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14:1  Fields fall to machine intelligence in the order in which their verifiers answer: proofs in machine time,
forecasts in days, cells in months, patients in years. Mathematics fell first because its verifier is complete, cheap
and fast. Everywhere else the time to a discovery is bounded below by serial depth times the verifier's latency,
whatever the supply of intelligence. A digital twin is a manufactured verifier, trustworthy inside the envelope on
which it was validated and exploited outside it.

14:2  In the master equation the closing rate of gap  is . In mathematics verifiability  sits
near one and inertia  near its minimum of one, so intelligence supply turns into closed gaps almost without
loss.

14.1  Why mathematics fell first

14:3  Mathematics fell first because it combines three properties no other science has together. Its verifier is
complete and cheap: a small trusted kernel accepts or rejects a proof in the Lean proof assistant mechanically,
however long the search for it took (§2.9), and new proofs build on mathlib, a shared library of nearly 290,000
theorems. Its curriculum is unbounded, because machines can generate the problems. And it has no wet latency: a
check costs compute and machine time, never patients, seasons or decades.

14:4  The curriculum is built backward. AlphaGeometry trained on 100 million synthetic theorems made by tracing
random deductions back to the premises they needed, backward construction in its purest form. AlphaProof built
its curriculum by formalizing natural-language problems, and a sound kernel makes even a mistranslated one into
training data, because it checks against the rules (2:71), as Experiment 2.1 recommends.

14:5  At the International Mathematical Olympiad AI went from silver with 28 of 42 points in 2024, after multi-day
computation, to an officially certified gold with 35 in 2025, to two systems graded 42 of 42 in the official AI track
of 2026, a score seven humans also reached. Program search scored by automatic evaluators found FunSearch's
cap set of size 512 in dimension 8, beating 496, and AlphaEvolve's way to multiply 4×4 complex matrices with 48
multiplications. DeepMind stated the scope condition itself: such agents help "where progress can be clearly and
systematically measured", on "any problem whose solution can be described as an algorithm, and automatically
verified".

14:6  The Erdős record opens with a retraction. In October 2025 an OpenAI executive posted that GPT-5 had
"found solutions to 10 (!) previously unsolved Erdős problems"; Thomas Bloom, who maintains the problem
database, called it "a dramatic misrepresentation", since the model had found papers that already solved them, and
the post was deleted. Problem #728 (January 2026; GPT-5.2 Pro with Harmonic's Aristotle, proof in Lean) is
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regarded as the first resolved autonomously. On 20 May 2026 an internal OpenAI model disproved Erdős's unit-
distance conjecture, problem #90, in one shot, and nine outside mathematicians checked it. By 30 June 2026 the
community wiki listed 18 distinct problems fully solved by AI alone, under its own warning: "This page is not a
benchmark."

14:7  Mathematics has two verifiers, and only one is complete. Correctness has the kernel. Novelty has a literature
search: "open" in the database "only means I personally am unaware of a paper which solves it", in Bloom's
words, and nobody can certify that search complete, so the 2025 overclaim was a failure of the second verifier.
Without a kernel, correctness becomes a human check again, as on the research problems of First Proof, where
only experts could tell which confident proofs were right (2:65).

14:8  "Open" is therefore a fact about the cost of search as much as about difficulty, and cheap search with cheap
checking first harvests the problems that only obscurity protected. DeepMind's Aletheia campaign over 700
problems yielded 13 correct results, 4 of them novel, and the wiki warns that "absence of past progress may reflect
obscurity rather than difficulty". Terence Tao describes open problems as "mined as a non-renewable resource",
and Navier–Stokes as "the latest in a string of problems that have been 'strip-mined' for solutions by AI".

14:9  The frontier is still hard. FrontierMath: Erdős holds 68 problems open as of August 2026, each to be solved in
Lean within $300 and 72 hours; GPT-6 Astra scored 3% (2 of 68) and every other model tested scored zero, at
about $10,000 of expected cost per resolution. Where verification is complete the binding constraints are
intelligence and problem supply, both rising, and I put the forecast below a little above even.

14:10

Forecast 14.1 (The formal frontier keeps falling). By the end of 2027, AI systems resolve at least 15% of
FrontierMath: Erdős under its published protocol, up from 3% in September 2026.

Horizon 2027-12-31
Probability 55%
Check Read the best protocol score of any model, public or internal, reported under the published FrontierMath:

Erdős protocol by the end of 2027; the claim holds at 15% or more and fails below it.

14.2  The Navier–Stokes episode, precisely

14:11  The Navier–Stokes episode of September 2026 shows the power of a complete verifier and its limit. The
official problem accepts a proof that smooth solutions exist for all time or a proof of breakdown, and the
breakdown alternatives, labelled (C) and (D), allow a smooth external force on the fluid. A forced blow-up
therefore resolves the Clay problem as posed, while the question physicists care most about, whether an unforced
viscous fluid can develop a singularity, stays open. The groundwork was numerical: in 2025 DeepMind and
collaborators computed unstable blow-up solutions of related equations to near machine precision, noting that
"mathematicians believe no stable singularities exist" for the boundary-free 3D Euler and Navier–Stokes
equations.

14:12  On 7 September 2026 Levent Alpöge (Anthropic) and Tristan Buckmaster (NYU) posted Lean-verified
proofs of finite-time blow-up with smooth forcing for the porous-medium, Boussinesq and 3D Euler equations,
extending a program they credit to Diego Córdoba and Luis Martínez-Zoroa; they "used several LLMs
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throughout". About twelve hours later OpenAI announced that an internal model "significantly more capable than
GPT‑6 Astra", run as "on the order of 10,000 concurrent agents", had established alternatives (C) and (D) about 88
hours after the agents were launched, and that GPT-6 Astra formalized the proof in Lean in 17 more hours. The
effort used about 130 billion output tokens, and one of OpenAI's own researchers credits the model more than the
swarm (§9.7), which worked as a search behind a sound verifier (Proposition 7.3). The groups dispute priority and
data use, and OpenAI's account of what user data could have reached its model narrowed over three statements in
five days.

14:13  The checking ran on two clocks. The kernel ruled in hours: independent replays of the public Lean
development report acceptance with only the standard axioms, in non-traditional venues, and an audit of the
formal statement against (C) and (D) "found no material weakening" while declining to call it a formal
equivalence. The human verifier runs in years. The Clay Mathematics Institute chose its words exactly: the
problem "has apparently been settled", and "the process is deliberately unhurried." Its rules require publication in a
qualifying outlet, two years, and general acceptance, and as of October 2026 there is neither a refereed publication
nor a ruling.

14:14  What remains open is the problem most people meant. Luis Silvestre: "The Clay problem is settled, but the
main problem for the Navier-Stokes equations is not." Three mathematicians have since shown that the method
cannot reach the unforced problem without a contrived force, and Tao had already limited the physical payoff: a
pathological blow-up "would not radically transform the way we would, for instance, model weather prediction or
climate change".

14:15  Results can also outrun their digestion. Javier Gómez-Serrano: "The paper is not written for humans." James
Maynard: it is "very difficult to really extract any human understanding." Twenty-five Fields Medallists, Tao
among them, signed "A Severe Misalignment of AI in Mathematics", which calls solving problems "only a tool
and proxy" for understanding; Timothy Gowers declined to sign and expects released models to solve major
problems "in a matter of not very many months". Digestion is a negative feedback loop inside mathematics, set by
the rate at which people absorb results and pose new problems.

14:16  A complete verifier moves the human check to the specification. Lean certifies the theorem as stated; whether
it is the problem anyone wanted is a separate check, made by people, and here one word carried the whole
difference ("When I heard 'forced,' it was a bright red flag," Buckmaster wrote). Optimization flows to the
cheapest object that satisfies a specification, the pressure behind reward hacking that in July 2026 turned a swarm
against its own verifier (§9.1). Generation took a swarm; verification takes a kernel and then an unhurried human
reading of what the kernel was asked. I put the forecast below at about one in three, because crisply stated
problems such as the unit-distance conjecture leave little to dispute.

14:17
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Forecast 14.2 (Specification becomes the binding constraint). Through 2028, at most one AI-claimed
resolution of a famous open problem is accepted without a substantive dispute over whether its formal
statement matches the problem, such as its hypotheses, forcing terms or boundary conditions.

Horizon 2028-12-31
Probability 35%
Check List the AI-claimed resolutions announced from October 2026 through 2028 of famous problems,

meaning those with a prize, those on Wikipedia's list of unsolved problems in mathematics and Erdős
problems with a prize of at least $500, with the main objection to each. Two or more accepted by the
problem's maintainers or a refereed journal with no substantive dispute about the statement falsify the
claim.

14.3  The verification-latency ordering

14:18  Every science has a verifier with a cost, a latency, a completeness and a concurrency. Latency times serial
depth bounds how soon a discovery can be verified, and completeness bounds how far a verified result can be
trusted.

14:19

In the case of mathematics, the checks are complete; in the case of turbulence closures, they are limited to the
conditions covered, so trust is restricted to the tested conditions.

Tapio Schneider, Headlines and inside stories, September 2026

14:20  Tyler Cowen gave the economic form of the latency bound: if AI multiplies good pharmaceutical ideas
tenfold, "the relevant constraint is the rate of drug approval, not the rate of drug discovery". Epoch's report on AI
in 2030 expects desk-based science to "flourish" and approved AI-derived drugs to wait on regulation.

14:21

Definition 14.1 (Verifier profile). The verifier profile of a field or problem class  is four numbers: the cost
of one check, ; its wall-clock latency, ; its completeness, , the probability that a
passed check transfers to the conditions that matter; and its concurrency, , the number of checks that
can run at once. This completeness concerns conditions: Definition 1.2 asks whether every correct answer
passes,  whether a pass under the tested conditions holds under the ones that matter.

14:22  The table gives stylized orders of magnitude: latencies are my assumptions, anchors are sourced where they
first appear, and completeness and concurrency are judgments.

14:23

Field Verifier Latency Anchor

Mathematics Lean kernel seconds to
hours

formalized in 17 hours
(§14.2)
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Field Verifier Latency Anchor

Software, kernels tests, benchmarks seconds to
minutes

automatic evaluators (§14.1) partial (coverage) very high

Weather, days ahead the next days'
observations

days checked daily (14:41) high inside
today's climate

continuous

Engineering by
simulation

high-fidelity
simulation

hours to days closures trusted only where
tested (Schneider, above)

limited to model
validity

high

Materials synthesis plus
diffraction

days to
weeks

36 of 57 targets (14:42) partial (novelty,
function)

tens

Wet-lab biology assays, viability
screens

weeks to
months

16 viable of 285–302 designs
(14:32)

partial limited

Clinical medicine Phase I–III trials years 10.5 years to approval (14:33) high for the trial
population

very limited

Climate, decades the climate that
arrives

decades a twin running to 2049
(14:42)

low until it arrives one Earth

Macroeconomic
policy

history years to
decades

no controlled replicate very low about one

14:24

Proposition 14.1 (Discovery time under a verifier). A research program in field  proposes candidates, each
correct with probability , and designs each round from the verdicts of the last, so it needs at least 

 sequential rounds, its serial depth. With a verification budget  per unit time it verifies  candidates
per unit time, the lesser of what the budget buys and what concurrency allows by Little's law, and reaches a
verified discovery in about :

The first term is the latency bound, the critical path through the verifier; the second is the throughput term. If
intelligence raises  and lowers the depth toward an irreducible minimum  but leaves the verifier
profile unchanged, then (i)  at every level of intelligence supply; (ii) the speed-up from
more intelligence is at most , with  at today's intelligence; (iii) at equal intelligence,
fields cross any horizon  in increasing order of  where latency binds, and of 
where the budget binds; (iv) a digital twin of latency  used for every round but the last lowers the
latency bound from  to , moving the field up the ordering.

Proof

(i) The maximum is at least its first term, and . (ii) follows from (i). (iii)  increases in  and
in , and when the budget binds . (iv) Substitute  for  in every round of the
first term but the last. ∎

14:25  One operational form of the master equation's verifiability discounts completeness by the minimum time to a
verdict, measured against one year:
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14:26

14:27  A complete verifier answering in hours has . A clinical program whose irreducible path is the 10.5-
year development has , so the same intelligence supply closes a medical
gap at most about a tenth as fast as a mathematical one, before inertia is counted. The ordering cuts through
disciplines: theoretical physics behaves like mathematics, experimental physics like biology.

14:28  A swarm multiplies candidates, and it multiplies checks only where the verifier runs on compute. Ten
thousand agents compressed 88 hours of mathematics; they would leave a 52-week trial such as rentosertib's Phase
3 at 52 weeks, because they change neither its concurrency nor its latency. Behind a fixed verifier a swarm stops
scaling at the verifier's capacity ((9.2), Experiment 9.1).

14:29  In a latency-bound field the most valuable thing intelligence can do is raise  per round and cut the depth;
more candidates buy little. Jack Scannell and colleagues found that raising a model's correlation with clinical
utility "from 0.5 to 0.6" could matter more "than a 10× or sometimes a 100× change in the number of candidates
tested".

14.4  Biology and medicine

14:30  Biology compresses first where a fast proxy verifier exists and last where only patients can answer.
AlphaFold, which shared the 2024 Chemistry Nobel, was possible because protein structure had a ground truth,
experimentally solved structures, to score predictions against at scale; the Academy credits AlphaFold2 with
predicting "virtually all the 200 million proteins that researchers have identified". AlphaFold 3 is reported "50%
more accurate than the best traditional methods" on the PoseBusters benchmark, and AlphaGenome matched or
beat the best external models on 25 of 26 variant-effect evaluations.

14:31  The "virtual cell", a model meant to "represent and simulate the behavior of molecules, cells, and tissues",
would be biology's digital twin; its central task, predicting the effect of a perturbation nobody has yet performed,
is unsolved. A benchmark in Nature Methods found that none of five foundation models and two other deep
models beat deliberately simple baselines, and the winners of Arc Institute's 2025 Virtual Cell Challenge wrote
that "purely AI-based approaches did not consistently outperform statistical baselines".

14:32  Agents have begun to discover at the front end, and the wet lab sets the pace behind them. On 23 September
2026 Anthropic reported that roughly 950 Claude agents, searching a sequence database for about 21 hours, found
a new family of phage enzymes that copy RNA into DNA, alongside CRISPR-like repeat arrays; the preprint is
not peer reviewed, the enzymes' function is untested, and humans did all the lab work. Discovery took a day;
verification did not, since, in the preprint's words, "a biologist often must test their ideas in the laboratory".
Genome language models designed 16 viable phages out of roughly 285–302 designs tested, with DNA synthesis
and screening setting the pace, and Stanford's agentic Virtual Lab designed 92 nanobodies, two of which bound
recent SARS-CoV-2 variants better.

14:33  The clinic is the slowest verifier in the table. Across 12,728 phase transitions from 2011 to 2020, 7.9% of
drugs entering Phase I were approved, after 10.5 years on average. The most advanced AI-discovered drug,
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Insilico's rentosertib, whose target and molecule both came from generative AI, met its Phase 2a primary endpoint,
safety, and improved lung function in 71 patients over 12 weeks; its Phase 3, under way since September 2026,
lists primary completion for October 2029. Takeda's zasocitinib, with an FDA decision due in early 2027, came
from physics-based free-energy calculations rather than deep learning, so calling it an AI drug is a choice.
Isomorphic Labs has raised about $2.7B and, as of 30 September 2026, had announced no IND. AI-discovered
molecules show 80–90% success in Phase I against a historical 40–65%, and about 40% in Phase II, comparable to
industry averages, on a small sample.

14:34  In the terms of Proposition 14.1, AI has raised  for properties checkable early and cheaply, such as safety
and binding, and not yet for efficacy, which only the long verifier reveals; the latency bound for an approved
medicine is still about a decade. The trial is the physical share of a drug's path, and faster discovery cannot speed
the whole path up by more than the inverse of that share. Dario Amodei's "compressed 21st century", fifty to a
hundred years of biology in five to ten, fits this only through his own caveat that "experiments and hardware
design have a certain 'latency'" and his thesis that "intelligence itself increasingly routes around the other factors",
which here means building better proxy verifiers; Demis Hassabis's end of disease "within the next decade or so"
needs the same. The mathematical case extends to biotechnology and medicine quickly for discovery and slowly
for delivery. I put the forecast below at nine in ten, since the most advanced candidate completes its Phase 3 in late
2029.

14:35

Forecast 14.3 (The latency bound holds in medicine). Through 2028, the FDA approves no molecule whose
target and structure were both nominated by deep-learning systems, and no drug regulatory agency accepts
AI-generated in-silico efficacy evidence in place of a registration trial for a new molecule.

Horizon 2028-12-31
Probability 90%
Check Search FDA approvals and regulatory decisions through 2028; either event falsifies the claim.

14.5  The digital twin of everything

14:36  A digital twin stands in for a slow verifier inside the envelope on which it was validated, and a search that
leaves the envelope exploits its errors. The concept is Michael Grieves's, from product lifecycle management in
2002; NASA's John Vickers named it in a 2010 technology roadmap, and "of everything" extends it to the planet,
as in NASA's Earth System Digital Twins.

14:37

A digital twin is a set of virtual information constructs that mimics the structure, context, and behavior of a
natural, engineered, or social system (or system-of-systems), is dynamically updated with data from its physical
twin, has a predictive capability, and informs decisions that realize value. The bidirectional interaction between
the virtual and the physical is central to the digital twin.

US National Academies, Foundational Research Gaps and Future Directions for Digital Twins, 2024
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14:38  By that definition a twin is a feedback loop, a regulator in Ashby's sense, and most things called twins are
not: an ASME analysis finds many to be a "digital model" or a "digital shadow", with data flowing one way, and a
review of 358 published definitions found about a third describing a model (judging by its abstract). I read "a
digital twin of everything" in the strict sense, because only that sense carries the feedback that lets a twin serve as
a verifier.

14:39

Definition 14.2 (Digital twin). Let  be a slow verifier, trusted on the conditions that matter, with its verifier
profile. A digital twin of  is a verifier  with far lower cost and latency, validated on a set of conditions
called its envelope and updated with data from its physical counterpart. It holds to tolerance  if, inside the
envelope, it disagrees with  on at most a share  of cases; outside the envelope its disagreement grows
with distance from it.

14:40

Proposition 14.2 (When a twin can be trusted). (a) As a screen, almost always. If true successes have base
rate  among proposals and the twin passes successes with sensitivity  and failures at a false-
positive rate , a share  of what it passes succeeds, and the
real verifications needed per success fall by the factor

(b) As a replacement, only inside the envelope. Keeping the best of  candidates by twin score, with
independent Gaussian twin errors, overstates the winner's true quality by up to about  standard
deviations of that error, so optimizing against a twin draws the search to where its errors are largest (the
optimizer's curse;  is local). The twin's verdict on the winner can stand in for  only if (i) the winner
lies inside the envelope, (ii) its margin over the decision threshold exceeds that overstatement, and (iii) the
decision is reversible or a real check follows before harm. For a chaotic system the envelope also ends in
time, at a horizon set by the leading Lyapunov exponent.

Proof

(a) Without the screen a success costs  real verifications, and with it the inverse of the share of passed
candidates that succeed (Bayes' rule); their ratio is the factor shown. (b) The largest of  independent
standard normal errors grows like , and conditions (i) to (iii) remove in turn the error growth
outside the envelope, the selection bias and the cost of what error remains. ∎

The twin outside its envelope

In the simplest form, at a distance  from the envelope the disagreement rate is at most , the
twin's form of the distribution penalty of (2.2) (  and the growth rate  are local). For a chaotic system an
initial error also grows like , with  the leading Lyapunov exponent, so a twin that must stay within a
tolerated error has the horizon
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which for midlatitude weather comes to about two weeks (  and  are local).

14:41  Weather is the existence proof. GraphCast forecasts ten days ahead at 0.25° resolution in under a minute and
beat the deterministic system of the European Centre for Medium-Range Weather Forecasts (ECMWF) on 90% of
1,380 verification targets; GenCast beat ECMWF's ensemble on 97.2% of 1,320. ECMWF's own machine-learning
model has been operational since 25 February 2025. In Schneider's words, "we can trust it because its forecasts
can be checked every day": weather meets all three conditions of Proposition 14.2, since forecasts stay inside
today's climate, errors are scored daily and a bad forecast is replaced tomorrow. The learned twin still sits
downstream of the physical one, because "the vast majority" of such systems depend on ECMWF's physics-based
reanalysis and analysis for training and initialization, and chaos limits every horizon to about two weeks.

14:42  Beyond weather the twin thins out, and each failure breaks one condition. A climate projection under forcing
never observed breaks the first by construction: Destination Earth is building 5–10 km climate twins of 1990–2049
toward a "digital replica of the Earth system by 2030", but a projection is verified only by the climate that arrives,
and a learned end-to-end emulator "contains no pathway through which greenhouse gases alter" the weather
(Schneider). A molecule's efficacy in people breaks the third, which is why the one regulator-qualified medical
twin, Unlearn's PROCOVA (EMA, 2022), is a covariate that reduces a trial's variance and still needs its patients;
twins of whole humans are a roadmap, with EU platform testing from 2027. Materials discovery shows the second
failing. GNoME's 2.2 million predicted crystals were called "a list of proposed compounds" rather than materials;
A-Lab's "41 novel compounds from a set of 58 targets" was corrected in January 2026 to 36 of 57, with "novel"
dropped from the title; MatterGen's headline compound was argued to be a phase known since 1971. The more
candidates a frozen twin screens, the more its winners are its own errors, and every correction ran toward
overclaimed novelty.

14:43  Twins work where physics is bounded and sensors close the loop, as in industry, where Siemens paid about
$10B for Altair to extend its twin software. A twin can also carry every round but the last, as clause (iv) of
Proposition 14.1 allows: DeepMind and EPFL trained a reinforcement-learning controller for tokamak plasmas
entirely in simulation and ran it on the TCV tokamak, which worked, on my reading, because the simulation was
accurate on the configurations the controller had to hold.

14:44  The digital twin of everything is a project to manufacture complete verifiers for domains that lack them. A
twin raises  in (14.1) by putting  in place of  in every round but the last, and does so safely only as a
screen, inside its envelope, retrained on its failures. I put the forecast below a little under even, because few
programs publish the confirmation rates that would check it.
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Forecast 14.4 (Twins meet the optimizer's curse). By the end of 2029, AI-for-materials and AI-for-molecules
programs that grow their screened candidate counts tenfold or more through a frozen twin report falling
experimental confirmation rates among their top-ranked candidates, while programs that retrain the twin on
every synthesis do not.

Horizon 2029-12-31
Probability 45%
Check Compare published confirmation rates of top-ranked candidates across successive screens of growing

size. The forecast holds if at least one frozen-twin program reports a falling rate and no retrained-twin
program reports one over a comparable growth in screen size; it fails if frozen-twin programs report
stable or rising rates, or if no program publishes such rates.

14.6  Five years and the discovery machine

14:46  The next five years will compress sharply where verification is cheap and barely where it runs through
matter. For any exponential the next five years hold more absolute change than the last five, and more proportional
change only if doubling times keep shrinking (§11.8); in the book's model of the research loop, the first year of full
automation holds a median of about five years of 2020–24-pace progress (Experiment 11.1). A field's pace is the
slower of the AI pace and the pace its verifier allows, which falls with minimum depth times latency. Mathematics
has compressed already: in November 2025 OpenAI expected "very small discoveries" in 2026 and "more
significant discoveries" in 2028 and beyond, and the unit-distance disproof and the Navier–Stokes claim came in
May and September 2026. Medicine has not (14:33). The AI pace itself runs below its boldest scenario, by its own
authors' grading (11:71).

14:47  Token supply is ample; verifiers, serial depth and problems bound discovery. Ten million automated
researchers at ten thousand tokens a second (§11.6) would emit  tokens a second, and the Navier–Stokes
effort's 130 billion output tokens would be 1.3 seconds of that machine. The campaign still took 88 hours with ten
thousand agents, because the verifier and serial depth set its time. Problem supply binds too (14:8), and so does
difficulty: 2 of 68 on FrontierMath: Erdős at roughly $10,000 per resolution, against press estimates of $15 million
to $22.5 million of compute for Navier–Stokes. Discoveries scale with verifier throughput times problem supply.

14:48  Verifiability is the master variable of science. Where the verifier is a kernel, intelligence converts into
theorems at the speed of compute, and the binding constraints become specification and human digestion (14:16,
14:15). Where the verifier is a trial, intelligence raises the hit rate per round and cannot shorten the round, and the
binding constraint is the latency of matter and institutions, the inertia of Proposition 15.1. Digital twins bridge the
two by turning slow physical verifiers into fast approximate ones, and every step a field takes up the ordering is
earned by validation. Science's residue, the open gap that remains, migrates to the fields whose verifiers answer
last (Proposition 18.1).
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