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Are NNs appropriate tools for String Theory?
‣ NNs:                            (affine trafos + non-linear functions) are universal 

approximators, i.e. they can learn in theory learn any function 
‣ For currently not fully understood reasons parameterizing maps like this …

Figure 6: Rigid Calabi-Yau vacua projected onto axiodilaton with Lmax = 150. Each point
in the diagram represents multiple inequivalent vacua. The relative sizes of the voids depend
on number-theoretic aspects of the complex rational value of the axiodilaton at the center.

However, tadpole cancellation with finite Lmax means that most points in the axiodilaton

moduli space are not represented in the distribution. Specifically, many hyperplanes fail to

hit integer points in flux space before reaching the limits in flux space imposed by tadpole

cancellation. These � values are not present in the resulting distribution.

Given a � that is present in the distribution, its nearest neighbors are found by rotating

the corresponding hyperplane in flux space until it hits a point with integer fluxes within

the bounds imposed by tadpole cancellation. For concreteness, take � = i�. If such a � is

present one of the corresponding vacua takes the form if1
h2
. Without loss of generality assume

that f1 and h2 have no common factors and that both are positive. The nearest vacuum on

the imaginary axis takes the form i

⇣
f1
h2

�
a
b

⌘
with a, b > 0. (One should use a plus sign for

f1 = h2 to stay in the fundamental domain.) To find the nearest neighbor, one minimizes a
b

over the naturals subject to the constraint Nflux = b
2
f1h2 � abh

2
2  Lmax.

As an example, for Lmax = 150, the nearest neighbors of 2i on the imaginary axis are 16±1
8 i

, while the nearest neighbor of 3
2i is

21�1
14 i. (Sometimes the plus sign takes one outside the

tadpole bound, so that the nearest neighbor above is farther away than the nearest neighbor

below.) Similar arguments to the above apply for nearest neighbors in other directions. Since

b scales as
p
Lmax in this discussion, we also come to understand the previously known fact

that the voids shrink as
p
1/Lmax as Lmax is increased [6, 69].
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… is extremely efficient for 
pattern recognition 

… is extremely efficient for 
language processing

… defies common lore in 
statistics (generalizes well, 
does not overfit)
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Applications
Conjecture Generation

Try to learn a map between quantities with 
no previously known relation, formulate 
(and hopefully prove) conjecture

Optimization and Regression

• Knot theory 

• Toric geometry 
 

• Line bundle cohomology, Brill-Noether theory  
 
 

• Many more…

• Searches for string vacua  
 
 
 
 
 

• CY metrics

Find solutions to a system of equations
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‣ Background: 
• Diophantine equations ubiquitous in ST (topological data, quantization conditions) 

• Asking whether an arbitrary Diophantine equation has a solution (let alone finding one) 
is an undecidable problem, i.e. as hard as it gets 

• However, Diophantine equations in string theory are not be arbitrary but inherit 
structure from consistency conditions, … 

‣ Study: 
• Set up a “game” in RL to solve a particular set of coupled Diophantine equations 

related to flux vacua of type II orientifolds showed that the NN 
✦ … can rediscover human-derived solution strategy that leads to partial decoupling 

✦ … can find new, more efficient strategies

Example I - Pattern Recognition in Diophantine equations

[Halverson, Nelson, FR `19]



‣ Conjecture generation: Train NNs on some knot representation/invariant. If 
they learn to predict something, hints at a (previously unknown) connection 
• Basic knot invariants      quasi-positivity, slice genus, OS    -invariance 
• Jones Polynomial      hyperbolic knot volume 

‣ NLP & RL: Get provably correct results by setting up a “game” (find the unknot) 
and have the NN device a solution strategy (sequence of Reidemeister moves)

Example II - Conjecture generation and NLP in Knot Theory
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‣ Think of metric         as a map 
‣ Parameterize as NN subject to conditions (complex, Kähler, Ricci-flat      MA eqn) 
‣ Use the expression for the (moduli-dependent) metric to 

• Compute Yukawa couplings 
• Compute massive string spectrum and check swampland distance conjecture 
• Study SYZ conjecture

Example III - Interpolation and CY Metrics
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gCY : MK ⇥MCS ⇥ d ! d⇥d

[Strominger,Yau,Zaslow `96]

[Ooguri,Vafa `06]

[Ashmore,FR `21]
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[NNs to solve PDEs: Talk by Gonzalo]
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‣ Search for consistent string solutions, use adversarial training to 
delineate swampland/landscape boundary 

‣ Get insight from ML where symbolic methods fail / are unavailable 
• Solve PDEs / EOMs for other (reduced holonomy/special structure) manifolds and 

in cases where no existence proof exists 

• Massive spectrum and relation to degeneracy under symmetry group 

• Knot Theory (unknot, sliceness, SPC4) 

‣ ML applications to RMT, SYK / JT Gravity (Graph NNs?)              ,  
Mera/Tensor Networks, quantum information, numerical bootstrap, 
integrability?

Summary and Future Directions

[Talk by Jeff]



‣ From the methods working/failing, can we learn something about the pattern 
underlying the problem at hand? 

‣ Computational Complexity 
• Are approximate but fast results acceptable? 

✦ Can we check an answer once the algorithm proposes one?  

✦ Which problems can even be approximated fast?  

✦ If we find approximate solutions, what do we require in order to believe that they are actually solutions? 

• If consistent string theories are governed by Diophantine equations, which are in general 
undecidable, how did the Universe solve them? Does that teach us something about vacuum 
selection? 

‣ If in the (very) distant future a very advanced AI proves a theorem such that no 
human can go through/understand the proof, do we accept it? Is it a proof?

Open Questions and Speculations

[Denef,Douglas `07; Denef,Douglas,Greene,Zukowski `17; Halverson,FR `18; Halverson,Plesser,FR,Tian `19] 


