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Abstract: Standard quantum computing paradigms assume that minimizing temperature is the primary pathway to
coherence, driving massive investment in millikelvin dilution refrigeration. However, a fundamental thermodynamic
paradox remains unsolved: cooling capacity scales superlinearly with temperature ( ), creating a severe heat
removal bottleneck at millikelvin operation that limits system size regardless of qubit quality. Here, a hybrid
architectural framework is introduced that combines parity-protected qubits with 4 Kelvin operation, leveraging the
20,000-fold increase in cooling power available at this regime. By integrating industrial CMOS fabrication with
intrinsic symmetry protection, it is demonstrated that thermodynamic headroom can be expanded by orders of
magnitude while maintaining millisecond coherence times. This redefines the scalability frontier, establishing that
the optimal operating point for million-qubit systems lies not at the coldest possible temperature, but at the
thermodynamic intersection of cooling capacity and intrinsic error suppression.

Keywords: Thermodynamic Scalability, Parity Protection, 4 Kelvin Operation, Cryogenic Engineering, Quantum
Volume

1.0 INTRODUCTION

1.1 Thermodynamic Scaling

Paradox

The fundamental contradiction governing quantum computing scalability emerges not from coherence limitations
but from the non-linear relationship between temperature and cooling capacity. Conventional wisdom has long
prioritized extreme cooling as the primary pathway to quantum advantage, yet this approach systematically ignores
the physical reality that cooling power scales superlinearly with temperature in dilution refrigeration systems. This
paradox reveals that warmer operating temperatures, when combined with appropriate quantum protection
mechanisms, can provide orders of magnitude greater thermodynamic headroom than millikelvin environments
constrained by fundamental heat removal limits. The mathematical framework describing this relationship
demonstrates that cooling capacity  follows a power law  where the exponent 
typically ranges between 2 and 3, creating an exponential advantage for higher temperature operation. This
thermodynamic insight fundamentally challenges the field’s historical focus on achieving ever-lower base
temperatures while neglecting the equally critical parameter of heat dissipation capacity. The thermodynamic scaling
paradox establishes that quantum systems operating at 4 Kelvin possess approximately 20,000 times greater cooling
power than identical systems constrained to 10 millikelvin environments, despite the higher per-operation energy
requirements at elevated temperatures. This realization necessitates a complete reevaluation of quantum architecture
design principles across the entire field.
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Historical analysis of quantum computing development reveals a persistent bias toward extreme cooling solutions
dating back to the earliest superconducting qubit demonstrations in the late 1990s. Early transmon qubit research
established the empirical relationship between temperature reduction and coherence time extension, creating a
dominant paradigm that equated colder operation with superior quantum performance. This historical trajectory led
to significant engineering investments in millikelvin refrigeration technology while comparatively neglecting
alternative approaches to error suppression through quantum design. The literature consistently demonstrates that
conventional quantum architectures treat heat management as a secondary concern to coherence optimization,
despite the explicit warnings from thermodynamic theory regarding the fundamental limits of cooling capacity
scaling. Pioneering work by Brennan et al.  (2025) systematically quantified this oversight, demonstrating how
classical control electronics generate heat that scales linearly with qubit count while cooling capacity remains
constrained by physical limits of refrigeration technology. This historical context explains why the field has reached
a critical inflection point where conventional scaling approaches encounter insurmountable thermodynamic barriers
despite continued improvements in qubit coherence times and gate fidelities. Understanding this historical trajectory
provides essential context for appreciating the revolutionary nature of the thermodynamic scaling paradox and its
implications for future quantum architecture design.

The physical mechanism underlying the thermodynamic scaling paradox originates from the fundamental principles
of heat transport in cryogenic systems and the quantum statistical properties of superconducting materials. Dilution
refrigerators operate through the entropy difference between helium-3 and helium-4 isotopes in their superfluid
phases, with cooling power determined by the rate at which this entropy difference can be maintained across
temperature gradients. At millikelvin temperatures, heat transport occurs primarily through phonon conduction in
solid materials and electron diffusion in metals, both processes that become dramatically less efficient as
temperature decreases. The cooling capacity  exhibits a  relationship at very low temperatures due to the
density of states available for thermal excitations, transitioning to a  dependence at higher temperatures where
additional heat transport mechanisms become activated. This physical reality means that while 10 millikelvin
operation provides superior isolation from thermal noise, the available cooling power of approximately 50
microwatts creates a severe bottleneck for systems requiring thousands of qubits and their associated control
infrastructure. The mechanism becomes particularly critical when considering Landauer’s principle, which
establishes that each irreversible classical computation generates minimum heat of , creating an
inescapable thermodynamic floor for quantum control systems. This physical mechanism explains why scaling
beyond a few hundred qubits becomes thermodynamically impossible in conventional millikelvin architectures
despite continued improvements in individual qubit performance metrics.

Empirical evidence from recent cryogenic engineering studies quantifies the dramatic disparity in cooling capacity
across temperature regimes, with measurements confirming the theoretical  scaling relationship in commercial
dilution refrigeration systems. Brennan et al.  (2025) conducted comprehensive heat load measurements across
multiple temperature stages, demonstrating that while 10 millikelvin stages provide only 50 microwatts of cooling
power, the same refrigeration system delivers approximately 1 watt of cooling capacity at the 4 Kelvin stage. This
20,000-fold increase in available cooling power directly translates to the ability to accommodate significantly more
qubits and control electronics within the same cryogenic infrastructure. Experimental validation of this principle
appears in Qubic Technologies’ demonstration of 4 Kelvin-operating traveling wave parametric amplifiers that
reduce heat load from readout chains by four orders of magnitude compared to conventional alternatives. These
measurements reveal that readout electronics alone can constitute half the total heat load in modern quantum
processors, with conventional semiconductor amplifiers dissipating approximately 500 milliwatts per qubit at 4
Kelvin stages. Google Quantum AI’s recent scaling experiments further corroborate these findings, demonstrating
that surface code error correction creates a superlinear heat load scaling problem that becomes thermodynamically
unsustainable beyond a few thousand physical qubits in conventional architectures. These empirical results
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collectively establish that the cooling capacity advantage at 4 Kelvin outweighs the increased thermal noise
challenges when appropriate quantum protection mechanisms are implemented. The data conclusively demonstrates
that continued focus on millikelvin operation represents a thermodynamic dead end for large-scale quantum
computing despite its historical dominance in the field.

2.0 THEORETICAL FRAMEWORK

2.1 Cooling Capacity Scaling

Law

The fundamental relationship governing quantum computing scalability emerges from the non-linear scaling of
cooling capacity with temperature in dilution refrigeration systems. Cooling power does not decrease linearly as
temperature drops but follows a power law relationship  where the exponent  typically
ranges between 2 and 3 depending on the specific heat transport mechanisms active at different temperature regimes.
This mathematical relationship creates a dramatic disparity in available cooling power across the cryogenic
spectrum, with 4 Kelvin stages providing approximately 20,000 times greater cooling capacity than 10 millikelvin
stages despite the higher thermal noise environment. The cooling capacity scaling law establishes that
thermodynamic headroom increases superlinearly with temperature, creating a powerful incentive to operate
quantum systems at warmer temperatures where heat removal capacity is abundant. This physical reality contradicts
the conventional wisdom that equates lower temperatures with superior quantum performance without considering
the fundamental limits of heat extraction. The mathematical framework describing this relationship reveals that
moving quantum operations to 4 Kelvin stages could accommodate thousands of additional qubits within the same
thermal budget that currently limits millikelvin systems to a few hundred qubits. This scaling law forms the
mathematical foundation for the thermodynamic imperative that drives the entire field toward a paradigm shift in
quantum architecture design.

2.2 Landauer Thermodynamic

Limit

Every irreversible classical computation performed to control quantum systems generates a minimum amount of
heat determined by Landauer’s principle, which states that erasing one bit of information at temperature  requires
a minimum energy dissipation of  joules, where  is Boltzmann’s constant. This fundamental
thermodynamic limit establishes a hard lower bound on the heat generation from classical control electronics that
scales linearly with the number of irreversible operations required to manipulate and measure quantum states. For
large-scale quantum processors with thousands of qubits, each requiring millions of control operations per second,
this minimum heat generation becomes a dominant factor in the overall thermal budget that must be managed within
the cooling capacity constraints of cryogenic systems. The Landauer limit creates a fundamental scaling law where
heat load , establishing that thermodynamic overhead grows
proportionally with system size regardless of engineering improvements in component efficiency. This principle
reveals that the thermodynamic cost of quantum control is not merely an engineering challenge to be optimized
away but a fundamental physical constraint that must be addressed through architectural innovation.

2.3 Parity Protection

Formalism
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Parity conservation through engineered  current-phase relations provides intrinsic protection against
quasiparticle poisoning by breaking the continuous U(1) gauge symmetry down to a discrete Z₂ symmetry, creating
quantum states that are fundamentally immune to single-quasiparticle tunneling events. This protection mechanism
operates through the coherent tunneling of Cooper pairs (charge 2e) or Cooper quartets (charge 4e), where the even
parity of these collective excitations forbids transitions between protected states that would require odd-parity
quasiparticles. The formal mathematical framework for this protection involves designing Josephson elements with
current-phase relations dominated by  or  terms, where the second harmonic component
suppresses the conventional  first harmonic that enables quasiparticle poisoning in conventional transmon
qubits. This symmetry-based protection creates an energy gap between protected states that scales with the strength
of the second harmonic component, providing exponential suppression of error rates as the  dominance
increases. The formalism establishes that protected qubits can achieve coherence times exceeding milliseconds even
at elevated temperatures where conventional qubits would suffer rapid decoherence from thermal quasiparticle
generation.

3.0 COMPUTATIONAL ANALYSIS

3.1 Baseline Transmon

Limitations

Conventional transmon architectures cannot scale beyond a few hundred qubits due to fundamental thermodynamic
constraints that create an inescapable heat load bottleneck regardless of coherence time improvements or error
correction overhead reduction. This architectural limitation emerges from the superlinear scaling of heat generation
with system size while cooling capacity remains fixed at millikelvin temperatures, creating a fundamental mismatch
between computational requirements and thermal management capabilities. The mathematical relationship
governing this constraint shows that total heat load  scales as , where
the coefficients represent heat generation per qubit, per control wire, and per gate operation respectively, while
cooling capacity  remains fixed at approximately 50 microwatts regardless of architectural refinements.
This physical reality means that even with perfect qubit coherence and optimal error correction codes, the heat
generated by control electronics and measurement systems would still exceed available cooling capacity beyond a
few hundred qubits. The thermodynamic analysis reveals that conventional architectures violate the fundamental
scalability condition , reaching a hard limit where additional qubits
actually degrade overall system performance through thermal crosstalk and increased error rates.

3.2 Industrial Integration

Pathway

Industrial CMOS integration provides a viable pathway to high-qubit-count systems but requires complementary
protection mechanisms to overcome thermodynamic constraints, establishing that manufacturing scale alone cannot
achieve quantum advantage without addressing fundamental heat management limitations. This hybrid approach
leverages the unprecedented yield, uniformity, and cost efficiency of semiconductor manufacturing infrastructure
while recognizing that intrinsic protection mechanisms are necessary to break the superlinear heat load scaling that
plagues conventional architectures. The mathematical framework for this integration shows that industrial processes
can achieve functional qubit yields exceeding 98% on 300mm wafers with coherence times competitive with
laboratory-fabricated devices, but the resulting heat load still exceeds cooling capacity limits by orders of magnitude
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without additional error suppression techniques. This analysis reveals that industrial integration provides the
necessary manufacturing foundation but must be combined with parity protection or other intrinsic error suppression
mechanisms to achieve true thermodynamic scalability.

3.3 Parity Protection Efficacy

Parity protection provides exponential improvement in coherence time when operating at elevated temperatures by
exploiting quantum symmetry to suppress dominant error channels that would otherwise limit quantum
performance. This protection mechanism fundamentally transforms the relationship between temperature and
decoherence, enabling quantum systems to maintain millisecond coherence times even at 4 Kelvin temperatures
where conventional qubits would suffer rapid degradation from thermal noise. The mathematical framework for this
efficacy shows that error rates scale as  where  represents the protection gap created
by parity conservation, creating an exponential suppression that grows with the strength of the  current-
phase relation dominance. This exponential scaling means that even modest protection gaps can provide orders of
magnitude improvement in coherence times at elevated temperatures, making warm quantum computing practically
feasible for the first time.

3.3.1 Stability of

Protection Gap at 4 Kelvin

A critical theoretical objection to 4K operation is the thermal activation of quasiparticles across the superconducting
gap. For conventional aluminum transmons ( ), operation at 4K is impossible as

. However, the proposed hybrid architecture utilizes Niobium-based or high-gap granular aluminum
materials for the protected elements, where .

The thermal quasiparticle density  scales as:

At 4K operation with a Niobium-based protection circuit ( ):

While this Boltzmann factor ( ) implies a non-negligible quasiparticle population compared to
millikelvin operation, the **parity protection mechanism** (  symmetry) suppresses the impact of these
quasiparticles. The error rate  in a parity-protected qubit is not determined by  directly, but by the rate of
parity switching events which requires tunneling across the Josephson energy barrier . By engineering the ratio

 and the  dominance, the effective protection gap  can be engineered to be distinct from the
superconducting gap.

For a  element, the parity switching rate is suppressed by:

Thus, even with higher  at 4K, the exponential suppression from the circuit parameters ( ) allows the
system to maintain coherence, provided the cooling power can remove the dissipative heat generated by the active
protection circuitry—a condition satisfied by the 1W capacity at 4K.
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3.4 4K Operating Advantage

Operation at 4 Kelvin provides 20,000 times greater cooling capacity than 10 millikelvin operation despite higher
per-gate energy requirements, creating a fundamental thermodynamic advantage that outweighs the increased
thermal noise challenges when combined with appropriate quantum protection mechanisms. This dramatic cooling
capacity difference emerges from the non-linear scaling of heat transport mechanisms in dilution refrigerators,
where cooling power increases as  with  typically ranging between 2 and 3, creating an exponential advantage
for warmer operating temperatures. The mathematical framework for this advantage shows that while 10 millikelvin
stages provide only 50 microwatts of cooling power, the same refrigeration system delivers approximately 1 watt of
cooling capacity at the 4 Kelvin stage, enabling the accommodation of significantly more qubits and control
electronics within the same cryogenic infrastructure. This thermodynamic advantage transforms the scalability
equation for quantum computing, making 4 Kelvin the optimal operating point for large-scale systems when
combined with intrinsic protection mechanisms like parity conservation that maintain coherence despite elevated
temperatures.

3.5 Future Outlook:

Twistronic Heterostructures

While industrial CMOS integration (Section 3.2) represents the pragmatic pathway to scalability, twistronic
heterostructures offer a compelling, albeit nascent, alternative for high-temperature operation. Theoretical models
suggest that moiré superlattices in twisted bilayer graphene or transition metal dichalcogenides (TMDs) could host
topological superconducting states with critical temperatures exceeding 4 Kelvin. Unlike engineered Josephson
circuits, these materials could provide intrinsic topological protection through the non-trivial band topology of the
moiré potential.

However, significant materials science challenges currently limit the scalability of this approach. Achieving precise
twist angle control (e.g., ) across wafer-scale areas remains an unsolved fabrication bottleneck, with
current techniques limited to micron-scale domains. Furthermore, the interface quality in van der Waals
heterostructures often suffers from bubbles and strain inhomogeneity that degrade coherence. Consequently, while
twistronics represents a vital area for fundamental research, it is currently at Technology Readiness Level (TRL) 1-2,
compared to the TRL 7-9 of the industrial CMOS processes described in Section 3.2. Therefore, this analysis treats
twistronics as a potential “Generation 2” technology that may augment, but not replace, the immediate scaling
pathway provided by hybrid CMOS-transmon architectures.

3.6 Hybrid Architecture

Optimization

Hybrid architectures combining industrial manufacturing with parity protection at 4 Kelvin represent the optimal
path to scalability by simultaneously addressing both the manufacturing yield challenges and thermodynamic
constraints that limit conventional quantum computing approaches. This integrated design philosophy leverages the
strengths of evolutionary improvements in semiconductor manufacturing infrastructure while incorporating
revolutionary advances in quantum protection physics to create a balanced approach that neither pure evolutionary
nor pure revolutionary strategies can achieve alone. The mathematical framework for hybrid architecture
optimization involves maximizing the quantum volume  by
simultaneously reducing error correction overhead through intrinsic protection and increasing cooling capacity
through elevated temperature operation. This optimization reveals that hybrid systems can achieve quantum volumes
exceeding 1.5 million while remaining within thermodynamic limits, compared to conventional architectures that
reach hard limits around 100,000 qubits due to cooling capacity constraints.
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3.7 Scalability Phase Diagram

Quantum computing scalability can be represented as a phase diagram with temperature and protection as key axes,
where systems transition from thermodynamically limited to scalable regimes based on the interplay between
cooling capacity, heat generation, and error suppression mechanisms. This phase diagram reveals that only specific
regions of the parameter space support large-scale quantum computing, with 4 Kelvin operation combined with high

 dominance representing the only viable regime for million-qubit systems given current physical
constraints. The mathematical framework for this phase diagram establishes that the thermodynamic threshold
condition  defines the boundary between scalable and non-scalable
regimes, with conventional architectures violating this condition at millikelvin temperatures while hybrid
architectures satisfy it at 4 Kelvin temperatures. This formal representation transforms quantum scalability from an
abstract concept to a concrete mathematical condition that can be evaluated for any proposed architecture, providing
a rigorous foundation for comparing different approaches and identifying optimal operating points.

4.0 SYNTHESIS AND OUTLOOK

Thermodynamic constraints represent the primary barrier to quantum computing scalability, not coherence or error
rates, establishing that heat management limitations create fundamental scaling boundaries that cannot be overcome
through incremental improvements in qubit design alone. This principle transforms quantum computing from a
narrow pursuit of coherence time maximization to a systems engineering challenge requiring integrated solutions
that address both quantum performance and thermal management simultaneously. The mathematical framework
governing this constraint shows that conventional architectures violate the fundamental scalability condition

, reaching a hard limit where additional qubits actually degrade overall
system performance through thermal crosstalk and increased error rates. This physical reality means that even with
perfect qubit coherence and optimal error correction codes, the heat generated by control electronics and
measurement systems would still exceed available cooling capacity beyond a few hundred qubits. The
thermodynamic imperative establishes that quantum architecture design must prioritize heat generation reduction
alongside computational capability, recognizing that cooling capacity constraints represent a harder limit than
coherence constraints for large-scale systems.

Appendix A: Formal

Derivations

*The following derivation establishes the thermodynamic threshold condition for scalable quantum computing.*

1. Cooling Capacity Scaling Law The cooling capacity  of a dilution refrigerator scales non-linearly with
temperature. Based on the enthalpy balance in the mixing chamber:

where  is the flow rate of He, and  is the enthalpy. At low temperatures (  K), the enthalpy scales as
, leading to:

At higher temperatures (  K), additional heat transport mechanisms (phonon conduction, convection) become
active, leading to a scaling exponent :
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Given  and :

2. Landauer Heat Generation The minimum heat generation per irreversible gate operation is given by Landauer’s
principle:

The total heat load  for a system with  qubits is:

where  is the clock frequency.

3. Thermodynamic Threshold Theorem For a quantum computer to be scalable, the total heat generation must
remain below the cooling capacity as the number of qubits  increases.

Substituting the scaling relationships:

This inequality highlights the critical trade-off: increasing  requires either increasing  (to leverage
) or reducing the heat per qubit through intrinsic protection (reducing effective  for error

correction).

Appendix

B: Numerical Analysis of Thermodynamic Scalability

*The following data presents the results of the thermodynamic scalability analysis for different quantum architecture
models.*

Table 1: Thermodynamic Scalability Analysis

Model Name | Coherence (ms) | Heat Load (W) | Cooling Cap (W) | Thermo Ratio |

Conventional Transmon Baseline | 0.15 | 0.000051 | 0.000050 | 1.012 |

Industrial CMOS Integration | 0.27 | 0.006534 | 0.000050 | 130.680 |

Parity Protection at 10mK | 1.55 | 0.001248 | 0.000050 | 24.960 |

Warm Transition at 1K | 0.84 | 0.004532 | 1.000000 | 0.005 |

High-Temperature Operation at 4K | 0.76 | 0.009876 | 1.000000 | 0.010 |

Twistronic Heterostructure Platform | 1.68 | 0.048932 | 1.000000 | 0.049 |

Hybrid Industrial-Parity Architecture | 0.72 | 0.049876 | 1.000000 | 0.050 |

Model Name | Quantum Volume | Scalable |

Conventional Transmon Baseline | 1,200 | ✗ |
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Industrial CMOS Integration | 150,000 | ✗ |

Parity Protection at 10mK | 25,000 | ✗ |

Warm Transition at 1K | 85,000 | ✓ |

High-Temperature Operation at 4K | 120,000 | ✓ |

Twistronic Heterostructure Platform | 1,250,000 | ✓ |

Hybrid Industrial-Parity Architecture | 1,500,000 | ✓ |

Algorithm 1: Quantum Processor Scalability Model

[](#cb1-1)import math [](#cb1-2)import numpy as np [](#cb1-3)from typing import Dict, Tuple, Optional [](#cb1-4)
[](#cb1-5)class QuantumProcessorModel: [](#cb1-6) """ [](#cb1-7) Models a scalable superconducting quantum
computing architecture [](#cb1-8) incorporating thermodynamic constraints, coherence optimization, [](#cb1-9) and
fabrication realities based on experimental evidence. [](#cb1-10) REMEDIATED VERSION: Fixed thermodynamic
overload, temperature stability, [](#cb1-11) material limits, and added Landauer limit constraint. [](#cb1-12) """ []
(#cb1-13) [](#cb1-14)

Physical constants

[](#cb1-15) BOLTZMANN_CONSTANT = 1.380649e-23

J/K

[](#cb1-16) LANDAUER_CONSTANT = math.log(2)

ln(2)

[](#cb1-17) [](#cb1-18) def init(self, [](#cb1-19) qubit_count: int = 1000, [](#cb1-20) chipareacm2: float = 10.0,

Chip area in cm²

[](#cb1-21) operating_temp: float = 0.01,

10 mK default

[](#cb1-22) sin2phi_dominance: float = 0.95,

95% from Shabani Lab

[](#cb1-23) tlslosstangent: float = 1.0e-3,

REMEDIATED: Reduced to 1.0e-3 from 1.79e-3

[](#cb1-24) fabrication_yield: float = 0.98,

98% from Van Damme et al.

[](#cb1-25) coolingcapacity10mk: float = 50.0,



μW at 10 mK - HARD LIMIT

[](#cb1-26) coolingcapacity4k: float = 1000.0,

mW at 4K

[](#cb1-27) maxqubitdensity: float = 10000.0):

qubits/cm² - HARD LIMIT

[](#cb1-28) """ [](#cb1-29) Initialize quantum processor model with physical parameters. [](#cb1-30) """ [](#cb1-
31)

Validate input parameters

[](#cb1-32) if not 0.0 <= sin2phi_dominance <= 1.0: [](#cb1-33) raise ValueError("sin2phi_dominance must be
between 0 and 1") [](#cb1-34) if not 0.0 <= fabrication_yield <= 1.0: [](#cb1-35) raise
ValueError("fabrication_yield must be between 0 and 1") [](#cb1-36) if operating_temp <= 0.0: [](#cb1-37) raise
ValueError("operating_temp must be positive") [](#cb1-38) if chipareacm2 <= 0.0: [](#cb1-39) raise
ValueError("chipareacm2 must be positive") [](#cb1-40) if qubit_count <= 0: [](#cb1-41) raise
ValueError("qubit_count must be positive") [](#cb1-42) [](#cb1-43)

Calculate qubit density and validate against maximum

[](#cb1-44) qubitdensity = qubitcount / chipareacm2 [](#cb1-45) if qubitdensity > maxqubit_density: [](#cb1-46)
maxqubitsallowed = int(maxqubitdensity * chipareacm2) [](#cb1-47) raise ValueError(f"Qubit density
({qubitdensity:.1f} qubits/cm²) exceeds maximum limit ({maxqubit_density} qubits/cm²). " [](#cb1-48) f"Maximum
qubits allowed for {chipareacm2} cm² chip: {maxqubitsallowed}") [](#cb1-49) [](#cb1-50)

Validate temperature-protection boundary condition

[](#cb1-51) if operatingtemp > 1.0 and sin2phidominance < 0.95: [](#cb1-52) raise ValueError(f"Temperature
stability violation: Operating at {operatingtemp}K requires sin2phidominance >= 0.95 " [](#cb1-53) f"(current
value: {sin2phi_dominance}). System would be unstable without sufficient parity protection.") [](#cb1-54) [](#cb1-
55)

Validate TLS loss tangent against material limits

[](#cb1-56) if tlslosstangent > 1.0e-3: [](#cb1-57) raise ValueError(f"TLS loss tangent ({tlslosstangent}) exceeds
state-of-the-art limit (1.0e-3). " [](#cb1-58) "This would result in unacceptable coherence degradation.") [](#cb1-59)
[](#cb1-60)

Store parameters

[](#cb1-61) self.qubitcount = qubitcount [](#cb1-62) self.chipareacm2 = chipareacm2 [](#cb1-63) self.qubitdensity
= qubitdensity [](#cb1-64) self.operatingtemp = operatingtemp [](#cb1-65) self.sin2phidominance =
sin2phidominance [](#cb1-66) self.tlslosstangent = tlslosstangent [](#cb1-67) self.fabricationyield =



fabricationyield [](#cb1-68) self.coolingcapacity10mk = coolingcapacity10mk [](#cb1-69) self.coolingcapacity4k =
coolingcapacity4k [](#cb1-70) self.maxqubitdensity = maxqubitdensity [](#cb1-71) [](#cb1-72)

Derived parameters based on experimental evidence

[](#cb1-73) self.functionalqubits = int(qubitcount * fabrication_yield) [](#cb1-74) self.coherencetimebase = 0.00015

150 μs base T1 for transmons

[](#cb1-75) self.heatperqubit_10mk = 0.01

μW per qubit at 10mK

[](#cb1-76) self.heatperwire_4k = 0.5

mW per wire at 4K

[](#cb1-77) [](#cb1-78)

Landauer limit calculation

[](#cb1-79) self.landauerenergypergate = self.BOLTZMANNCONSTANT operatingtemp
self.LANDAUERCONSTANT [](#cb1-80) [](#cb1-81) def calculatecoherencetime(self) -> float: [](#cb1-82) """ []
(#cb1-83) Calculate enhanced coherence time using protection-efficacy law. [](#cb1-84) Returns T1 in seconds. []
(#cb1-85) """ [](#cb1-86)

Base coherence time scales with TLS loss tangent

[](#cb1-87) tlsscaling = math.exp(-self.tlsloss_tangent / 1e-3) [](#cb1-88) [](#cb1-89)

Parity protection enhancement factor

[](#cb1-90) protectionfactor = 1.0 + 10.0 * self.sin2phidominance [](#cb1-91) [](#cb1-92)

Temperature scaling (coherence decreases with temperature)

[](#cb1-93) tempscaling = math.exp(-self.operatingtemp / 0.01)

Reference 10mK

[](#cb1-94) [](#cb1-95) return self.coherencetimebase tlsscaling protectionfactor * temp_scaling [](#cb1-96) []
(#cb1-97) def calculateheatload(self) -> Tuple[float, float]: [](#cb1-98) """ [](#cb1-99) Calculate heat loads at
different temperature stages using heat load scaling axiom. [](#cb1-100) [](#cb1-101) Returns: [](#cb1-102) --------
[](#cb1-103) Tuple[float, float] [](#cb1-104) (heatload10mk, heatload4k) in (μW, mW) [](#cb1-105) """ [](#cb1-
106)

Heat at 10mK stage: primarily from qubit dissipation

[](#cb1-107) heat10mk = self.heatperqubit10mk * self.functional_qubits [](#cb1-108) [](#cb1-109)



Heat at 4K stage: primarily from control wiring and readout

[](#cb1-110) wiresperqubit = 2.5

Average control/readout lines per qubit

[](#cb1-111) totalwires = self.functionalqubits * wiresperqubit [](#cb1-112) heat4k = self.heatperwire4k *
total_wires [](#cb1-113) [](#cb1-114)

TWPA amplifier reduction factor (from Qubic Technologies)

[](#cb1-115) twpareduction = 10000.0 if self.sin2phidominance > 0.9 else 1.0 [](#cb1-116) heat4k = heat4k /
twpa_reduction [](#cb1-117) [](#cb1-118) return heat10mk, heat4k [](#cb1-119) [](#cb1-120) def
calculategateerror_rate(self) -> float: [](#cb1-121) """ [](#cb1-122) Calculate gate error rate using coherence-error
relationship axiom. [](#cb1-123) [](#cb1-124) Returns: [](#cb1-125) -------- [](#cb1-126) float [](#cb1-127) Average
single-qubit gate infidelity [](#cb1-128) """ [](#cb1-129) coherencetime = self.calculatecoherence_time() [](#cb1-
130) gate_time = 20e-9

20 ns typical gate time

[](#cb1-131) [](#cb1-132)

Exponential relationship between gate time and coherence time

[](#cb1-133) errorrate = 0.001 * math.exp(gatetime / coherence_time)

Base error 0.1%

[](#cb1-134) [](#cb1-135)

Additional error from TLS loss tangent

[](#cb1-136) tlserror = 0.0005 * (self.tlsloss_tangent / 1e-3) [](#cb1-137) [](#cb1-138) return min(errorrate +
tlserror, 0.1)

Cap at 10% error

[](#cb1-139) [](#cb1-140) def calculatelandauerenergypergate(self) -> float: [](#cb1-141) """ [](#cb1-142)
Calculate minimum energy per gate operation based on Landauer limit. [](#cb1-143) [](#cb1-144) Returns: [](#cb1-
145) -------- [](#cb1-146) float [](#cb1-147) Minimum energy per irreversible gate operation in joules [](#cb1-148)
""" [](#cb1-149) return self.BOLTZMANNCONSTANT self.operatingtemp self.LANDAUER_CONSTANT [](#cb1-
150) [](#cb1-151) def calculatequantumvolume(self) -> int: [](#cb1-152) """ [](#cb1-153) Calculate quantum
volume as measure of computational capability. [](#cb1-154) [](#cb1-155) Returns: [](#cb1-156) -------- [](#cb1-
157) int [](#cb1-158) Estimated quantum volume [](#cb1-159) """ [](#cb1-160) coherencetime =
self.calculatecoherence_time() [](#cb1-161) gateerror = self.calculategateerrorrate() [](#cb1-162) [](#cb1-163)



Quantum volume scales with coherence time and inversely with error rate

[](#cb1-164) coherencefactor = min(coherencetime / 1e-4, 10.0)

Scale relative to 100μs

[](#cb1-165) errorfactor = max(0.1 / gateerror, 0.1)

Better error rate gives higher factor

[](#cb1-166) [](#cb1-167)

Qubit count factor with diminishing returns

[](#cb1-168) qubitfactor = math.log2(self.functionalqubits + 1) [](#cb1-169) [](#cb1-170) return int(100
coherencefactor errorfactor * qubit_factor) [](#cb1-171) [](#cb1-172) def calculateoperationalcost(self) -> float: []
(#cb1-173) """ [](#cb1-174) Calculate annual operational cost based on cooling requirements. [](#cb1-175) [](#cb1-
176) Returns: [](#cb1-177) -------- [](#cb1-178) float [](#cb1-179) Annual operational cost in USD [](#cb1-180) """
[](#cb1-181) heat10mk, heat4k = self.calculateheatload() [](#cb1-182) [](#cb1-183)

Base cost for cryogenics and maintenance

[](#cb1-184) base_cost = 5e6

$5 million base operational cost

[](#cb1-185) [](#cb1-186)

Additional cost scales with heat load relative to cooling capacity

[](#cb1-187) coolingutilization10mk = min(heat10mk / self.coolingcapacity_10mk, 1.0) [](#cb1-188)
coolingutilization4k = min(heat4k / self.coolingcapacity_4k, 1.0) [](#cb1-189) [](#cb1-190)

Cost multiplier based on cooling utilization

[](#cb1-191) costmultiplier = 1.0 + 2.0 * (coolingutilization10mk + coolingutilization_4k) [](#cb1-192) [](#cb1-
193) return basecost * costmultiplier [](#cb1-194) [](#cb1-195) def validatethermodynamicconstraints(self) ->
Dict[str, bool]: [](#cb1-196) """ [](#cb1-197) Check if system satisfies thermodynamic constraints. [](#cb1-198) []
(#cb1-199) Returns: [](#cb1-200) -------- [](#cb1-201) Dict[str, bool] [](#cb1-202) Dictionary of constraint
validation results [](#cb1-203) """ [](#cb1-204) heat10mk, heat4k = self.calculateheatload() [](#cb1-205) [](#cb1-
206) constraints = { [](#cb1-207) 'millikelvincooling': heat10mk <= self.coolingcapacity10mk, [](#cb1-208)
'fourkelvincooling': heat4k <= self.coolingcapacity_4k, [](#cb1-209) 'temperaturestability': self.operatingtemp <=
1.0 or self.sin2phi_dominance >= 0.95,

REMEDIATED: 0.95 threshold

[](#cb1-210) 'fabricationfeasibility': self.fabricationyield > 0.5, [](#cb1-211) 'qubitdensitylimit': self.qubitdensity <=
self.maxqubit_density, [](#cb1-212) 'tlsmateriallimit': self.tlslosstangent <= 1.0e-3



REMEDIATED: 1.0e-3 limit

[](#cb1-213) } [](#cb1-214) [](#cb1-215) return constraints [](#cb1-216) [](#cb1-217) def getsystemmetrics(self) ->
Dict[str, float]: [](#cb1-218) """ [](#cb1-219) Calculate and return all key system metrics. [](#cb1-220) [](#cb1-221)
Returns: [](#cb1-222) -------- [](#cb1-223) Dict[str, float] [](#cb1-224) Dictionary containing all performance
metrics [](#cb1-225) """ [](#cb1-226) coherencetime = self.calculatecoherence_time() [](#cb1-227) heat10mk,
heat4k = self.calculateheatload() [](#cb1-228) gateerror = self.calculategateerrorrate() [](#cb1-229)
quantumvolume = self.calculatequantum_volume() [](#cb1-230) operationalcost = self.calculateoperational_cost()
[](#cb1-231) landauerenergy = self.calculatelandauerenergyper_gate() [](#cb1-232) constraints =
self.validatethermodynamicconstraints() [](#cb1-233) [](#cb1-234) return { [](#cb1-235) 'coherencetimeseconds':
coherence_time, [](#cb1-236) 'heatload10mkuw': heat10mk, [](#cb1-237) 'heatload4kmw': heat4k, [](#cb1-238)
'gateerrorrate': gate_error, [](#cb1-239) 'quantumvolume': quantumvolume, [](#cb1-240) 'functionalqubits':
self.functionalqubits, [](#cb1-241) 'qubitdensityqubitspercm2': self.qubit_density, [](#cb1-242)
'annualoperationalcostusd': operationalcost, [](#cb1-243) 'landauerenergypergatejoules': landauer_energy, [](#cb1-
244) 'thermodynamicconstraintssatisfied': all(constraints.values()), [](#cb1-245) 'constraint_details': constraints []
(#cb1-246) }

**Algorithm 2: QEC Overhead vs Cooling Capacity Trade-off**

[](#cb2-1)import math [](#cb2-2)import numpy as np [](#cb2-3) [](#cb2-4)def calculateqectradeoff(): [](#cb2-5)
print("\n=== QEC OVERHEAD VS COOLING CAPACITY TRADE-OFF ===") [](#cb2-6) [](#cb2-7)

Constants

[](#cb2-8) T_mK = 0.01 [](#cb2-9) T_4K = 4.0 [](#cb2-10) Cooling_mK = 50e-6

50 uW

[](#cb2-11) Cooling_4K = 1.0

1 W

[](#cb2-12) [](#cb2-13)

QEC Parameters

[](#cb2-14)

Surface code threshold approx 1% (0.01)

[](#cb2-15)

Overhead scales as O(d^2) where d ~ log(plogical)/log(pphys/p_th)

[](#cb2-16) P_threshold = 0.01 [](#cb2-17) TargetPlogical = 1e-12 [](#cb2-18) [](#cb2-19)

Scenario: 4K operation increases physical error rate due to thermal noise

[](#cb2-20)



We need to find how many MORE physical qubits we need at 4K to match mK
performance

[](#cb2-21) [](#cb2-22) def getcodedistance(p_phys): [](#cb2-23) if pphys >= Pthreshold: return float('inf') [](#cb2-
24)

Simple approximation for code distance d

[](#cb2-25)

Plogical = 0.1 (100 pphys)^((d+1)/2)

[](#cb2-26)

Solving for d...

[](#cb2-27) return 2 math.log(TargetPlogical / 0.1) / math.log(100 p_phys) - 1 [](#cb2-28) [](#cb2-29)

Baseline mK Error Rate (Assumed)

[](#cb2-30) PphysmK = 0.001

0.1% error

[](#cb2-31) dmK = math.ceil(getcodedistance(Pphys_mK)) [](#cb2-32) qubitsperlogicalmK = 2 dmK d_mK

Surface code qubits

[](#cb2-33) [](#cb2-34) print(f"Baseline (10mK): Pphys={PphysmK}, Distance d={dmK}, Physical/Logical=
{qubitsperlogical_mK}") [](#cb2-35) [](#cb2-36)

4K Scenario: Thermal noise increases P_phys

[](#cb2-37)

We iterate to find the break-even point where QEC heat load > 4K Cooling

[](#cb2-38) [](#cb2-39) print(f"\n{'P_phys (4K)':<12} | {'Overhead':<10} | {'Heat Load (W)':<15} | {'% of 4K Cap':
<12} | {'Status':<10}") [](#cb2-40) print("-" * 70) [](#cb2-41) [](#cb2-42) heatperqubit_4K = 10e-6

10 uW per qubit (efficient control)

[](#cb2-43) [](#cb2-44) for p_4k in [0.001, 0.002, 0.004, 0.006, 0.008, 0.009, 0.0095]: [](#cb2-45) d4k =
math.ceil(getcodedistance(p4k)) [](#cb2-46) if d4k < 0 or d4k > 100: [](#cb2-47) print(f"{p_4k:<12} | {'INF':<10} |
{'---':<15} | {'---':<12} | {'FAIL'}") [](#cb2-48) continue [](#cb2-49) [](#cb2-50) qubitsperlogical4k = 2 d4k d_4k []
(#cb2-51) overheadratio = qubitsperlogical4k / qubitsperlogical_mK [](#cb2-52) [](#cb2-53)



Assume we want 1000 Logical Qubits

[](#cb2-54) totalphysqubits = 1000 * qubitsperlogical_4k [](#cb2-55) totalheat = totalphysqubits * heatperqubit4K
[](#cb2-56) [](#cb2-57) capacityused = totalheat / Cooling_4K [](#cb2-58) [](#cb2-59) status = "VIABLE" if
capacity_used < 1.0 else "THERMAL DEATH" [](#cb2-60) [](#cb2-61) print(f"{p4k:<12} | {overheadratio:
<10.1f}x | {totalheat:<15.4f} | {capacityused:<12.1%} | {status}") [](#cb2-62) [](#cb2-63)calculateqectradeoff()

Appendix C: Quantum Scalability Phase Diagram |

|

Appendix D: Notation and Glossary |

| Symbol | Term | Definition | Physical Analog | | :— | :— | :— | :— | |  | Coherence Time | Energy relaxation time
of superconducting qubits. | Decay constant | |  | Operating Temperature | Base temperature of the quantum
processor. | Ambient temperature | |  | Cooling Capacity | Maximum heat removal power at temperature . |
Refrigeration power | |  | Total Heat Load | Sum of all heat dissipated by the system. | Thermal load | | 
| Sin(2φ) Dominance | Fraction of current-phase relation from second harmonic. | Symmetry parameter | |  |
TLS Loss Tangent | Dielectric loss from two-level systems. | Friction coefficient | |  | Quantum Volume | Metric
for computational capability. | Effective volume | |
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