. Clock synchronization. p-Adic timing networks could provide GPS-independent synchronization with
nanosecond precision — critical for telecommunications, financial trading networks, and distributed sensor

arrays.
7. Discussion and Open Questions

7.1 Limitations

The approach has several important limitations. First, the empirical claim that photonic noise is ultrametrically
structured is untested — A1 carries confidence 0.70 specifically because it is the weakest link. Second, even if the
sensor works as predicted, it does not scale to universal quantum computation; it is a metrology tool, not a
computer. Third, the market for precision sensors, while large, is fragmented across industries with different

regulatory and certification requirements.

7.2 What Would Disconfirm This Approach?

The proposal is falsifiable. It would be disconfirmed if:

1. Noise correlation measurements on an SPDC source show a violator fraction consistent with random noise (>
70%), indicating that photonic noise is NOT ultrametrically structured.

2. The hierarchical measurement protocol, when implemented, shows precision no better than the standard
quantum limit.

3. Room-temperature environmental noise — thermal photons, vibrations, electronic interference — introduces

unstructured noise that overwhelms any ultrametric benefit.



Any of these outcomes would be a publishable scientific result: "Photonic noise does not exhibit the ultrametric

correlation structure assumed in p-adic quantum metrology proposals" is a useful constraint for the field.

7.3 The Broader Question
This paper is motivated by a set of open questions that the author has been unable to resolve through literature
search alone. They are presented here not as rhetorical devices but as genuine invitations to the community:

1. The energy wall: Is there a published scaling analysis that closes the thermodynamic budget for a utility-scale

fault-tolerant quantum computer? If not, why is this gap not discussed more openly?

1. The geometry of noise: If noise in real physical platforms exhibits hierarchical structure, why do standard
QEC codes assume independent or short-range correlated noise?

1. The circuit assumption: Is the circuit model of quantum computation a physical necessity or a historical

choice? Does the very need for active error correction signal that we have chosen the wrong representation?

1. Falsification: What empirical result would demonstrate that the FTQC roadmap needs fundamental revision?

If the field has no answer to this question, how do we distinguish a research programme from a belief?

The author does not claim to have definitive answers to these questions. The proposed metrology architecture is one
attempt to explore what happens when you take a different geometry seriously — not as a replacement for existing

approaches, but as a complementary path that bypasses the thermodynamic wall entirely.
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