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Autonomous tool creation




Symbiotic integration? LLM+CAS

LLM Only

r------------

Prompt: Assume you don't have access
fo a computer: do not use code, solve
this manually - using your internal

I reasoning. Solve the following integral:

| f (2m+(2m—n)z™ )™ ! T
| 2(14xn+ax2m)/14+x™

| Response:
VI

| ... Try substitution v =1+ =™
| - But this seems to be getting messier xl
| --Final Answer. _x™ xl

V1t+ax™



Symbiotic integration? LLM+CAS

LLM Only

r------------

Prompt: Assume you don't have access
fo a computer: do not use code, solve
this manually - using your internal

I reasoning. Solve the following integral:

(2m+(2m—n)z™ )™ !
f 2(1+xm+x2m)\/1+z" dz

| Response: V
| .. Try substitution u = 1 + x" |

| - But this seems to be getnng messier Xl
™ |
B .Final Answer: _ X x

V1t+ax™

CAS Only

| Prompt:
Integrate|
(2m x*(m-1)+(2m-n) x*(m+n-1)) /

| (2(1+x*n+x"(2m)) Sqrt[1+x"n]), X]

| Response:

11 (2mx 1™y (2m—n xl""“ dx xl
| 2 AN " (1+X

] <Left Unsolved> |
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Symbiotic integration? LLM+CAS

LLM Only

r------------

Prompt: Assume you don't have access
fo a computer: do not use code, solve
this manually - using your internal

I reasoning. Solve the following integral:

(2m+(2m—n)z™ )™ !
f 2(1+xm+x2m)\/1+z" dz

| Response: V
| .. Try substitution u = 1 + x" |

| - But this seems to be getnng messier xl
™ |
B .Final Answer: _ X x

V1t+ax™

LLM + CAS

CAS Only

Prompt: Please solve the following integral. First | | Prompt: I
I simplify it manually as much as possible, specmcaﬂyl | Integrate| I
1 perform a non-trivial substitution that simplifies the i (2m x*(m-1)+(2m-n) x*(m+n-1)) / |
I challenge, and then write Mathematica code that I I (2(1+x*n+x"(2m)) Sqrt[1+x"n]), ] .
| solves the simplified version. : | Response: :

I f (2m+(2m—n)z™)z™ ! do A Lemin
||1J2mx +(2m-n) x I

m 2m m - — dx
| 2(14+xm+x?™)\/14+x I | 2 V1 X (1+X2m+xn) xl
! | | <Left Unsolved> I
| .. Try substitution v =1+ x" \/ mEEEmEEmEEEEEEET
| .Final Simplified Integral- 11 I
(2m+(2m—n)(u=1))(u=1)(" =)/ I ] Promet l
. f J du Integrate[

2n(u+(u—l)2m/“)\/§ I A I
T Mathematica Code:.. | ((2m+(2m-n)(u-1))(u-1)*((m - n)/n))/ I

i Integrate] | (2n(u + (u-1)*(2m/n)) Sart[u]), u]
I (@m+@2m-n)(u-1))(u-1)*((m - n)/n)) / (2n(u + 1] Response: (~1+uy™n !
u-1)~(2m/n)) Sqrt[u]), u ArcTan| ———— I
I (U-1)% )) Sart[u]), u] T 7 \/



Symbiotic integration? LLM+CAS

LLM Only

r------------

Prompt: Assume you don't have access
to a computer: do not use code, solve
this manually - using your internal

| reasoning. Solve the following integral:

f (2m+(2m—n)z™)z™ ! dr
2(14+zn+22m)\/1+2n

| Response: \/

I .. Try substitution w = 1 + x" |

| - Butthis seems to be gemng messier X|

|- .Final Answer: m_ |
VvVitzn X|

L - -
Mer

ompt: Solve the integral:

Ij‘ (2m—|—{2m—n)(u—1)){u_1)(-m—n,)j-”
21:(u+(u—1)2m,’u)ﬁ

Response:
_for general m, n, it cannot be
| .'nregrared in closed form

du <:];::‘u'ha'l‘hes'nms'1‘.f'r;ai Code:...

LLM + CAS

Prompt: Please solve the following integral. First
I simplify it manually as much as possible, specifically y | ntegrate[
I perform a non-trivial substitution that simplifies the

I challenge, and then write Mathematica code that
| solves the simplified version.

| f (2m+(2m—n)z™)z™ ! dx
2(1+zn+ax2m)/1+az™

Response:
... Try substitution w =1+ ="
...Final Simplified Integral:

f (2m+(2m—n)(u—1))(u—

1)(m—n),’n

u

21 u_}_(u_l)zm./’n.)\/a

l Integrate|
I (2m+(2m-n)(u-1))(u-1)*((m - n)/n)) / (2n(u +
1 (u-1)*(2m/n)) Sqrtfu]), u]

vitom e

((2m+(2m-n)(u-1))(u-1)*((m - n)/n)) /
| }{2n{u + (u-1)(2m/n)) Sart[u]), u]

CAS Only

{1
T

] Prompt:

(2m x*(m-1)+(2m-n) x*(m+n-1)) /
I (2(1+x*n+x"(2m)) Sart[1+x"n]), x]
I ] Response:
L Jme am o (2m-n) x1emn
112
| | <Left Unsolved>

d x
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ASyMOB: Algebraic Symbolic Mathematical
Operations Benchmark

Michael . . . — . . . Rotem
Shalyt 35,368 symbolic math problems: integration, limits, differential equations, series, ... Elimelech

Solutions can be validated
Testing the benefit from LLMs using symbolic computation

<Code / No-Code Prompt> <Code / No-Code Prompt>
Solve the following integral. Solve the following integral.
Assume A, B, F, G are real and positive.
2 x
/ e“(x —1) g ) "
. Fx(Bef® + FGx)
Solution: Solution:
| (2+e2) A e?B + 2G
n — - In| ———=
2+ 2¢ BF "\ 2(eB+G)

Assume you don’t have access to a computer, and do not use code to solve
the question.

No-Code Prompt

Shalyt, Elimelech, et al.,
ICML (2026)

Code Prompt Please use Python to solve the question.
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3.1415926535 8979323846 2643383279 5028841971 6939937510 5820974944 5923078164 0628620899
8628034825 3421170679 8214808651 3282306647 0938446095 5058223172 5359408128 4811174502
8410270193 8521105559 6446229489 5493038296 4428810975 6659334461 2847564823 3786783165
2712019091 4564856692 3460348610 4543266482 ...

ML in number theory?



Meet-in-the-middle #2055 — I o
ox 1xom 2
4 3 e.g., b 7 m+1
n—2=3+5 8 a, =Ag+An+A4n*  x=ay+ Ob xz?ﬂ 2n
+ 15 b, = By + Bin + B,n? a; + 1 7 m+l
____________________________________________________________________________________________________________ 2 " az+.
L ~._  Preprocessing ;
b f1(GCF(a = 1,b = 1)) RHS Hash :
i .5 fZ(GCF(a = L= 1)) Key E Matching Values
LR ; \ - 31423 27183 6.4123 17.5438 0.7841 L (“Hits”)
I3 fl(GCF(a =1,b= 2)) \ Numerical value :
- ; . i
i E f1(GCF(a = 1 +n,b=1)) g rhs, rhs, rhs, rhs, rhs i
= : !
L% fi(GCcFa=2+nb=1) i
i ‘\ : /// i
Uri Mendlovic Raayoni et al. Nature 590, 67-73

YN 1T\



On-site

Off-site

The distributed-FR algorithm

Result verification

Scheme creation

Formulas from the
literature

Formulas
database

t New results '

Past results

Formula

Next
candidates

search space

Resource manager
server

Volunteer Qi Qi
LB

Elimelech et al. PNAS 121, e2321440121 (2024)

Rotem Elimelech



ML in number theory?

3.1415926535 8979323846 2643383279 5028841971 6939937510 5820974944 5923078164 0628620899
8628034825 3421170679 8214808651 3282306647 0938446095 5058223172 5359408128 4811174502
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| q Expunentlil Coefficient i Novel 7t formulas
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; ! 6 -1
:'E p : (1) 2 1+ ot —i6
3 + ¢ » Training formulas : ﬁ
E: { ' 30T 1o New equivalent i - .
-’qéﬁ P ' formulas v (@) =1+ 3
T & In(2) J < : 345—4“_"
cluster e 8 < % Truly novel formulas | \_ Zn+i- y.
- - A7 4_; 5 B § 5 . < 1
: Pee o f !
: . §. fr g . [ Novel Golden Ratio formula h
¢
(1.2)f Mg SE R 1207 ]
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O H = N S
- - - : ’ b (] ’ : 3 n4+n2+1
Uri Seligmann Michael Shalyt : 2. i | nZiniis
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: : j ‘ : i Novel square root formulas
q 4 10T oy |
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; I 4) 1+V3=2+ =
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O |
: (5) 1+ ﬁ =2+ 321
6|
: : A R | - : '14_ ntin+1
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'\ /

Shalyt*, Seligman*, et al. NeurlPS 37, 113156 (2024)
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Unify math
knowledge!

Combined Al-
CAS

LLM-integrated symbolic-computation

20 2 1 1
ZD !16"’ (8k+1 8k+4 8k+5 8k+6)]

Bailey-Borwein-Plouffe
Mathematics of Computation (1997)

0 2
4 H (2n — 1 27’L + 1)
T = n—1
1+ 1* - John Wallis
34— 1656, England.
5+
(o —k
Carl Friedrich Gauss

= (-3
:@;(lel

Madhava of Sangamagrama

1813, Germany

4 3 14th century, India.
Ale 3+ - 3
m— n o
Tr B 1 2v2 S (4k)1(1103 + 26390k)
9+ — = 2
H.. ™ 98014 (K!)3967%
Raayoni et al. Srinivasa Ramanujan
Nature (2021) 1914, India.

Raz et al., From Euler to Al: Unifying Formulas for Mathematical Constants. NeurlPS 38, 123959 (2025)




From Euler to Al: Unifying Formulas for Mathematical Constants

| =) Harvesting ¢ Retrieval m) Clustering « Canonical form
- Mathematical : ) N B .
9 * Extraction * Dynamical metrics Unification /
knowledge /
* Validation ¢ Coboundary algorithm

1
15 .
32 *
T 52 arXiv ? T
2+ S
. 2+ -. /e ' P <
1813 Gauss 1655 Brouncker ~ . <
4 (| (] 2R
— 3 — L 8
@ 1 2y2 & (4k)! 26390k + 1103 3.5 N SF
¥ & aod 14 4k RamanUJan - , e
T 99° =0 k! 396 X} ’ Machine 12— il
1914 Ramanujan 2021 15 - e

Raz et al., From Euler to Al: Unifying Formulas for Mathematical Constants. NeurlPS 38, 123959 (2025)
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‘ 200
/o> o*° 0'(,
2 _ / o f ‘ 9
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/ ~0.21 9 -0
/ 9 9
/ 0 - ;
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T2 5 (n+1)2n+1) " e Brouncker 1655
7 | / / -
. 17 7 = ( 4 2
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Tomer / < | 2 @ x =P n-1) )

,/ 7 "
Raz M- 4 = E 16” ((:':,'3] // @), -0.48 e
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Unify math ona] L 00

knowledge! \ J
Coboundary cluster Example from cluster Ramanujan Machine 2021 \ OQJ OQO 0 'OO

' - s &S FCE 2 pcF (3n+1-n(2n-1) .’ 00
Combined Al s ® 7 - Son
CAS ‘ Sun 2022 g 9
CMF e Distinct 3_7-( 5 _E 4 (]2n 5) B .O 00
formula ) ~ (2n-1)(50) 0000000

Raz et al., From Euler to Al: Unifying Formulas for Mathematical Constants. NeurlPS 38, 123959 (2025)
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[ Create and interact with CMFs } [ Search and explore new formulas }

[=] 2 =] IEI

. -r!‘:j

Hila Uri

R = ;
allsc l‘ o d Barkan Hitin
o
.l r
L]
i ] o
Ramanujan Tools Ramanujan’s Dreams
ﬁ IR22
55] & & @ s
=10
v S
N\ S
Initialization Extraction Analysis Search Post Processing
Create CMF Divide space & Filter Characterize & Filter Scan & Search Enrichment
¢(2) + ¢(3) in 4 F3 CMF 15,000 — 451 subspaces Filter spaces: 451 — 14 Explore each subspace More data about

¢(2) 4+ ¢(3) formulas

Hitin, et al. A Computational Framework for Automated Discovery within Conservative Matrix Fields, in preparation (2026)
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Hila Uri

[ — > — [ 2 = : — | | — z ; — | Ba rkan Hltln
0.0 0.5 1.0 15 20 -08 -06 -04 -02 -00 02 04 25 20 -15 -1.0 -05 0.0
log|A1|/|v| Irrationality Measure (6) convergence rate

______________________

Mx(x,y +1) (x+1y+1)
° ™

- 2
! : S +
: ; - <

! | : ° o Shachar

q : xy) | Mx(xy) |[(x+1y) Weinbaum

Mx(x, y)My(x +1,y) = My(x,y)Mx(x,y + 1)

Weinbaum et al. On conservative matrix fields: Continuous asymptotics and arithmetic, arXiv:2507.08138

Hitin, et al. A Computational Framework for Automated Discovery within Conservative Matrix Fields, in preparation (2026)



Human-AI Hybrid Mathematical Discovery Workflow:
Unifying Ramanujan’s 17 Series for =

Michael
Shalyt

3 - R
» N v
-t

Modular equations and approximations to
Quarterly Journal of Mathematics, XLV, 1914, 350 — 372

Shalyt, Leibtag, et al. The Ramanujan Al Agent, in preparation (2026); ICML Workshop Oral Talk (2026)



Result: all 17 formulas are in 4F3-based CMFs

Each formula trajectory is along the vector (0, 1, 1,1; 1, 1, 1). “é'ﬁ?@i'

The initial pointis (1, a2, a3, a4; 1,1, 1). A, B are seed values.

# formula shift (as, as, ay) 2 A B
. 2n\ 3
| LS a0+ D) NV
!
: 5y (02045 () ke CE RN S A
! T 2 T
16 NL\/H: ZRZ’D(QSOH T 19) (211 ) (éﬂ) 28”952”4‘1 (i %f‘ %) ﬁ 19 280
17 =3, 0(263900 + 1103) (*) " (47) gegberrs (1,13 L1103 26390

Shalyt, Leibtag, et al. The Ramanujan Al Agent, in preparation (2026); ICML Workshop Oral Talk (2026)
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Jeffrey Lagarias. “Euler’s constant: Euler's work and modern developments”.
In: Bulletin of the American Mathematical Society 50.4 (2013), pp. 527-628.

Rotem
Kalisch

(16n — 15)y,.1 = (128n® + 40n° — 82n — 45)y, — n*(256n° — 240n° + 64n — 7)y, 1 + n*(n — 1)*(16n + 1)y, _».

The initial conditions are
Po = D'.v P1 = 21 P2 = 3]-'.‘
go = 1, q = 3, g2 = 50.

Then the rational approximants are

IE
dn

Kalisch, et al. An Infinite Family of Apery-like Recurrences for Euler’s Constant, in preparation (2026)



For n > 0, define:

0= (—8n3 —51n% — 105n — 68) U,
+ (24n° + 337n* + 1833n° + 4818n? + 6092n + 2928) u,_1
— (n+2) (n+ 3) (24n° + 273n* + 1150n° + 2154n” + 1635n + 268) un—2

+ (n+1)(n+2)* (n+3) (80> + 7502 + 231n + 232) u,,_3 Rotem
logqg (error) vs. depth KaIiSCh
Let t; = (0,0; 1,1, 1), yielding 01
I{l n? (n—1)(3n + 3)(-?12 +n+1) _20 —
Myn)=12 1—3n> —(n+1)8n’+n+5) | a0 N
| y
L 3n+2 6n(n+ 1)
_60_
Foragen A Meijer G Identity :
% == Aptekarev et al.
(0,....0]) ¢ ol caras
let 7 € Nog, @ = 2L and define G, (2) = G771, | 7777 2], | I
: 0,0,...,0|") T odir
—120 4 =— (-1,0;1, 1, 1)*

Define the two differential operators

—(-1,-1;1, 1, 1)*
No= (14 0y 24 (<1102 D= (14 0y 24+ (—1) 1| o) — 211D
Then —(-2,-2;1,1, 1)%
. (-3,-2,1, 1, 1)*
N?‘[G?‘] (1) = 7, D?‘[Gr] (1) = 1. e 3.3 11,07

(IJ 2I5 5I0 7I5 1 60 12I5 1 50 1 I75 2 (IJO

depth
Kalisch, et al. An Infinite Family of Apery-like Recurrences for Euler’s Constant, in preparation (2026)
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Barkan, Leibtag, et al. New Directions in
Irrationality, in preparation (2026)

Hitin, et al. A Computational Framework for Automated Discovery
within Conservative Matrix Fields, in preparation (2026)

-
AR

Weinbaum et al. On conservative matrix fields: Continuous

Michael ~ Elyasheev ~ Rotem  Shachar asymptotics and arithmetic, arXiv:2507.08138
Shalyt Leibtag Kalisch  Weinbaum

X
L

Kalisch, et al. An Infinite Family of Apery-like Recurrences
for Euler’s Constant, in preparation (2026)

Shalyt, Leibtag, et al. The Ramanujan Al Agent, in
preparation (2026); ICML Workshop Oral Talk (2026)

) & A Our field is changing, under the pressure and promise of Al...
Hila Uri Stav We should all take part in shaping how our journals and our

Barkan Hitin Bley community will adapt

Join us! ‘m:»’
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ASyMOB: Algebraic Symbolic Mathematical
Operations Benchmark

Michael . . . — . . . Rotem
Shalyt 35,368 symbolic math problems: integration, limits, differential equations, series, ... Elimelech

Solutions can be validated
Testing the benefit from LLMs using symbolic computation

<Code / No-Code Prompt> <Code / No-Code Prompt>
Solve the following integral. Solve the following integral.
Assume A, B, F, G are real and positive.
2 x
/ e“(x —1) g ) "
. Fx(Bef® + FGx)
Solution: Solution:
| (2+e2) A e?B + 2G
n — - In| ———=
2+ 2¢ BF "\ 2(eB+G)

Assume you don’t have access to a computer, and do not use code to solve
the question.

No-Code Prompt

Shalyt, Elimelech, et al.,
ICML (2026)

Code Prompt Please use Python to solve the question.
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Human-Al Hybrid Mathematical Discovery Workflow:
Unifying Ramanujan’s 17 Series for 37

Michael
Shalyt

1 2V2 i (4n)! (1103 + 26390n)
n 9801 () B9687 ns

n=o0

259801
"~ 11038

Modular equations and approximations to
Quarterly Journal of Mathematics, XLV, 1914, 350 — 372

Shalyt, Leibtag, et al. The Ramanujan Al Agent, in preparation (2026); ICML Workshop Oral Talk (2026)
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[f.dx=?]
%
S 4+ &

Initial Failure Rates

U-dx=?]
6+ &)

Failure Rates After Validation

62.4%
= e "\}
23.7% i 31 6% :
RS : ' lI failure rate | —— S e
 reduction | . .
i1 oepeer NP om peoses
~
1—x 1—x
' vavi—z log )log((z_z),) - ' Vavi-z log ) log ((2__’:),) n
(2- ::)7’2 (2 - x)7/2
: EER S
V2 n/? ; (3
7 (1504 — 260w — 257° + 240 log 2 — 50log 2 — 400G ) VAT (3) (152 x2 2% . 24log2
10000 (3) —_————x log2——+———8G 0
: lor(3) \ s 2 5
G = Catalan’s constant ~ (0.915965...

\.

J

Bley, et al. Generate, Verify,

Refine: A Closed-Loop LLM-

CAS Approach to Symbolic

Integration, in preparation
(2026)
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Input o Chalin o Verification e Blueprint Construction Final Output
Identification (Per Claim)
Mathematical i —
claim/proof | : @ Method Selection o PR 0 T &)

e S Q Exact Verification

F— . | Focus on T Cllire 0 */\‘
2 ’ e elilin Approx. Numerica
I -

Validation

D | — [:--—+D» \ 3 ) wpf | caim3 g [ @ ] [A] =

s b 3 €D cAsselections : s .

S ¢ Execution —— ?] [KJ _ @ [—‘-;--J [---/:
e

0

(A)

! A

—_ [ Claim n i o)
e L PARI . - C
. * /GP ‘ Partial/Needs | @ &)

: SymPy Maple Mathematica L work | Lean-style
M blueprint
\ J * Runtask — Certificate « Map dependencies
(symbolic / numeric / etc.)
* J = — o) IR 2 P A J

0 Verified A Partial / Needs work
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To help evaluate the mathematical skills of current Al systems, we present a set
of formulas for fundamental mathematical constants. These problems are attrac-
tive for Al evaluation because they are concrete and can be checked numerically
to arbitrary precision, yet proving them may require non-obvious mathematics. °

Mathematical constants such as =, ¢, Catalan’s constant, and special values of the P W a t I S t e u t u re 0
Riemann zeta function have fascinated mathematicians for centuries. The search

for formulas evaluating mathematical constants has produced some of the most

[ ] [ ]
beautiful mathematics in the field, especially in cases that yield irrationality proofs b I t t
or fast convergence rates. Ramanujan's legacy is emblematic of this tradition. The m S Sy m O I c co m p u a I o n ?
list we provide contains two types of problems: formulas whose proofs are known

to the authors but will remain encrypted for a short initial period; and formulas
that are not yet proven. We are curious (o see the achievements of Al in both

cascs.
Problem Name Contributor
21 Polynomial continued fraction for « Michael Shalyt'
22 Euler’s constant 7y as an Apéry limit ' SR
23 The sum 7 + ¢ as an Apéry limit Ratcan Enflach o e e o
24 A series of harmonic numbers converging to a polyloga- 350 i 2% Sym b | Ot | C | ntegrat | O n
rithm combined with zeta values Carsten Schneider”
Au 25 Efficient rational approximation of Catalan’s constant 7 Hile B . I ncrease t ru st in AI

26 A series for {(2) + {(3)

27 Efficient four-term recurrence for (2) + ((3)

Elyasheev Leibtag?
28 Very fast rational approximation of v/ 10005 /= yasiccy Lelbtng

Hard problems that Al cannot
solve without CAS

3.1 An integral over knot polynomial roots expressing 72 John Campbell*

32 Optimality of Apéry’s irrationality-measure bound for {(3)  Shachar Weinbaum'

Role Name Email
Proof Collection Tali Monderer' talimon@campus.technion.ac.il
Validation Ashvni Narayanan' ashvni.n@campus.technion.ac.il
Principal Investigator Ido Kaminer! kaminer@technion.ac.il

'Ramanujan Machine Group, Technion, Haifa, Isracl.

?Rescarch Institute for Symbolic Computation, Johannes Kepler Universitiit Linz, Linz, Austria.
‘l)cpanmcnl of Mathematics, Computer Science and Statistics, Ghent University, Ghent, Belgium.
‘Department of Mathematics and Statistics, Toronto Metropolitan University, Toronto, Canada.
*ramanujan.machine @ gmail.com




P1 P4 P1 Pa

ag a5 w a6 a5 Automating QFT research
@ [0 a7 g Ea? Qg
¢ The state-of-the-art in modern particle-physics computation
(25] g %— f# (5] kg %.
P2 P3 P2 P3
(a) Double-box with (b) Double-box with (e) Non-planar double-box for Computing Feyn man integrals:
an inner massive loop, an outer massive loop, Higgs + jet production, .
G = inner-dbox G = outer-dbox G = Hj-npl-dbox = Gelfand, Kapranov, and Zelevinsky (GKZ) systems

p1 P4 p1 Pa p1 P = hypergeometric functions
\ g [0 / Qg (043 \ g Qs /

= their generalizations
(051 i ia'? §a4 aq ay [0 7] aq § GW‘l
&

p/ (o) ) Qg -\ Qo Qg / 85 a3
2

Ps3 P2 D3 P2 P3

Holonomic functions
Airy, erf, Feynman, ...

(d) Double-box for Bhabha (e) Second double-box for Bhabha  (f) Non-planar double-box for
scattering, G = Bhabha-dbox scattering, G = Bhabha2-dbox Bhabha scattering,
G = Bhabha-npl-dbox

Kampé de Fériet
Appell, Humbert, ...

iy g aj ! - .
P1 P4 p1 Hypergeometric
iy e
Do P P P2 7oty Gauss, Bessels, ...
(23] a9 Qg | .
P3 L Elementdry functions: °
(g) Kite diagram Wit_h generic (h) Parachute diagram with generic sSin, COS, pO|ynornS'
masses, G = kite masses, G = par (i) Non-planar penta-box fir Higgs +

jet production, G = Hj-npl-pentb

P1

a1 g

P2 Fevola, Mizera, Telen, “Principal Landau Determinants®,
(j) Massless planar (k) Massless non-planar (I) Second massless non-planar

doublo.pentagon. G  dpent  doublepentagon, © — npl_dpent _double-pentagon, G —npl-gpenr2  COMputer Physics Communications 303, 109278 (2024)



4F3(E = 13‘2), 5F4|:E = —lj".?i)

107
LI
: 2 a1
Michael Rotem 5 10" 5
Shalyt Kalisch 3
E
=
&
10°
] —4— ramanujantools, sF3 --¢-- ramanujantools, sFs
—4+— Mathematica, sF3 --¢-- Mathematica, sF4
—+— SymPy, 4F; --¢-- SymPy, sF4
w0t 1! 108 10
~ Parameter scale
Geaon (2 7) = ——= [0, Fy (110, 110; 220; 2), F3 (49, 49; 95; 2) '
—z"2"10,F1(49,49; 98; 2), F1 (110, 1105 220; 2) |
2,2,2,2
4F3( - —1): 6 (18¢(3) + = + 288log(2) — 231)=

= 0.79809995535782920915577332222. . .
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Bottom-Up Inference from Low-energy Descriptions (BUILD)

_ 1 2r lpa pfu L lpa pBuglza pB.u
‘QG(x)"lﬁﬂ-G k[~ 4ha,ukﬁ +4h6,u hﬂ +2hmﬁh#

e B
—aup?B  lpoapBu v lpapu,p
L) = LA L LA TR LS (o

Effective Field Theory:

MLl Tl Ul Tl A
8% "pu oy g ..
General Relativity
LR OV e AP Bl g : :
TulewTe T8 Tl T i perturbative expansion

of the Einstein-Hilbert
Lagrangian around flat
spacetime

Yy v 8 L Lpu v o f
4ha hp,ﬁ hv + 2kv h“’ﬁ ha,

>— o

Full Quantum Field Theory:

Quantum Gravity

the curvature of
spacetime emerges
from an interaction?

Lifshitz, et al. Emergent Curvature from Flat-Space QFTs: A Computational Search for Quantum Gravity, in preparation (2026)
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» Gravity emergent from a quantum field theory
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Lifshitz, et al. Emergent Curvature from Flat-Space QFTs: A Computational Search for Quantum Gravity, in preparation (2026)
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1. Question finding

o [:@ Question generator J

spot anomalies and
fruitful directions

&

2. Outlier
hypothesis

6. Falsification
and refinement

Physics-aware
world model

hypothesis memory

L ’[ (W] Persistent ]

use data, simulations,
and contradictions

maintain radical ideas
long enough to test

Einstein-like
discovery engine

multiple capabilities
that interact, rather than
a fixed sequence

3

5. Symbolic
derivation

derive consequences
and consistency
checks

3. Principle
compression
seek symmetry,
simplicity, and
latent variables

Compression
—-o f
@ objective

8 Symbolic | __ |
sandbox

4. Semi-formal
representation

bridge intuition and
mathematics

*~"* F=ma Discovery
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Vision

ﬂVhat is the future of CAS? \

Hybrid LLM—-CAS workflows may evolve in

three directions:

symbolic reasoning.

* Deeper integration: CAS will co-evolve
with LLMs for stronger symbolic suppo

begin building internal symbolic
procedures.

-

* Intrinsic mastery: models improve direct

e Autonomous tool creation: models may

rt.

/

Trust Spectrum

@ @ U

Soft Intermediate | Hard
(Numerical) (CAS Certificate) (LEAN / Theorem Prover)

/ Trust through \

verification workflows

The next step is not only stronger models,
but trusted workflows that combine
generation with verification.
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Shalyt, Michael, Rotem Elimelech, and Ido Kaminer. "Asymob: Algebraic symbolic mathematical operations benchmark." arXiv preprint arXiv:2505.23851 (2025).



