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Solution »
Construct D: midpoint BH [a]
[al, 0, midpoint HQ = BQ / 0,D [20]

Construct G: midpoint HC [b] ...
ZGMD = £GO,0 = M 0,G D cyclic [26]

(a1, [b] = BC/0c [30] 1 ) / AlphaFold

Construct E: midpoint MK [c]
., [el = ZKFC = ZKOE [104]

ZFKO0.=£FKO, = KO.//KO, [109]
1 9 1 2

https://www.nobelprize.org/all-nobel-prizes-2024/
https://www.nature.com/articles/s41586-024-07487-w
AlphaGeometry https://www.nature.com/articles/s41586-024-08148-8
Prize Outreach https://www.nature.com/articles/s41586-023-06747-5
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DeepSeek-R1-Zero average length per response during training

gptdo olimprovement
PhD-Level Science Questions 12000 -
ML Benchmarks (GPQA Diamond)
MATH 94.8 Chemistry 64.7
MathVista (testmini) 73.9 d
Physics 928 10000
MMMU (val) 78.2
MMLU 92.3 Biology 69.2 9
ot
T T T T T 1 T T T T T 1 (o]
0O 20 40 60 80 100 0 20 40 60 80 100 & 8000 1
pass@1accuracy pass@1accuracy 1
o
Exams MMLU Categories £
=
5 6000 A
AP English Lang 58.0 Global Facts 4 8.4 5
AP Physics 2 - 81.0 College Chemistry - 781 g
©
AP English Lit - 68.0 College Mathematics 98.1 o 4000 1
<
LSAT - 95.6 Professional Law A 85.0
AP Calculus 83.3 Public Relations - 80.7
2000 A
AP Chemistry - 89.0 Econometrics 87.1
SAT EBRW A 94.4 Formal Logic 4 97.0
0 20 40 60 80 100 0 20 40 60 80 100 0 T T T T T
percent raw score pass@1accuracy 0 2000 4000 6000 8000
Steps

$T3d iﬁlﬁ"#ﬂfﬁﬁ?&“ﬂll*ﬁﬂgﬁ—’\iﬁﬂﬁﬂ DeepSeek-R1iEI$IIIEF R AT IEIE RIRAYIE
o 15EF3EFHHEVSIARiH FENHRA 7 RERSRIGE

https://openai.com/index/learning-to-reason-with-Ilms ; DeepSeek-R1: Incentivizing Reasoning Capability in LLMs via Reinforcement Learning. arXiv:2501.12948.
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AIZTFHE: WFEDRERAAR @) (147
¢ 2025FSEHFIMER I EXIEBIRERSKEXRF1459 ((Ho21509)

TRARREEE S ENEN—E
= BENE (X&) B9 | BRE (82i%) §9 BEAS By
Gemini 2.5 pro 68 0 77 145
Doubao-1.5-thinking-vision-pro 68 0 1% 76 144
DeepSeek R1 68 ;  TEf% 76 144

N
03 65 0 ;gjﬂj 75 140
Qwen3-235b 68 / = 71 139

S

hunyuan-t1-latest 68 / geﬁ 68 136
XA X1 Turbo 68 / 66 134
E BREMNDRHERER (XA) . FoUEGRE (LX) AREE, ENE (XFX) 2itesn, BRELSHE (£ik) 59, BEE77D, 2951505

https://mp.weixin.qg.com/s/E1D_QA5IXwXRc6aSal zog?scene=1
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AIME 2024 AIME 2025
Competition Math Competition Math o4-mini outperforms the average team of mathematicians on our Z EPOCH Al
FrontierMath human baseline competition
o1.6 934 927
87.3 865 889
79.2 B o4-mini medium M Human teams
743
§ § o4-mini medium
g g .
ﬁIME . E@ﬁmﬁi Average team FrontierMath
- ] -
Y QD © OO
o o &(\ koo\" koo\‘a o (;5 & o&oo\"c 0\90\%
¢ ® NN All teams
OD( Ob( | | | | |
20% 40% 60% 80% 100%

Problems correct

Competition problems are taken from a non-random subset of FrontierMath and tailored to the background knowledge of
contestants. Participants were grouped into 8 human teams with 4-56 mathematicians each. The "All teams" score is determined by
looking at how many problems were correctly answered by at least one team, though note that each team only attempted around

10 out of 23 problems on average.

Tsinghua University

LRI E,

CC-BY epoch.ai

——/\EFfE

https://epoch.ai/gradient-updates/is-ai-already-superhuman-on-frontiermath ; https://epoch.ai/gradient-updates/beyond-benchmark-scores-analysing-o03-mini-math-reasoning ; https://openai.com/index/introducing-o03-and-o4-mini/
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Problem

The 9 members of a baseball team went to an ice-cream parlor after their game. Each player had a single scoop cone of chocolate, vanilla, or
strawberry ice cream. At least one player chose each flavor, and the number of players who chose chocolate was greater than the number of
players who chose vanilla, which was greater than the number of players who chose strawberry. Let N be the number of different assignments
of flavors to players that meet these conditions. Find the remainder when N is divided by 1000.

Solution 1

Let ¢ be the number of players who choose chocolate, v be the number of players who choose vanilla, and s be the number of players who
choose strawberry ice cream. We are given two pieces of information c,v,s > landc+ v + s = 9.
By inspection the only solutions for (¢, v, s) are (2, 3,4), (1,2,6), (1,3, 5).

Now we must choose which player chooses which flavor. For the general case (c, v, s), we begin by choose c of the 9 players who eat
chocolate, then we choose v of the 9 — ¢ players who vanilla, after this the amount of players who eat strawberry is fixed. Therefore the general

formula is .
c v

Therefore our final answer is,

/

https://artofproblemsolving.com/wiki/index.php/2025 AIME | Problems/Problem 3 ; https://zh.wikipedia.org/wiki/SEE#FEEE



AIME: SHSEKEMRE (EESS
o LI XIRE EE(FHuISIEAE I ey E S E == A FISEFINI
S5AIMERR BB oHh—HEE

DeepSeek-R1$13IAIME20255%

« 17, =1-b4+7=b+7

* « 97, =9-b+7
RIS —ELe RS IE iR =
=H JU = The condition that 17, divides 97, means that b + 7 divides 9b + 7, or (b+ 7) | (95 + 7).

Setd = b+ 7,s0b=d — 7. Substitute into 9b + 7:

9%+7=9(d—-7)+7=9d—63+7=9d— 56

,E‘%EE E : Fi n d th e S u m Of a | I The condition becomes d | (9d — 56). Since d | 94, it follows that d | (9d — (9d — 56)) = d | 56.

Given b > 9, it follows thatd = b + 7 > 16. Thus, d must be a positive divisor of 56 greater than 16.

i n te g e r ba S e S b > 9 fo r W h i C h 1 7 b i S The positive divisors of 56 are 1, 2, 4, 7, 8, 14, 28, and 56. The divisors greater than 16 are 28 and 56.

o Ifd=28,thenb =28 —7=21.

a divisor Of 97b o Ifd=56,thenb =56 —7=49.

Both bases satisfy b > 9. Verify the division condition:

—_ar— « Forb=21:
SEME: SERENENRE RIS cmasiaerem

o 196 = 28 = 7, which is an integer.

BERKE: JEERLSEIFRIETTHK -

0 9749 =9-49+4+7=441+417 = 448
o 448 < 56 = 8, which is an integer.

%EHE . Eg%ﬁ%&@?ﬁ%& Eg '! % Both bases are valid, and there are no other bases b > 9 that satisfy the condition. The digits in both numbers are valid since
— ® — b > 9 implies b > 9 for digit 9 in 97, and b > 7 for digit 7 in both numbers.

The sum of the bases is 21 + 49 = 70.

\boxed{70}
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Construct a degree 19 polynomial pgm) € Clz] such that
X = {p(z) = p(y)} C P' x P’ has at least 3 (but
not all linear) irreducible components over C. Choose
p(x) to be odd, monic, have real coefficients and linear
coefficient -19 and calculate p(19).

Answer: 1876572071974094803391179

MSC classification: 14 Algebraic geometry; 20 Group theory and gener-
alizations; 11 Number theory generalizations

. /

Glazer et al.,, 2024. FrontierMath: A Benchmark for Evaluating Advanced Mathematical Reasoning in Al. arXiv:2411.04872.
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Volume estimates for unions of convex sets, and the Kakeya set 4 Wolff Axioms and Factoring Convex Sets %
. . . . 4.1 Definitions: Wolff axioms and covers . . . . ... ... ... ... ... ... ..., 25
Con.]eCture m three dlmenSIOnS 4.2 Factoring Convex Sets . . . . . . . .. 26
4.3 Convex Sets and the Frostman Slab Wolff Axioms . . .. ............... 31
Hong Wang* Joshua Zahl 1 Contents 4.4 The Frostman Slab Wolff Axioms and Covers . . . . ............
. 7 A two-scale grains decomposition for tubes in R? 60
February 26, 2025 1 Introduction 5 Factoring tubes into flat prisms 7.1 Broadness 63
y X . 1 Broadness . ... ...
L1 Theorem 1.2 and multi-scale analysis . . .. ....... 5.1 A few frequently used Cordoba-type L? arguments . . . . . ........ 7.9 Broadness and the Frostman Slab Wolff axioms 66
1.2 Unions of convex sets, and non-clustering . .. ... .. 5.1.1 A volume estimate forslabs . . . . .. ..., ... ... .. ... 7.3 The iteration base case: Guth’s grains decomposition 69
1.3 From Assertions D and £ to the Kakeya set conjecture . 5.1.2 Tangential vs transverse prism intersection . . ... ... ... .. 7.4 Moves #1, #2, #3: Parallel structure 70
1.4 Proof philosophy, and previous work on the Kakeya set d . & ; : T T T
Abstract 15 A vignette of the proof 5.2 Assertions F, £, and € are equivalent . . . ... ... ... L 7.5 Using Moves #1, #2, #3 to prove Proposition 7.5 « +  « v v oo oo v e oo, 7
. vignette of the proof . . . . . ... ... . .
We study sets of § tubes in R3, with the property that not too many ) o i ) 5.3 Proof of Proposition 5.1: Tubes that factor through flat boxes . . . . . . |
inside a common convex set V. We show that the union of tubes fro 1.6 Tube doubling and Keleti’s line segment extension conje 5.4 Proof of Proposition 5.2: Factoring at two scales . . . ... ....... | 8 Moves #1, #2, and #3 74
almost maximal 'volun%eA As a consequence, we prove that every Kakeya L7 Thanks . ..o 5.5 Tubes organized into toslabs . . . . .. ... .. ... 8.1 Move #1: Replacing grains with longer grains to ensure ¢ > 5<§(#TP) J#T) .... 74
and Hausdorff dimension 3. 2 A sketch of th ¢ 8.2 Move #2: Replacing square grains with longer grains . . . . . . ... ... ...... 74
) 1S ;tc o t.t elp;oz vions D and & valont 6 Assertions D and £ are equivalent 8.3 Move #3: Replacing grains with wider grains with small C1%¢ .., . . ... ... ... 85
. roposition 1.0: Assertions £ and ¢ are equivalent . . . 6.1 Proof of Proposition 6.3: A factoring trichotomy . . . ...........
2.2 A two-scale grains decomposition . . . . . ... ... .. 9 A refined induction-on-scales argument 100
2.3 Refined induction onscales . . . ... ...... ... ... 21
2.4 Multi-scale structure, Nikishin-Stein-Pisier factorization, and Sticky Kakeya . . . . . 22 10 :ti:lky Kakeya for tubes satisfying the Katz-Tao Convex Wolff Axioms at every
cale 103
3 Notation 23 10.1 Nikishin-Stein-Pisier Factorization and the Convex Wolff Axioms . . . . . ... ... 105
3.1 Convexsetsand shadings . . .. .... ... . ... . ........ ... .. ..., 23
32 Table of notati 2 11 Multi-scale analysis and the proof of Proposition 1.7 110
: able of notation . . . .. .. ... L
*Courant Institute of Mathematical Sciences, New York University. New York, NY, USA. 12 Tube Doubling 114
TDepartment of Mathematics, The University of British Columbia. Vancouver, BC, Canada.
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The equality in (4.12) uses the critical fact that if ¢ # 4/, then U;_1 [W;] and Uy _1[W;/] are disjoint.
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Show that for any integer n > 4, we have n? < nl.

theorem induction_ineq_nsqglefactn (n: N) (ho:4<n):nA2<n!:=sorry

Understanding the Problem
We need to show that for any integer n > 4, the inequality n? < n! holds. Here,

n! denotes the factorial of n, which is the product of all positive integers up to n.

Proof Sketch

To prove this formally, we can use mathematical induction. Here's how the
induction would work:

1. Base Case: Verify the inequality for n = 4.

2. Inductive Step: Assume the inequality holds for some k = 4, i.e., k? < k!.
Then show that it holds for k + 1, i.e., (k + 1)? < (k + 1)!.

-:. chain-of-thought by DeepSeek-V3

Lean 4 Proof Structure

theorem induction_ineg_nsqlefactn (n : N) (ho:4<n):nA2<n!:=hy

have base_case : 422 <4 | :=hy

sorry
Bl have inductive_step: V k24, kA2<k! > (k+1)A2<(k+1)!:=by

sorry

have final_proof : ¥ n24,nA2<n!:=hy
sorry

sorry

o ELGIEIBMASEIER, ERIMAFTIELAN DeepSeek, FHHkENF

El Recursively Solve Subgoals by DeepSeek-Prover-V2-7B

lemma inductive_step (n :N) (ho: 4 <n) (base_case: 472 2<41)
:Vk24,kA2<k! > (k+1)A2<(k+1)!:=by
sorry

Synthesize into Complete Formal Proofs

theorem induction_ineq_nsglefactn (n : N) (ho:4<n):nA2<n!:=bhy
have base_case : 42 2<4 | :=hy
simp [Nat.factorial]
have inductive_step: V k24, kA2<k!-> (k+1)22<(k+1)!:=by
intro k h1 hz
simp_all [Nat.factorial]
nlinarith

have final_proof: ¥ n24,nA2<n!:=by
intro n hn
induction' hn with k hk
case refl => exact base_case
case step =>
apply inductive_step k hk
exact by assumption

apply final_proof
exact ho

https://deepmind.google/discover/blog/alphaevolve-a-gemini-powered-coding-agent-for-designing-advanced-algorithms/
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_____ Al pha Evolve L @ Scientist / Engineer
i —_ Initial program

| andoonfiouation  orcustomiLv Evauationcode  vith componens
: . VA
- Eif: 2025F5H14HA#
1
BN A~ Mi~ Ay
giDeepMindiEH '

T . — .
- FE: SIFEEAMAK

| ERERARR
' R EEEEBIR S —

Program database| Best program

Distributed Controller Loop

|
|
parent _program, inspirations = database.sample() :
prompt = prompt_sampler.build(parent_program, inspirations) |
|
|
|
|
|
|
|
|

EEFTHIE ST AR

- BIR: RERTEEHEREEIR
ARG IERY B RR

diff = 1llm.generate(prompt)

child _program = apply diff(parent_program, diff)
results = .execute(child program)
database.add(child_program, results)

____________________________________________________________

QO AlphaEvolve

https://deepmind.google/discover/blog/alphaevolve-a-gemini-powered-coding-agent-for-designing-advanced-algorithms/
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Pmmpt Structure

## Instruct , o - E)\(gﬁgw
| 178

Prompt Example

FTEREFERE: WEESEiR, #EEASR, bl
18\, DRSPS ESEIR.

o
°

You are an expert that is knowledgeable across all domains in math. This time you are as
ked to help with our frontier math research. Its statement is as follows:

This problem could be difficult and not able to be directly solved, but you can make you
r contribution with the following instructions:

W N =
o
v
o

o o

#HH: Problem Description

S 9 s
= °‘<J§> 1. You are required to explore different approaches or directions that might help with o
ur final goal, and write down one interesting finding in your explorations as a new conjectu
< re in your response. DO NOT claim that you can not do this jod.

2. Your conjecture must contain the complete definitions required within it, such that i

|
|
|
I
|
|
|
I
|
|
|
I
|
|
|
I
I is able to stand alone as an independent lemma, unless it is declared in memory. Do not pn
<> |
|
I
|
|
|
I
|
|
|
I
|
|
|
I
|

opose any existing lemmas as your new conjectures. You can directly use them in your explora
ions.

3. You should wrap your finding inside a latex environment: \begin{conjecture}\end{conje|
ture}. This conjecture should be equiped with a detailed, complete and rigorous proof. You

#HH: Memories

hould explicitly write down every intermediate derivation step in the proof. The correspond
ing proof should be wrapped in \begin{proof}\end{proof} directly followed by the conjecture.
4. After these components you should also provide the dependency of this conjecture. You
need to write down the memory IDs of lemmas used in this conjecture in a JSON array format,
and warp them inside \begin{dependency}\end{dependency}. For example, a dependency of a new|
conjecture could be \begin{dependency}[@, 3, 4]\end{dependency}. You can use an empty array
"[]" when this conjecture does not depend on other lemmas.

e Mem ID: ©

#HHE Mem ID: 1

More accurately, your response should obey the following format:

\begin{conjecture}Your new findings here\end{conjecture}

\begin{proof}Your proof of the conjecture above\end{proof}

\begin{dependency}An json array of related memory IDs of this conjecture\end{dependency}
Moreover, when you think the time is right that you are able to prove the original probl

000000
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\begin{problem}Question:

S

W N =
o o

o

#HH: Problem Description

S

S o
> — I PR L T s

= Memories

Can we prove: for any $\delta>@$,

\[

\mathbb{P}[n~{-\delta} \mathbb{E}[Y_n]\leqg Y_n\leq n~{\delta}\mathbb{E}[Y_n]]\geq 1-0(d~*
{-n})

\]

e Mem ID: ©

If the second claim is not true, can we prove: for any $\delta>0$,

#iHEE Mem ID: 1
!

\mathbb{P}[Y_n\leq n~{2+\delta}]\geq 1-0(d~{-n})
\]

\end{problem}

This problem could be difficult and not able to be directly solved, but you can make you
r contribution with the following instructions:

oooooo




mhEdiait

Tsinghua University

o SMERBIETHURIHIprompISSRITAURBLER,
 RUBIESLE S I
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TSN Z IR B SEIREUE AR AR R GIE.

000000

1 |
I |
I |
| |
| |
° ‘ ,— | |
1. ., 17 ' '
2 | . X 1
o s ° I #HHt Context and History Explorations I

3
° : = = = I Here is a list of context that we have collected for this problem or our history finding I
#HH: Problem Description (s during exploration. They serve as the background of the conjecture and proof and can be acill
S [@llcepted without controversy as correct. |

’ o
| |
2 f> S o \* i Memory **ID: 1x*
I |
= 3 s I t : \begin{lemma} :
’ °<;f> | There exists a constant \(A>@\) and a nonnegative random variable \(Y\) such that 1
| \[ |
Memories | tgor‘au k\gel:\quad \EE[Y~k]\le k!\,A~k, |
, . : yet for some \(t>0\), 1
\[
° [ \PP(Y\ge t)\;>\;\exp\!\Bigl(-\frac{t}{2A}\Bigr). I
##4# Mem ID: @ | :
Memor 1 In other words, the bound [
o
| \[ 1
o  — y I kgP(Y\ge t)\le\exp\!\Bigl(-\frac{t}{2A}\Bigr) |
W "em I: 1 = I cannot hold for all \(t>0\) under only the moment hypothesis. :
SIN = I |
° [ = F7U3

| |
E) ) ° I *xDEPENDENCY*x*: [] |
- o | \end{lemma} |
| |
| |

#HHHE Memory **xID: 2x%x
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,l Quantum Algorithm Problem
/
U T
. % IRAGL R e
HICBH ¢---, (e gggﬁfﬁgmﬂﬂﬂm <«=-=- DeepSeek-R1
\\ Absorbing Boundary Condition : E
\
\
N BUULERR  AIMERT BT DeepSeek-R1
4 (EieSH) BEidfE, HEIER T HiRY <=—- ﬂ]o4 minig
High Contrast Limit it e Ay \hl"ﬂg_L
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o HiR{EFAAEEERTS, LA FIECHBUERIIE

’ Y \
I | : 4. Quantum Algorith ,
I Existence and uniqueness: 1 4 uantum Algorithm I
: A fixed-point argument is used on the boundary trace space L"’([O, T\ X S). Define the mapping T : g — u\g as follows: | I
_ ] | The algorithm computes u(7) for 7 = T": |
I 1.Giveng € L*([0,T] x §), solve for each k: | I
I | I 1. Initial state preparation: [
| Ovpr — Dspr +drpr =g, i(0) =0. | . o Prepare |u(0)) o« u(z,0) = K max(e” — 1,0) using an oracle O,;;. Assume |||u(0))|| = 1. :
I This parabolic equation on S (a compact Riemannian manifold) has a unique solution ¢} € C([0,T7; L*(S)) N | I 2. Hamiltonian simulation:
: L2([0, T); HX(S)) N HY([0,T]; HY(S)) if dy > 0. I | o For each k;, simulate U; = exp (—iT'[H + k; L), where H and L are discretized Hermitian matrices (sparsity d = I
2.Defineh =Y, | crpy. I O(1)). I
I 3. Solve the heat equation with Robin-type boundary condition: I I o Use sparse Hamiltonian simulation (e.g., QSP) with oracle access to H and L. |
I 9 I 3. Linear combination of unitaries (LCU): |
| Ou—Au=0, u(0)=mu, 0—3 +au=h on §. : | o Prepare ancilla state [¢)a,c) = \LF E,‘il x/qu,|]‘ with § = Z/ wj ~ 1. I
I ! o Apply controlled-U;: Y v/w;/s|7) ® U;|u(0)) I
. e - 72(] ; : b 1. T2(0)) A T2 L0 ¢ e A e
I ;;[(ZES %f;zf(igf)h LT 2 6 tis hesrwniguensclationas = CLTIAEN R0, TR : ! o Use amplitude amplification to extract the state with O(1) iterations (success probability ©(1)). I
| Y ' | I
4.8etT(g) = uls. I
I I I
| Iy |
l : | !
— A = Vil Ay V4 [ e |
' EZERTUSEE, SERSUR | BSIERE, RSELEEEE
| IHIRIE REE, | SiE iz , ASwUELSFIERE !
I Iy l
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Linear Combination of Hamiltonian Black-Scholes-Merton(BSM){&EE&!E £ iR
Simulation (LCHS) IiZEREI=FiTEARAY—H RFEZVHIBGEM R BE S LU HESS

mhix, EEBREBIFENDFEEEES

HISFIHEIRIE A S

e J5 A(s)ds _ 1 e_if(f(H(S)‘FkL(S))dS aV 1 2 282‘/ 8‘/ —
T /Rﬂ(l—FkZ)T dk (‘% —I——O'S 552 TS%—TV 0

Bix: FIFALCHSGAXIBSMIEEIHITIR,

IGTHENBEFRE, HoMRENSERE

AIMIEfRiIZR 7T X—hi%, IBETEDFEMSEETRE, EFfRX—aR
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' Lemma (Linear combination of Hamiltonian simulation, LCHS): For ¢ ¢ [0,T], let
' A(t) € CNXN be decomposed into Hermitian and anti-Hermitian parts such that A(t) =

L(t) - iH(t), where L(t) = %[A(/) | AT(I,)] and H(t) = %[A(I) AT(I,)]. AS-E

.sume that L(t) is positive semi-definite for all ¢ ¢ [0,7]. Denoting the time order- ! LCHSTJ- ;ﬁ
 ing operator by 7, we have TCxp{ fot A(s)ds} = [en(k)u(t, k)dk, where u(t,k) is iﬂﬂﬂ

' the propagator for a time-dependent Hamiltonian simulation problem such that u(t, k) =

_________________________________________________________________________________________________________________________________

BSM model: The PDE in the BSM model is given by

"’Véf 1) o 292";29‘2 ‘;‘Sf "V =0. ~ BSMiRHE!
| ‘ 15 AP

> i S 9

Boundary conditions are characterized by: V(0,¢) = Oforall0 < ¢t < T V(S,t) —» S
- Ke ™'Y for § — oo; V(S,T) = max{S — K, 0}.

Your tasks are to: Use the idea of LCHS to deal with the BSM model. Design a quantum |
algorlthm to solve the equation. And compute the complexity (query complexity to state ! Eﬁ
prcparatlon oraclc and opcrator oraclcq gate complcx1ty, ancilla qubits, (parameters: norm of o

_________________________________________________________________________________________________________________________________
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AIMBE EEEHBIZS/N S IBZESIFR:

5|IE1: AIM?EJ BSMASTEEAL IS TE, BEaUL?

LEet IR LAFIFBLCHSS [ERRYAZZA,

GUFEIEEME;

Iijil

IEBRIS 2140

1.The Black-Scholes-Merton (BSM) partial differential equation (PDE) can be transformed into the standard
heat equation via a logarithmic substitution. Specifically, under the transformation z = In(S/K) + (r —

o2 )2)(T —t), 7 = (T — t)/2,and V (S, t) = e "T=YU(x, ), the BSM PDE reduces to:

U U
or  0x2
Discretizing this PDE spatially yields a matrix equation - |U) = —B|U), where B = —82. The operator

B is positive semi-definite and can be directly interpreted as B = L, where L = —d2. While the original
Hermitian decomposition B = L + i¢H (with H = 0) trivializes the LCHS lemma, the dissipative nature

of B permits alternative quantum simulation S
Proof. **Step 1: Transform BSM to the He: 1‘1 *E§.§ '“‘ *E
R - o  m Em Em Em Em Em e Em e Em Em e Em mm g

IStart with the BSM PDE- |
1 0%V Pl

I P\%
s _ v —o.
I ot T2 95z T™as 7 I

| Apply the substitution V/(S,t) = e_’(T_‘)U(x 7).z = In(S/K) + (r — 02/2)(T — t), and 7 = |

| (T — t)/2. Compute derivatives rigorously: - 3,V = e~ "(T—1) (rU — "—22(‘9,(] —(r— 02/2)(‘9111), - :

VosV = e T98,U - 1,02V = T (82U — 8,U) - . :

: Substitute into the BSM PDE: |
2

I e TY |y — %aTU —(r—02/2)0:U + %(72(('93.[] —0,U) + rd.U — m] — :

|

—— e - - o - - e e e o e e e e e e e e e e e e mw e we o]

Multiply through by e"(T—%) cancel terms, and simplify:

2

d U+ 02(/'—() — 8,U = d2U.

**Step 2: Spatial Discretization**

Discretize x on a grid with spacing Axz. Approximate (92U via finite differences: |

02U o Jit1 = ZZJUJ ! : Elﬁlﬁg
Let D, be the discretized second derivative matrix. The operator becomes: | %ﬂm
R S
**Step 3: Positive Semi-Definite Operator**
The matrix B = — D is positive semi-definite because D, (a centered second derivative discretization) is

negative semi-definite. This aligns with the dissipative nature of the heat equation.
**Step 4: Implications for Quantum Simulation**

While the original decomposition B = L + iH (with H = —icd.) is invalid due to the absence of a
first-order term, the operator B itself is suitable for quantum simulation methods designed for parabolic
equations. Specifically, the time evolution 9, |U) = —B|U) can be simulated using Trotterization or other
dissipative quantum algorithms, bypassing the need for the LCHS lemma. O

[Correct] Variable substitution and equation transformation are correct. Discretization of the spatial
variable is correct. And AIM finds the reduced PDE trivializes the LCHS lemma. It’s right!
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AIMBZ EREHIZSA S IBEFTHE:

g I ﬂz . A I M 63\1;)‘_? 2.The integral representation in the LCHS lemma for the BSM model can be approximated with precision e

using O(1/¢?) terms through an adaptive discretization of the k-integral, leveraging the rapid decay of the

Ta%ﬁigéﬁ#ﬁﬁxﬁé Cauchy kernel (k) = m

_>‘<_:|i& Y EE yjdzlj $ I Proof. **Truncation Error Analysis**: The integral I = [~ n(k)u(t, k)dk is truncated to [~ K, K].

|I§.I| B |Ej ] LA i_ I The tail error is bounded by:

=1 %‘ —= o oo ‘ YNt = |

= #7£%IEEEH]I / n(k)dk = 2 / k= 2 (T —arctan(K) ) &~ for K > 1 | DirEENRE
|k|>K Kk 1+k m™\2 K

T

I Setting - < ¢/2 gives K > 2. Thus, K = O(1/e).

S S sssss=ssSsS=ssSsSSS=S=S=ssS==S=S==S========3;
**Adaptive Discretization®*: 1. **Central Interval [— K, K]**: The entire truncated domain [— K, K| I

: must be discretized. To bound the discretization error, use a uniform grid with spacing Ak = ©O(e). The o N
number of points is N = O(K/Ak) = O(1/€*). The discretization error using the trapezoidal rule I mE%EglﬂjﬂE

I scales as O(KAK? - max |02 (n(k)u(t, k))|). Since (k) and u(t, k) are smooth, max |97 (n(k)u(t, k))| |

I' is bounded over [— K, K]. The total error becomes O(KAk?) = O (2 - €?) = O(e). |

r

the tail beyond K = O(1/¢) contributes at most ¢/2. The central interval [— K, K] is approximated
with O(1/¢2) points, ensuring the total discretization error is O(e). Additional adaptive methods in outer |
intervals (e.g., geometrically spaced grids) would only reduce logarithmic factors, which are asymptotically |

|

|

I . 2 3

: dominated by O(1/€7). I ,E\liiﬁ*ﬁ
|

|

|

#*Total Terms**: The uniform grid over [— K, K] requires O(1/¢?) terms. While adaptive grids in outer I
regions could marginally reduce constants, the dominant term remains O(1/¢?). |

*#*Final Error**: Truncation error O(e/2) + discretization error O(e/2) = O(e). Thus, O(1/€%) terms :
suffice for e-precision approximation. O

[Correct] Truncate and discretize the integral correctly.
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3.The solution operator for the heat equation derived from the BSM model, U(7) = ", can be approxi-
mated via the LCHS lemma as a linear combination of Hamiltonian simulations. Spemﬁcal 2y the integral
)

representation fp n(k)e " L7 dk (where L = —B) can be discretized into M = O(1/€”) terms with
quadrature weigl N E m I _I k;jT. The
total query comp :i:t% I g I IE ﬁ Vi *I m LC H S ty scales

polynomially wit

Proof:
L

S ABEREFIIESIRS

Ll e e e e e e e |

Step 1: lnte%ral Representation via LCHS** From Lemma-0, the solution operator for the heat equation

lis 7 (1) =c¢€ Let L = —B, a positive semi-definite operator. By the LCHS lemma with H = 0, weI
lexpress: |
—i 1 |

| P = [ n(k)e™*dk, n(k
¢ g 1(k) 1(k) ) :

|**Step 2: Quadrature Discretization** Lemma-1 guarantees the integral can be discretized into M = |

:()(1 /%) terms with weights 7(k;) Ak, leldl;g :|-;:|- TJ-*E ﬁg’.{:ﬁ m ,ﬂ:
BEEFRIZ!

I P Z"(kj)Ak N
| The trungation and discrtizaton error s O(c) de to the O(L/K?) decay of (k).

j=1
|

[Correct] Properly utilizing the LCHS lemma and memory lemmas for problem transformation.

Tsinghua University

LR
ZIMEIAMIEE FRISMHS (LCU) g7 —
RETEHES %%FE“ , ERETEE—LER,

(Bl UT5 AR R
FURIS MRS

S

|**Step 3: Hamiltonian Simulation Costs** Each term e~ **i*™ requires 91mu]atmg L for time t; = k;7l
| Using optimal Hamiltonian simulation algorithms (e.g., quantum signal processing or Taylor series) w1th|
Iquery complexity O (|| L||£; + log(1/esim)), set &sim = €/M to bound the total simulation error by e. Sincej

kj = O(1/¢) dominates the quadrature, t; = O(7/€). The per-term complexity becomes:

O (|| Ll|7/e +log(M]/e)) = O (|| L||r/e) -

w
N
=1
2

al Query Complexity** Summing over M = O(1/€?) terms, the total queries to the L-oracle

€ f

=% and absorbing constants:

o ( ILIIT) .
€
**Step 5: Ancilla and Gate Complexity** The LCU framework requires log M =
cilla qubits.
()(poly(log(||L||T/ €))) factors from simulation subroutines. The dominant terms remain polynomial
_in ||L]|. T, and 1/e, with polylogarithmic corrections. __ -
[Ermr] There are some mistakes about comp]exny computmo ~And the calculation | proce%s facks detail.

B I
o w»v
[
(4]
o

Expressing in terms of 7" =

SRESF

O(log(1/€)) an-1
Gate complexity inherits O(M)-scaling from the superposition state, augmented by |
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Lu =0, [0, 00) x €2
Ju — _Bu—3 k(0 — As)pr = Fiu, [0,00) xS u € C([0,T); L*(Q)) n H'([0,T); H~1(2)) n L*([0, T}; H'(Q)),
U = U, t =20

{(at —As+d)por=u, t>0 ox € C([0,T); L*(S)) n H ([0, T); H~1(S)) N L3([0, T); H*(S))
ok =0, t=0

AIMIETEIER T StrX KA BTG, [T AERSRIERIEE

*%A priori energy estimate for the coupled system** Letuand ¢p. (k= 1,..., m) satisfy the system (2.10)
with 1y € L*(€2) and @4 (0) = 0. Then, there exists a constant (' > 0 depending on 1', 3, oy, dg., but

independent of ug, such that: EE% AI Mgam Hg*z IL\"
'2["1) [|u(t) "1 (n)+/ ||V"(t)||r7),2(sz)dt+/0 ||"‘(t)”i2(3)dt ﬁ%ﬂ;ﬁ*“*gﬂ' %igll\
e Z ( sup ”‘Pk(f ||12(9) +/ ||VSSOk(t)||i2(S)dt) = C"“O”i?(m- Iﬂ%ﬂﬂg*ﬁg¢l‘ﬂggi‘e

te(0,T
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EER—MERRAERTHSHNIR TRNSHIER, Ttk

4 : - 1 « AN\
EA,/l,u(. — 0 mn Q \ DC’ 1 (ﬁA,ltuC - O n 52 \ D(,
Lx e =0 in D,, | Li(ue,pe) = 0anddiv ue =0 n ..

du du : I _ . d(ue,pe) Ou,
u.|- =uly and < — G on 0D U =1 and [—=—¢ T — on 0D
Cl |+ ()V(X,ﬁ) ‘_ ()l/()‘,“) ’+ 0 2t : ('I (|+ ()V(oo,ﬁ) - ()V(z\,u) 4 . ¥
1 1 1
ou, _ —% [ , 3 (A 1 Ju _ 32/ 4 : 2
| m’ag =g c HIR (()Q) and llc|(')Q = H]R (OQ) 1\ m‘asz =g € HIR (()52) and ucl()gz € HIR ((?Q)

AIMSBH T EIENERIESIIZMIEE, HEEDFRFESE T HMIERLGSS

Under the given assumptions, the difference w, = uy,, — u, between the solutions of the limit problem
(10) and the original problem (9) satisfies the homogenized error estimate in the energy norm weighted by
the Lamé parameters:

1/2 8
M v |3 4 2uf. e -~
(/] De@naivwel? + 2u@ioeonde) < Tell, -4 gy

where (' is independent of . This implies that the error in the energy norm decays proportionally to i B

correctness: True

AIMRZEIFEIE

o

=6 ErYiEHlER
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o [iEiA: (BFRFAIIIMNAE, FOMEREMERERIET, B
IEFIERNRIRFRITERR, A REEIARANREMT, E—1FIERE

L Aulle =0 in 2 \ -D—(-’ where L (u,,p.) = iAu, + Vp, denotes the Stokes operator with viscosity constant j and p, is
Li(ue,pe) = Oanddiv ue = 0 in D, the pressure field. Its exterior derivative is defined as ;)V“—")) := pN + 2uD(u)N.
‘) esPe ( v (oo, p B
{ u.|_ = u; and ‘)("—p) = )‘L' on 0D,, ‘ , o
OV(o0,it) IVnm) 4 Now we let ¢ — (), so that the scale of the cell is tend to be zero. We wonder what homogenization
1 1 r PR 2 il o 5 :
du, e —2 (4 . : 3 (¢ equation does the limited solution wy;y, satisfies. At the same time, whether the estimate between the
V) |90 g € Hy (08)) and uclon € Hg (090), original solution and the limited solution has the form C(”||g||” }on) for some o € (0,1).
O

AIMIEREREFERNSINES, Sih7—EFRREEHEE
HWEHFRERIIEAFREBRESENX

6. Error estimate and strong convergence Define the two-scale corrector

uP (z) = uo(z) + ex”*"*)(x/e) in Q,,

. \ E ~g a . a P g $ A x4

extended in each D, by Ky + x;" (y). A Céa-lemma-type argument in the perforated domain (again relying Eﬁ q ﬁ] Eﬁ E *u 1 *
on uniform Korn and Stokes inf-sup, Lemma A.1-A.2) yields for some v € (0, 1) ! 1 o - ~

e = w1,y < (j"*-'""-q”u,,'/"wsz)'

From this one deduces . — wuq strongly in I,z(SZ) (and even in H' (€2.) up to the corrector).

Ttlllﬂ u)mplctcs a fully rigorous derivation of the homogenized elastic limit and the explicit formula for
( vhom
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Lemma 4. The solution operator e” ™8 for the heat equation derived from the BSM model
can be approrimated with error € using a quantum algorithm that implements a discretized
version of the LCHS lemma. This algorithm requires M = O ( ) terms in the quadrature
approzimation, and the total query complexity to the B-oracle (encoding the discretized

Laplacian) is O (”B”T), where T = G—Z The gate complexity and ancilla qubits scale

polynomially with log(1/e), ||B||, and T.

Lemma 6. The quantum algorithm for solving the BSM PDE using the LCHS lemma
achieves an approzimation error e with query complexity O (”"’j#) to the operator oracle

encoding B, where B = —0? is the discretized Lapla(‘zan T is the time horizon, and € is
the error tolerance. The ancilla qubit count is O log , and the gate complexity scales

as poly (|| B, T, log 1, )3A1=E1umg IIE

Lemma 7. The quantum algorithm for solving the BSM PDFE using the LCHS lemma
2

requires sz’mulatz’nq the discretized Laplacian operator B = —0?% for a total time T = %

The integral fR n(k)e=*B7dk is approzimated by M = O ( ) quadrature terms. Each term

involves Hamzltoman simulation of k; B, where |k;| < O ( ) The total query complexity
to the B-oracle is O ('@UT) and the gate complexity scales as poly (||BH T,log <, 1) with
ancilla qubit count O (log Z)'

RS E, i
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two-scale
—

Then as € — 0 one has, up to a subsequence, u. — ug in H'(Q2), wu. — ugin L*(Q2), p.
p1(z,y) in Q x Y;, where uo € Hp(€%;R?) is the unique solution of the homogenized Lamé system
—div.[C"™ D, (u0)] = 0in 2, C"™ D.(uo) -n = g on 952, and the effective fourth-order tensor

i glven by the following perlodlc cell transmission problem: for each fixed symmetric £ € Rfy’i,‘f

find (Xe 7X'z ’ E) € Hllur(Yf’de) X Hllur(}/hRd) X Lpu‘(Y)/R SOIVIng

(1) In the elastic cell Yo: —divy[C (E + Dy xF)] =0, divy(Ey+xZ) =0,
(2) Inthe fluid cell Yi: —p A, xF +V, 7% =0, 'dlvy(Eu +xF) = 0,.

(3) On the material interface T’ = 9Yi: x& = xr, [(, (E+ Dy x2)-n] = [2/1, Dy xi —«=I]-n,

B ERZIIRIERNFIERE, SBEL T AFSERERIEGE
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**Step 2: Formulate the Projected Equations** For test functions v € Vi and ¢ € Wy, n, the Galerkin
approximations satisfy the projected weak form:

/8t'uN'vd:L'+/ vau -Vvd;r—{—/puN'vd;I:
0 Q Q

+ /3/ uNvds + Zak / ((')lcpi.v — Asgo,iv)v ds =0,
S o S

/i?tcp,ly'l/)ds-{—/vscp,lf-Vsz/)ds+dk/cpﬁd)dsz/uNt/)ds.
S S S S

‘--------------------------------------------s

{**Step 3: Solve the ODE System** Substituting u” = ZJ L a;j(t)w; and @ = Zz , b1 (£)0x,; intod

: the projected equations yields a linear ODE system for a;(¢) and bk (). The coefficients are smooth (as
I eigenfunctions are C'°°), ensuring continuity. By the Cauchy-Lipschitz theorem, unique solutions exist on|

70, 7). |

--------------------------------------------,

[Correct] The agent gets the ODE satisfied with the approximated solution.

[Vague] It is better to have more detailed process.

¢ SRIAIMSHIR "BiZ” MR, AFIFERIERNATKBIMEISIE,

b HRLSHODE
RENERES S
ﬁLE.fEE
fRRYLSie



RE: AWERMIHENZIEZ]

i
]
111
Sl
)
&
Al
ﬁﬁ.il J
>
=
nt
3
N
&>
2
Jn




BiE: AlEHESERNSHE i %44
o AIZERIEAMIUINMPSESIE, IIBZEIEFREES, IERZELE

e Terence Tao

F o o} + + i .
i' Btao@mathstodon.xvz

As of yesterday, the Equational Theories Project

teorth.github.io/equational th... has (provisionally) attained its aim of
resolving all 22028942 implications between the 4694 equational laws of
magmas involving at most four multiplication operations. We are not fully
done yet - there are 52 resolutions that currently only have a human-readable
proof but not a Lean-formalized proof (actually, there are a few that are not
even human-readable, but are instead computer-generated by some non-Lean
program) - but it should now just be a matter of time before we can declare Contributo rs 61
final success in which the full implication graph is completely formalized in

Lean. As such, we are now beginning the process of writfig Gpthe resulfs.

Equational Theories Project

+ 57X AXKMAIGIERE T 4,6941FZiE
22,028,942 1M EEZKER

-+ 9K TEAIREITHEILF99.866%

x=x(1)

N

x0(yoz)=(x0y)©z(4512) X=X (x0Xx)(8) x=(x0x)¢x(23)

X0 (yoz)=(x0y)ow(4513) X0 (yoz)=(woy)oz(4564) x=x0x(3)

B _ Xx0ox=yox(39)
X0 (y©oz)=(xow)ou(4522) xo(yoz)(wou)oz(4579)/

X=x0y(@4) X0 (y©z)=(wou)ov(4582) x=yox(5)

X0y=yox(43)

/

xoy=(yoy) ox(387)

Xx0x=x0y(38)
X0y=x02z(42)

XOox=yoy(40)

\

xox=yoz(4l) ‘

XO0y=z0w(46)

x=(yox) 0 (x©2z)(168)

o — + 47 contributors

xX=yoy(6)
x=yoz(7)

https://github.com/teorth/equational _theories?tab=readme-ov-file
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Our AIM is Al Mathematician!




