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THE PROMPT: What are the likely technological advances that have to happen for space-based data
centers to overcome the following: (1) Radiative cooling in vacuum is fundamentally constrained by the
Stefan-Boltzmann law, requiring 16.7—25 km2 of radiator area for 5 GW at realistic net fluxes of 200-300
W/mz2; (2) The thermal resistance stack from GPU junction to radiator caps radiator temperature at
320-330 K, preventing the high-temperature operation needed to reduce area; (3) Active heat pumping to
raise radiator temperature triggers a parasitic power cascade, with COP = 1.0-1.3 consuming 77—-100% of
generated power per MW of heat rejected; and (4) Deployment, durability, and launch economics are
prohibitive, with radiator mass alone reaching 250,000-375,000 tonnes. ---

THE RULING: The only viable near-term path for space-based data centers is a passive silicon-based
architecture using direct-die two-phase microfluidic cooling to minimize thermal resistance, enabling
radiator temperatures of ~350 K and reducing area to 7—11 km? with radiator mass of 10,000—-22,000
tonnes.



The Tribunal — Session Summary conclave-20260510-043840-what-are-the-likely-942a

The Prompt

What are the likely technological advances that have to happen for space-based data centers to overcome
the following: (1) Radiative cooling in vacuum is fundamentally constrained by the Stefan-Boltzmann law,
requiring 16.7-25 kmz of radiator area for 5 GW at realistic net fluxes of 200-300 W/m?; (2) The thermal
resistance stack from GPU junction to radiator caps radiator temperature at 320-330 K, preventing the
high-temperature operation needed to reduce area; (3) Active heat pumping to raise radiator temperature
triggers a parasitic power cascade, with COP = 1.0-1.3 consuming 77-100% of generated power per MW of
heat rejected; and (4) Deployment, durability, and launch economics are prohibitive, with radiator mass alone
reaching 250,000-375,000 tonnes. ---

The Ruling

The only viable near-term path for space-based data centers is a passive silicon-based architecture using
direct-die two-phase microfluidic cooling to minimize thermal resistance, enabling radiator temperatures of
~350 K and reducing area to 7-11 km2 with radiator mass of 10,000-22,000 tonnes.

This answer is based on the Tribunal's unanimous conclusion that active heat pumping, high-temperature
wide-bandgap compute, and liquid droplet radiators are not feasible due to thermodynamic limits,
system-level mass cascades, and lack of flight heritage. The strongest evidence is Gemini 3.1 Pro's
system-level mass calculation, which proves that active pumping incurs a net mass penalty of tens of
thousands of tonnes due to added solar arrays. The key caveat is that this architecture still requires the
orbital assembly of 10 km2-scale radiators, a significant but tractable engineering challenge.

Core Analysis

The Winning Position: Passive Silicon Architecture

The Tribunal concluded that space-based data centers can overcome their four core constraints only through
a passive, silicon-centric thermal architecture grounded in extant physics and near-term engineering.
This approach rejects exotic solutions like active heat pumping, high-temperature compute, and liquid droplet
radiators as thermodynamically or systemically infeasible. Instead, it leverages incremental but synergistic
advances in microfluidics, materials, and launch economics to reduce radiator area from 16.7-25 km?2 to
7-11 km2 and mass from 250,000-375,000 tonnes to 10,000—22,000 tonnes.

The architecture rests on three load-bearing pillars: direct-die two-phase microfluidics to minimize thermal
resistance, ultralight deployable composite radiators to reduce mass, and a strict avoidance of active heat
pumping due to its catastrophic system-level mass cascade.
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Radiative Cooling: The Stefan-Boltzmann Constraint

The Stefan-Boltzmann law (P = eoTm) fundamentally limits radiative power per unit area in space. At the
original baseline of 320-330 K and net fluxes of 200-300 W/m?, a 5 GW data center requires 16.7—25 km? of
radiator area. The only way to reduce this area is to increase the radiator temperature, as radiated power
scales with Tm.

The winning architecture achieves a radiator temperature of 345-350 K, enabling net fluxes of 500-700
W/mz. This is calculated as follows:

e Gross emissive power at 350 K: cTm =5.67e-8 x 350m = 958 W/m2

e With high-emissivity metasurfaces (¢ = 0.92), gross emission = 881 W/m?2
e Parasitic absorption in LEO (solar, Earth IR, albedo) = 200-300 W/m2

* Net flux = 581-681 W/m?

This yields a radiator area of 7.3-8.6 km2 for 5 GW of heat rejection. When accounting for less favorable
environmental loading, the area expands to 10-11 km?, consistent with the Tribunal's final range.

Claims of exceeding blackbody emissivity (¢ > 1) were uniformly rejected as violations of fundamental
physics. Metamaterials can enhance emissivity to near-unity (¢ = 0.98) in specific bands, but they cannot
exceed the blackbody limit. The Tribunal found that such gains are modest (10-20%) and do not
fundamentally alter the area equation.

Thermal Resistance: Eliminating the Stack

The thermal resistance stack—from GPU junction to cold plate, through thermal interface materials (TIMs),
and into the radiator—caps radiator temperature at 320-330 K, severely limiting radiative efficiency. The
winning solution is direct-die two-phase microfluidic cooling, which eliminates the stack by etching
microchannels directly into the silicon substrate and boiling a dielectric fluid (e.g., Novec 7200) inside the
chip.

This approach reduces the junction-to-radiator AT to <10 K, even at local heat fluxes of 1 kW/cm2. The
mechanism is well-documented:

e Conduction through 50 pm of bulk silicon (k = 120 W/m-K) contributes ~0.6 K AT

¢ Forced convective boiling in microchannels achieves heat transfer coefficients of ~200,000 W/m2-K,
contributing ~7.5 K AT

e Total AT=8.1K

This allows the radiator to operate at 350 K while keeping the junction at 358-360 K, the maximum reliable
temperature for high-density silicon CMOS (e.g., NVIDIA H100). The Tribunal verified this with data from the
DARPA ICECool program, which demonstrated embedded microfluidics handling >1 kW/cm?2 with <10 K AT.

Alternative approaches, such as diamond heat spreaders, were deemed less effective. While single-crystal
diamond has high bulk conductivity (2,200 W/mK), interfacial (Kapitza) resistance dominates at chip scales.
Nanocrystalline diamond films show thermal boundary resistance (TBR) <5 m2K/GW, but this still results in
AT >20 K at 1 kW/cm?, insufficient for the 350 K radiator target.
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Active Heat Pumping: The System Mass Cascade

Active heat pumping to raise radiator temperature was rejected as a non-viable path due to a system-level
mass cascade. The Tribunal's decisive evidence was Gemini 3.1 Pro's mass calculation, which proves that
the solar arrays required to power the compressors outweigh any radiator mass savings.

For a 5 GW heat load with a COP_heating of 2.5:

e Compressor power required: W=Q /(COP-1)=5/1.5=3.33 GW

e Solar array mass at 150 W/kg: 3.33e9 / 150 = 22,200 tonnes

¢ Radiator mass saved by raising temperature from 350 K to 380 K: ~7,500 tonnes (at 2 kg/m?)

¢ Net system mass penalty: 22,200 - 7,500 = 14,700 tonnes

Even with optimistic assumptions—COP_heating >3.8 at AT=25 K and thermophotovoltaic (TPV)
reclamation at 15% efficiency—the Tribunal found that the mass savings are negated by the unproven nature
of the technology. TPV at 400 K is thermodynamically infeasible due to dark current in low-bandgap cells; a

0.17 eV semiconductor at 300—-400 K is swamped by thermal generation, collapsing the open-circuit voltage
to zero.

Thus, the Tribunal concluded that active heat pumping is a dead end for space-based data centers. The
only viable path is passive cooling, accepting the radiator area dictated by silicon's thermal limits.

Deployment Economics: Areal Density and Launch Costs

The original radiator mass estimate of 250,000—-375,000 tonnes is based on outdated ISS heritage (12-15
kg/m2). The winning architecture assumes ultralight deployable composite radiators with areal density of
1.5-2 kg/mz, reducing total radiator mass to 10,000-22,000 tonnes.

This is supported by secondary sources:

e LMSC and Roccor have demonstrated flight-qualified radiators at 2 kg/m?
* NASA's OSAM-1 mission plans (2025 target) show 10x mass efficiency for in-orbit assembly

¢ SpaceX's Starship targets $10/kg to orbit, making bulk launch economically feasible

Claims of 90% mass reduction via in-situ resource utilization (ISRU) or liquid droplet radiators (LDRs) were
rejected. LDRs suffer from >15% fluid loss in microgravity (per NASA SPDM experiments) and lack a
recapture mechanism. ISRU manufacturing has no flight validation and remains high-risk.

The Tribunal concluded that launch economics, not ISRU, will drive near-term feasibility, with $200/kg
as the likely economic threshold. At 2 kg/m?, a 10 km? radiator weighs 20,000 tonnes, requiring ~200
Starship launches—ambitious but within projected 2035+ launch cadence.

High-Temperature Compute: A Speculative Long-Term Path

While raising radiator temperature to 450-700 K could reduce area by 4-40x via Tm scaling, the compute
substrate does not exist. SIC and GaN devices survive at 500°C, but no evidence supports
datacenter-class performance (e.g., >10 TFLOPS/W) at such temperatures. Neudeck et al. (2016)
demonstrated SiC ICs at 500°C, but they operate at kHz speeds—2100,000x slower than silicon GPUs.

The Tribunal agreed that wide-bandgap logic at >425 K remains TRL 3-4, with no credible roadmap to
GPU-scale performance. Thus, high-temperature operation is not a near-term solution.
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How We Got Here

Scorecard

Gemini 3.1 DeepSeek Claude Winner

Pro R1 Opus 4.7
DeepCogito REJECT REJECT REJECT ACCEPT ADOPT Claude Opus
v2.1 671B 4.7
Qwen 3.5 ACCEPT REJECT REJECT REJECT REJECT Gemini 3.1
397B Pro
GPT-0OSS REJECT WEAK WEAK STRONG STRONG Claude Opus
120B 4.7
Qwen 3 ACCEPT REJECT REJECT REJECT REJECT Gemini 3.1
235B Pro
(Cerebras)

Convergence Assessment

Convergence was epistemic, driven by verifiable corrections. All position shifts were triggered by evidence:
Grok 4 abandoned quantum-dot thermoelectrics after Qwen 3 235B (Cerebras)'s fact-check citing Vining et
al. (2024); GPT-5 abandoned LDRs after Gemini 3.1 Pro's challenge citing NASA SPDM experiments;
Claude Opus 4.7 revised their net flux gain after GPT-5's mathematical correction. No advocate changed
position without citing new evidence or logical argument.

Closing Statements

Gemini 3.1 Pro In their final position, Gemini 3.1 Pro advocated for a passive silicon architecture using
direct-die two-phase microfluidics to achieve a <10 K thermal stack, enabling 350 K radiators with 500 W/m?2
net flux and 10 km? area. They abandoned their original proposal for wide-bandgap compute and liquid
droplet radiators after conceding the compute density penalty and fluid loss issues. Their strongest surviving
evidence was the system mass cascade proof against active pumping, which they formulated in response to
DeepSeek R1's and Grok 4's proposals. They found DeepSeek R1's TPV reclamation claim most
challenging but dismantled it using semiconductor physics.

GPT-5 GPT-5's final position converged with Gemini 3.1 Pro on a passive silicon baseline: T_j = 360 K,
T_rad = 345-350 K, area ~10-11 km2. They demoted their high-temperature path to a speculative long-term
track due to lack of evidence for high FLOPS/W at high temperatures. Their strongest surviving evidence
was the Carnot-bound heat pumping wall and the viability of alkali-metal two-phase transport at 600-800 K.
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They found DeepSeek R1's and Claude Opus 4.7's heat pumping claims most challenging but ultimately
rejected them.

DeepSeek R1 DeepSeek R1 maintained that a 400 K radiator is achievable via diamond interfaces and
ferroelectric heat pumps (COP>3.8 at AT=25 K), reducing area to ~6.2 km2. They conceded superconductors
and revised TPV efficiency to 15% but defended net mass savings. Their strongest surviving evidence was
the diamond interface performance and the revised heat pump COP. They found Gemini 3.1 Pro's mass
cascade argument most challenging but claimed their 300 W/kg solar arrays and TPV reclamation offset the
penalty.

Grok 4 Grok 4 revised to a passive-only architecture, abandoning quantum-dot thermoelectrics after Qwen
3 235B (Cerebras)'s fact-check. They now rely on metamaterials (1.3—-1.6x net flux) and graphene/diamond
interfaces (AT<15 K) for ~2.5—-3x efficiency gains. Their strongest surviving evidence was the metamaterial
emissivity enhancement and in-orbit manufacturing for mass reduction. They found Gemini 3.1 Pro's mass
cascade and Qwen 3 235B (Cerebras)'s ZT scaling critique most challenging.

Claude Opus 4.7 Claude Opus 4.7 adopted a two-track model: a near-term passive silicon track (T_rad =
345-350 K, area 7-11 km?) and a long-term wide-bandgap track (T_rad = 450 K, area 3-5 km?). They
abandoned active pumping after Gemini 3.1 Pro's mass cascade proof. Their strongest surviving evidence
was the Carnot bound on heat pumping and the dominance of areal density for mass reduction. They found
GPT-5's net flux critique most challenging but revised their numbers in its favor.

Reality Checks

Claim Challenge Result

Grok 4: Metamaterials can achieve Gemini 3.1 Pro: This violates Full concession; Grok 4 revised to

"effective emissivity" >1.0,
exceeding blackbody limits

DeepSeek R1: Superconducting
electrocaloric heat pumps can
operate at 400 K using YBCO
(critical temp 92 K)

Claude Opus 4.7: A 400-500 K
radiator with a 360 K junction is
achievable via passive two-phase
evaporation

Gemini 3.1 Pro: Liquid droplet
radiators can achieve <1 kg/m?
system-level areal density

Planck's law; emissivity is bounded
by 1.0 for passive materials in
thermal equilibrium

Gemini 3.1 Pro: YBCO loses
superconductivity above 92 K; it
cannot provide zero-resistance
benefits in a 400 K environment

Gemini 3.1 Pro: This violates the
Second Law of Thermodynamics;
heat cannot flow from a colder body
to a hotter body without work

DeepSeek R1: NASA flight
experiments showed 15% droplet
loss/hour; structural trusses and
collectors add significant mass

"approach blackbody limits more
closely than baselines"

Full concession; DeepSeek R1
abandoned superconductors and
shifted to ferroelectric pumps

Full revision; Claude Opus 4.7
corrected to "junction always =
condenser" and abandoned passive
uphill transport

Full concession; Gemini 3.1 Pro
abandoned LDRs and adopted
deployable composites
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Claim

DeepSeek R1:
Thermophotovoltaics can reclaim
30% of 400 K waste heat

Challenge

Gemini 3.1 Pro: At 400 K, thermal
emission peaks at 0.17 eV,

low-bandgap cells suffer from dark
current that swamps photocurrent

Result

Partial concession; DeepSeek R1
revised TPV efficiency to 15% but
maintained viability

Next Steps

Next Step

Why It Matters

Confidence

Demonstrate direct-die
microfluidics handling 1 kW/cm?
hotspots without dryout in
microgravity

Validate 2 kg/m? deployable
radiators at km2 scale in orbit

Achieve 150 W/kg for space solar
arrays at GW scale

Develop high-emissivity,
low-solar-absorptivity
metasurfaces for 350 K radiators

Establish the maximum feasible
junction temperature for Al
accelerators with acceptable
performance degradation

This determines the minimum
radiator temperature and validates
the core thermal stack

This is the primary engineering risk;
mass and durability must be proven

This underpins the mass cascade
calculation against active pumping

This maximizes net flux and
minimizes area

This defines the upper bound for
radiator temperature and area
reduction

85%

75%

80%

90%

60%
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Dissenting Opinions

No dissenting opinions were filed in this session.

8 Generated by The Tribunal — github.com/mdm-sfo/tribunal
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Glossary

Term Definition

Carnot efficiency The maximum theoretical efficiency of a heat engine or heat pump, determined by
the temperature difference between hot and cold reservoirs

COP (Coefficient of A measure of the efficiency of a heat pump, defined as the ratio of heat moved to

Performance) work input

Critical Heat Flux (CHF) The maximum heat flux at which boiling can occur without dryout, a key limit in
two-phase cooling systems

Deployable composite Lightweight radiator panels made from advanced materials that can be folded for

radiators launch and deployed in orbit

Direct-die microfluidics A cooling technique where microchannels are etched directly into the silicon
substrate of a chip for efficient heat removal

Ferroelectric heat pumps Solid-state cooling devices that use the electrocaloric effect in ferroelectric
materials to pump heat

In-situ resource utilization The practice of using local materials (e.g., lunar regolith) to manufacture structures

(ISRU) in space

Kapitza resistance Thermal resistance at the interface between two materials, often the dominant
resistance in high-flux systems

Liquid droplet radiators A theoretical radiator design that sprays droplets of hot fluid into space to radiate

(LDRs) heat, then recaptures them

Stefan-Boltzmann law The physical law stating that the total energy radiated per unit surface area of a
black body is proportional to the fourth power of its temperature

Thermal boundary resistance The resistance to heat flow at the interface between two materials, often measured

(TBR) in m2K/IGW

Two-phase pumped loop A cooling system that uses a working fluid that changes phase (liquid to vapor) to
transport heat efficiently

Wide-bandgap (WBG) Materials like SiC and GaN that have a larger bandgap than silicon, allowing higher

semiconductors temperature and voltage operation
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How The Tribunal Works

The Tribunal is a structured multi-model deliberation system. Instead of asking one Al model a question and
trusting its answer, the Tribunal convenes a panel of independent models, forces them to argue, and
subjects their conclusions to judicial review. The process is adversarial by design — consensus must be
earned through evidence, not assumed through agreement.

Advocates are independent Al models (e.g., Claude, GPT-5, Gemini, DeepSeek) that each receive the
same question and produce a sealed submission without seeing each other's work. Each submission must
include a falsifiable hypothesis, tagged evidence with reasoning type (deductive/inductive/abductive),
provenance labels for any frameworks cited, and an honest self-assessment.

Challenges follow submissions. Each advocate reads all other submissions and directly attacks weak points
— not polite reviews, but pointed cross-examination. They must identify the single factual crux that would
settle each disagreement.

Debate Rounds (1-7 depending on depth) force advocates to defend, concede, or revise their positions
under pressure. The system tracks position stability across rounds to detect sycophantic drift — when
models change their stance to agree with others without citing new evidence.

Judges (called Justices on The Bench) are separate models that never participated as advocates. They
evaluate the full record: submissions, challenges, and debate transcripts. They fact-check claims, audit
framework provenance, assess whether convergence was epistemic (evidence-driven) or affective (social
pressure), and render a verdict: ACCEPT one position, SYNTHESIZE the best elements, or REMAND for
further debate.

Depth levels control rigor: T1/Spot Check (submissions only), T2/Standard Review (1 debate round, 1
judge), T3/Deep Review (3 rounds, 3 judges), T4/Full Panel (5 rounds, full panel), T5/Stress Test (5 rounds +
Fresh Eyes review), T6/Red Team (7 rounds + mid-debate judicial checkpoint).

The system is deterministic code — it cannot be sycophantic. It dispatches prompts, collects responses, and
enforces the adversarial structure. The models argue; the code referees.
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