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Large Language Models are capable of reasoning

reasonng noon e
Advanced version of Gemini with Deep
Think officially achieves gold-medal
standard at the International
Mathematical Olympiad

rea-son-ing ( 'réz-nin=y) ) 'ré-z°n-in
Synonyms of reasoning >

1 :the use of reason

especially : the drawing of inferences or conclusions through the use of reason
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OpenAl %
< Share

We achieved gold medal-level performance ¥ on the 2025 International
lympiad with a general-purpose reasoning LLM!

Our model solved world-class math problems—at the level of top human
contestants. A major milestone for Al and mathematics.
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The fact that the program can come
up with a non-obvious construction like
this is very impressive, and well beyond
what | thought was state of the art.
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Terence Tao
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It is tempting to view the capability of current Al technology as a

singular quantity: either a given task X is within the ability of current
tools, or it is not. However, there is in fact a very wide spread in
capability (several orders of magnitude) depending on what resources
and assistance gives the tool, and how one reports their results.




Terence Tao

But consider what happens to the difficulty level of the Olympiad if we alter the
format in various ways, such as the following:

* One gives the students several days to complete each question, rather than
four and half hours for three questions. (To stretch the metaphor somewhat,
one can also consider a sci-fi scenario in which the students are still only given
four and a half hours, but the team leader places the students in some sort of

expensive and energy-intensive time acceleration machine in which months or

even years of time pass for the students during this period.)

* Before the exam starts, the team leader rewrites the questions in a format that
the students find easier to work with.

* The team leader gives the students unlimited access to calculators, computer
algebra packages, formal proof assistants, textbooks, or the ability to search the
internet.

* The team leader has the six student team work on the same problem
simultaneously, communicating with each other on their partial progress and
reported dead ends.

* The team leader gives the students prompts in the direction of favorable
approaches, and intervenes if one of the students is spending too much time on a
direction that they know to be unlikely to succeed.

* Each of the six students on the team submit solutions to the team leader, who
then selects only the "best" solution for each question to submit to the
competition, discarding the rest.

* If none of the students on the team obtains a satisfactory solution, the team
leader does not submit any solution at all, and silently withdraws from the

competition without their participation ever being noted. (2/3)



...however, this is exactly how research happens

e Progress happens with time (longer and longer)

e Researchers use tools (in theoretical physics - CAS, code, simulations
...)

e Researchers work together and communicate

e Progress often happens from the understanding and synthesis of
large amounts of information

It's interesting to evaluate current capabilities of Al in research
(so far it has been extensively evaluated mostly on competition
math problems)



“FrontierMATH” - Al benchmark of research math

FRONTIERMATH: A BENCHMARK FOR EVALUATING ADVANCED
MATHEMATICAL REASONING IN Al

Elliot Glazer't?, Ege Erdil'f, Tamay Besiroglu'f, Diego Chicharro®, Evan Chen®!,
Alex Gunning*f, Caroline Falkman Olsson', Jean-Stanislas Denain', Anson Ho!, Emily de Oliveira Santos®!,
Olli Jirviniemi, Matthew Barnett', Robert Sandler', Jaime Sevilla', Qiuyu Ren®?,
Elizabeth Pratt®!, Lionel Levine’, Grant Barkley®!, Natalie Stewart®!,

Bogdan Grechuk®?, Tetiana Grechuk®!, Shreepranav Varma Enugandla‘* S OTA 2 % i ] N oV 2 O 24 !
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ABSTRACT mOnthS |atel’

We introduce FrontierMath, a benchmark of hundreds of original, exceptionally challenging math-
ematics problems crafted and vetted by expert mathematicians. The questions cover most major
branches of modern mathematics—from computationally intensive problems in number theory and
real analysis to abstract questions in algebraic geometry and category theory. Solving a typical
problem requires multiple hours of effort from a researcher in the relevant branch of mathematics,
and for the upper end questions, multiple days. FrontierMath uses new, unpublished problems and
automated verification to reliably evaluate models while minimizing risk of data contamination.
Current state-of-the-art AI models solve under 2% of problems, revealing a vast gap between Al capa-
bilities and the prowess of the mathematical community. As Al systems advance toward expert-level
mathematical abilities, FrontierMath offers a rigorous testbed that quantifies their progress.

1 [cs.AI] 7 Nov 2024
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TP Bench - Theoretical Physics Benchmark for Al

TPBench is a curated dataset and evaluation suite designed to measure the reasoning capabilities of Al
models in theoretical physics. Our test problems span multiple difficulty levels—from undergraduate to
frontier research—and cover topics such as cosmology, high-energy theory, general relativity, and more.
By providing a unified framework for problem-solving and auto-verifiable answers, TPBench aims to drive
progress in Al-based research assistance for theoretical physics.

e Uncontaminated
e Novel problems
Table 1. Distribution of problems by difficulty level. ° Ra nge Of d |ﬁ:| cu |ty

Difficulty level Number of problems Percentage PY O pe n to CO m m u n Ity
1—Easy undergrad 8 14.0% °® Autoverlfla ble
2—Undergrad 13 22.8% .

e Diverse
3—Easy grad " 19.3%
4—Grad/easy research 14 24.6%

https://tpbench.org/

5—Research " 19.3%
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We aim to expand to include a broader range of domains

Table 2. Distribution of problems by domain. The ‘Other’ category includes astrophysics,
electromagnetism, quantum mechanics, statistical mechanics, and classical mechanics. Many
problems are in between areas. For example some Cosmology problems could also be

classified as High Energy Theory.

Domain Number of problems Percentage
Cosmology 19 33.3%
High energy theory 18 31.6%
General relativity 4 7.0%

Other 16 28.1%




Autoverification pipeline

We formulate the problems such that the answers can be given by an
executable Python function (inspired by coding competition).

Problem Statement: A photon with the energy E scatters on an electron at rest at angle 6 in the electron’s reference
frame. Find the angular frequency w of the scattered photon.

Answer Requirements: Provide the answer in the form of a python function with the following signature:

#let ¢ be the speed of light, m_e - electron mass, h_bar - reduced Planck constant
def omega_scattered(E: float, m_e:float, theta:float, c:float, h_bar:float) -> float:
pass

Model Answer:

1

W=
% + #(1 — cos @)

import math

def omega_scattered(E: float, m_e:float, theta:float, c:float, h_bar:float) -> float:
return 1/(h_bar/E + h_bar/(m_e*c**2)*(1l-math.cos(theta)))




Limitations (and ongoing efforts to overcome them)

Currently, only the algebraic expressions are supported, however we also need

e Tensors VMTW =0

e Abstract Operators

e Integrals, differential forms [A, B] = AB — BA
e manifolds

/dw:/ W
M oM



Example: Difficulty 5 (a research problem that is now solved)

Problem Text:

In cosmology, large-scale cosmological dark-matter halo fields are biased tracers of the underlying Gaussian
matter density d,,. Assume we have a sample §,,. We simulate a halo number density field by taking
n(x) = nmax(0, 1+ bdm(x)), where bare number density 7 and bare bias b are specified constants. What is
the bias of the sampled halo field? Derive an equation to evaluate the bias which depends on the bare bias
and the variance in each pixel.

2 pages of derivation...

Final Answer: The bias of the sampled halo field is given by:

. bq)l(lbiv)
@1 (5iz) + bl (5iz)

(18)

where ®; is the normal cumulative distribution function, ¢; is the standard normal probability density
function, b is the bare bias, and o is the pixel variance.

Comments about the Problem

This is an ezample of a cosmology research problem that is being solved correctly by advanced reasoning models. This may be
because the calculatwn is similar to existing calculatwns in the literature. However, this is a genuine research problem, which
we solved independently, for an up 3 gy publication. The problem requires to retrieve some background knowledge,
such as the deﬁmtzon of the matter power spectrum in cosmology.

Currently solved by SOTA models,
but that wasn'’t the case a year ago!

2.1 Expert Solution

Understand the problem. The miraber der

o (x) i defined s

n(x)dx. 0}
The overdensity s defined as

n(x)
Lincar bias s defined in terms of Fourier-transformed quantities:

a0

‘This is an approximation suffciently 1

e (small 1. (k) a0 63(K) e Goman
random felds with zero e -k

v on the magnitud

The quantity P(k) is called the power spectry

(5003(0<)) = (2n)8° (ke + K)P(k). )

1t immeiately follows that

We are given the ¢

1o gl the gl o some simplifica

tioms from the
G d 62 - n coreelated bivariate
G

18,6). (2)

i et
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1) =& (D () (1 + ) a9
So that the two-paint function neatly factorizes
() = [ 0GBt (6,61
o [ G, [ nien)id o [
= ()" +£(nd)”.

Stubstituting the results for (n) an

w01+ e
(1 torotobe= [ (1) s ()]

:u/#

For b<0 it's, however,

=0 [ (- oeen(eis
[ M ghet: (w«)]
S0 wo concld that the later pression i vl fo al . Silary, o can s tint

(o s oo s () 414»)



Example: Difficulty 5 (currently unsolved by any model)

Problem Text:
Consider the conformally coupled scalar field ¢

e [g‘“'ihoi),,(j) - (nﬁ - l‘h’) oz] (1)
2 6

in curved spacetime . ) ) )
ds” = a*(n) (dn”® - |di|*)

where the Ricci scalar is

R=-62CD (2)
a(n)
and a satisfies the differential equation
d Hy
—Ina=6(t. -t)H; +O(t-te) ———— 3
AR )ugu,((-t,.) @)
with £, a finite positive number, the © function having the steplike behavior
10 t>its
O(t-te) = N 4 4
( ) [0 otherwise @

and t being the comoving proper time related to n through
n
t=te+ f a(y)dy. (5)
Ne

The boundary condition for the differential equation (in comoving proper time) is alt-t. = ae.

In the limit that k/(a.H;) — oo, using the steepest descent approximation starting from the dominant pole 7
(with 97 > 0) of the integrand factor wi(n)/ (2wk(n)), compute the Bogoliubov coefficient magnitude |3(k)|
approximated as

/
o wi(n) 201 dn'wr(n) )
/:m d’]l«u(n)( g (6)

for particle production where the dispersion relationship given by

[B(K)| ~

wi(n) = k* +m*a*(n) (7)

with 0 <m £ H;. Use a one pole approximation which dominates in this limit.

3 pages of derivation...

Final Answer:

a4 —T(5/4) (kfac)*? ;
18| » g(xp(fgmr(s/‘l)m) L (34)

Comments about the Problem

This is an ezample of a difficult problem from Quantum Field Theory in curved spacetime, dealing with gravitational particle
production, that appears out of reach of current models. This is part of a published research work and the solution, without
steps explained, is given in a footnote of [30], but would be difficult to locate (in fact we tried, without success, with OpenAl’s
Deep Research).
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Summary of Current State

* Models can perform non-trivial reasoning, such as decomposing
problems into steps and applying suitable mathematical operations.

« Superhuman literature knowledge helps models and makes good
benchmarks hard to develop.

» Both symbolic calculation mistakes and logical reasoning mistakes are
common, but have decreased with the newest models. See error analysis
in our paper.

* A major problem is that models often make solutions that look plausible
but do not follow rigid logic.

* Need new techniques such as better tool usage,
uncertainty quantification or different reward models.



Contact us if you want to collaborate / contribute

* Ten of our problems are public on our website.
Check them out!

* You sign our “Usage Agreement” to get the
entire problem set.

* You acknowledge and agree to safety
procedures to keep it out of training data.

* You submit at least one new original
problem that we can add to the next version
of TPBench.

* Anybody who submits a useable problem will be
offered co-authorship of the next TPBench
update paper.

TPBench Dataset Usage Agreement

TPBench s a private data set. It can be used for evaluation only; you may not train models on
the dataset. To avoid leakage into pre-training data, the TPBench team monitors the distribution
of the data set. The P! of a research group that wil be given access to the private TPBench
github repository must ensure that the dataset remains private and is only shared with the group
members listed below. The PI further ensures that the data set will not be made public by
accident (e.g. upload to a public github repository, public web storage etc) and that problems.
and solutions are never passed into web interfaces of LLMs that are the basis for future training
data (e.g. chatGPT user interface). The Pl will also inform the TPBench team in case any
mistakes are found in the data set.

P1 of the research group (Name, Affiliation, Email):

The dataset will be made accessible to the following group members:

Name Role (e.g. graduate student) | Email

Alarger data set of diverse theoretical physics problems would be very useful for the research
community. In return for data set access, for physics research groups, the TPBench team thus.
requests the submission of at least one original hard problem (level 4 or 5) or three original easy
problems (level 1 to 3) per research group, within three months after the dataset was shared.
Suitable problems will be added 1o a future version of TPBench. The problems can come from
any domain of theoretical physics. The author of each accepted problem will be offered
co-authorship of an upcoming TPBench update paper (generally one author per problem)

Date Signature of the PI
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Test-time scaling - a set of techniques to increase
performance at inference time

e Parallel - generate many solutions then
choose the best one according to “some

rules”
e Sequential - work on the same solution

during a prolonged period of time — ==

e Search and Agentic methods (e.g. e ) | b |
solution tree, ensemble of Ims working T
together)

“Tree of thought” 2305.10601



Test-time scaling - a set of techniques to increase
performance at inference time

e| Sequential - work on the same solution

e | Parallel - generate many solutions then
choose the best one according to “some
rules”
y —

during a prolonged period of time .

Test-time Scaling Techniques in Theoretical Physics -
A Comparison of Methods on the TPBench Dataset

Zhiqi Gao"' Tianyi Li*? Yurii Kvasiuk? Sai Chaitanya Tadepalli’ Maja Rudolph* Daniel J.H. Chung?
Frederic Sala' Moritz Miinchmeyer >

https://arxiv.org/abs/2506.20729 (accepted at NeurlPS ML4PS 2025)



https://arxiv.org/abs/2506.20729

Parallel scaling

Generate N responses to the same question and pick 1 by

e Choosing the most common answer (majority vote)
e Asking the LLM to verify the solution (weak verifier)
e \erifying steps with a SymPy agent (symbolic weak verifier)

The upper bound of all the approaches is best of N (i.e. TTS can only find the
correct solution given it is present in the sample pool)



Results

Table 1. Comparison of test-time scaling approaches on TPBench Table 2. Comparison of test-time scaling approaches on TPBench

With Gemini 2.5 Pro. With Gemini 2.0 Flash
Method Level4 Level5 Method Level 3 Level4 Level5
Single Attempt 63.3% 29.3% Baseline
Sequential Methods Single Attempt 52.5% 13.1% 1.5%
1+Round Reasoning 65.0%  26.4% Sequential Methods
2+Round Reasoning 65.0%  26.4% 1+Round 61.8% 16.4% 2.7%
4+Round Reasoning 68.6%  28.2% 2+Round 60.0%  22.9% 0.9%
Parallel Methods 4+Round 60.0% 21.4% 1.8%
Simple Weak Verifier 71.4%  27.3% Parallel Methods
Majority Vote 78.6% _ 36.4% Simple Weak Verifier 18.2% 7.1% 0%
SymPy Verifier 71.4%  54.5% Majority Vote 12.7% _ 357% 9.1%
Best of N 85.7%  63.6% SymPy Verifier 81.8% 57.1% 9.1%

Note: Single attempt’s accuracy is averaged over 50 attempts; Best of N 90.9% 85.7%  18.2%

multi-round reasoning over 10 attempts; parallel methods use 50
candidates.



Example

The solution then evaluates the first moment integral I; = [ X P(X)dX over the truncated domain:

oo 2
L= / XP(X)dX = \;’?efl/ (%°s*) (ERROR HERE) 3)
-1/b

Combining these gives the candidate’s expression for the mean halo density:

il 1 0’2 2.2
an =0 |serfc ( ——= | + b—=e"1/@" )] 4
e [2 ( ba\/i) Var© @

The effective bias is formulated using the peak-background split argument, which defines b, as the response of the
mean halo number density to a long-wavelength perturbation §y,:

1 d{n|ér)
Eff_ﬁh dér, ls,=0 ®
The derivative term is shown to be equivalent to:
d(n|ér) /°° _ X n /°° 2
= 1+0X)(P(X)—= |dX = — X +bX°)P(X)dX 6
By oo™ [, 20+ 00 (PO 25 |, X+ xR0 O]

To evaluate the above, the solution requires the second moment integral I, = [ X2P(X)dX over the truncated
domain, for which it claims:

S8 —o2/b 2 2 1
T, = X2P(X)dX = —2Lbe-v/@e?) 4 p3le (
o= [, XPX) o ;

-1
RROR HERE 7
o ﬁ) (E ) O]

Combining the (incorrect) intermediate moment calculations I; and I5, the candidate assembles the numerator for
the begr expression:

D(o,b) = 7 B %) =5 1\721’” ,yz/(%sz erfe (a \[)] ®)

Y




Verifier Limitations

o A A

Mathematical Operation Verifiable?
Polynomial & Rational Function Al- Yes
gebra

Standard Differentiation & Integra- Yes
tion

Residue Calculation at Poles Yes
Approximations & Limit-taking Partially
General Tensor Manipulations (GR) No
Advanced Path Integrals (QFT) No

The efforts to
expand the
domain of
verifier are
ongoing!



Ongoing and Future Directions

Expanding the benchmark

Exploring better test-time scaling methods
Improving tool usage

RL finetuning and process reward

Agentic reasoning



Thanks!



