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'1'’he Unreal World

® Our objective 1s to obtain the real world from a string compactification

® We would happily start with a modestly unreal world

N =1 supersymmetry in 4 dimensions

Because 1t 1s Ricci flat, the
Calabr—Yau geometry ensures
4d supersymmetry

Use topological and geometric
features of the CGalabi—Yau to
recover aspects of the real world

Candelas, Horowitz, Strominger, Witten (1985)



There 1s a now.

Calabi—Yau

Mee (2012)
S+ i =0CP?

here vanishing holomorphic 1n-form

The canonical |

bundle 1s trivial

There is a Kahler metric with holonomy in SU (n)



Why a Metric?

® Numerous constructions of Standard Model — z.e., correct matter spectrum

and 1nteractions — from knowing only topology Braun, He, Ovrut, Pantey (2005)
Bouchard, Donagi (2005)

® (uantities relevant for phenomenology rely on knowing the metric

— Yukawa couplings in heterotic compactifications
— Kinetic terms from Kahler potential for matter

— Moduli stabilization

® 'lo date, the best we can do 1s proceed with numerical approximations on

Calabi—Yau threefolds

® [sit good enough to calculate, e.g, the mass of the electron?
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Topological Invariants
of CICYs

Knot Theory QCD

Hughes (2016)
VJ, Kar, Parrikar (2019)
Levitt, Hajij, Sazdanovic (2019)
Gukov, Halverson, Ruehle, Sulkowski (2020)
Craven, VJ, Kar (2020)

Hashimoto, Sugishita, Tanaka, Tomiya (2018)
Hashimoto (2019)
Akutagawa, Hashimoto, Sugimoto (2020)
Gal, VJ, Mayorga Pefia, Mishra (2020)

Bull, He, VJ, Mishra (2018, 2019)
Erbin, Finotello (2020)

Many other hep-th and math results in this direction in recent years

He (2017)

Krefl, Seong (2017)

Ruehle (2017)

Carifio, Halverson, Krioukov, Nelson (2017)



Feedtorward Neural Networks

Input vector

L1
w1
To Wo o(wir1 + woxs + w3xs + b)
W3 Rosenblatt (1957)
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Schematic representation of feedforward neural network. The top figure denotes the perceptron (a single neuron),
the bottom, the multiple neurons and multiple layers of the neural network.
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Other Work

e Lifforts in finding/using numerical metrics

Headrick, Wiseman (2005)

Donaldson (2005)

Douglas, Karp, Lukic, Reinbacher (2006)
Braun, Brelidze, Douglas, Ovrut (2007, 2008)
Headrick, Nasser (2009)

Anderson, Braun, Karp, Ovrut (2010)
Anderson, Braun, Ovrut (2011)

Cui, Gray (2019)

Ashmore (2020)

Ashmore, Ruehle (2021)

® Parallel Machine Learning successes in finding Calabi—Yau metrics

Ashmore, He, Ovrut (2019)
Anderson, Gerdes, Gray, Krippendorf, Raghuram, Ruehle (2020)
Douglas, Lakshminarasimhan, Qi (2020)

® Analytic K3 metrics

Kachru, Tripathy, Zimet (2018, 2020)



CICYs

Torus: 2] + 25 + 25 =0 C P?

K3: 27 +25 4+ 23 +2; =0 C P’

Fermat quintic: z? + Zg + 295, - Zi T Zg =0CP! 101

—
> o
N
N =
|
—

Dwork quintic: 22 4 25 + zg + 22 + zg — B 220232425 =0 C P, W #£1

] 114,23 afziziz = 0

v [P3]3 0 1 ik, Ak
Tian—Yau: Pl 3 1 <> B R wwy, 0
= 0

\ - 4 x=—18 v ziw;

a freely acting Zs quotient gives a Calabi—Yau with x = —6

Greene, Kirklin, Miron, Ross (1986)



'T'he Metric

Calabi—Yau manifold M is complex and Kahler

Metric obtained from Kahler potential

g.5 = 0,07 log K(z, 2)

Metric can be used to construct (1,1) Kahler form

(

J:2

9.7 dz% A dzg < closed: dJ = 0
JANQ =0

Ricci tensor 1s

R ; = 0,05 logdet g



Yau’s Theorem

1
To every closed (1,1)-form %01(/\/1) representing the first Chern class ¢ (M)
of a Kahler manifold M | there is a unique Kahler metric in the same

Kahler class whose Ricci tensor (form) 1s the closed (1,1)-form Cy(M)

Calabi (1957)
Yau (1977)

Yau’s proof of (alabt’s conjecture 1s not constructive

Solve classical Monge—Ampere equation for real valued ¢

det (9,5 + 0uOpp) = el det g,z

\positive definite any smooth function of average 1

Then J 4 10,059 , Kihler metric, can attain any Ricci (curvature) form
in the class referred to in Calabi conjecture



Donaldson’s Algorithm

Start from Fubini—Study metric on projective space, which 1s Kahler

1 n—+1
K(z2) = —log|sf? , |22 =3 237
7

a=1

B ’Z|25a5 L Za’Zb

gal_) — aaaBK T

m|z|*

Pullback of the Fubini—Study metric onto the embedded CICY

hypersurtace 1s not Ricci flat

However, 1t supplies a starting point for an iterative construction

1 _
A valid Kihler potential is K®)(z, z) = . log(h*5457)

s /
clement of a basis of degree k holomorphic polynomials over M

Kodaira embedding



Donaldson’s Algorithm

Let Ni be the dimension of such a basis and define

Ny Sa 57
H_; = dVol -
2 Volg /M e heds,.s

At level k use, b = (H ;)" ! and proceed iteratively until achieving a

“balanced metric” H

As k increases, the balanced metric approaches the Ricci flat metric

Tian (1990)
Donaldson (2005)

Numerical implementations of this are computationally expensive

Douglas, Karp, Lukic, Reinbacher (2006)
Braun, Brelidze, Douglas, Ovrut (2007)
Ashmore, He, Ovrut (2019)

Baseline for comparison



Flatness Measure

® We use o-measure

1 Volg JA-AJ
_ dVolo |1 . /
“ = Vol / oo Vo,  QAQ

® |wo expressions tor volume

in terms of top holomorphic

VOIQ:/ Q/\Q —
M

and antiholomorphic forms

Vol; = / JN--+NJ  «——intermsof (1,1) Kihler form
M

® Upon rescaling, this measure becomes zero when

OANQoc TN ANJ



Other Measures

e Kahler measure

1/n
o — Vol / dVol ; ‘MQ < closed: dJ = 0
VOlQ M

’k‘z — Z ‘kab(‘;’Q ,  Kabe = Oagbe — ObJac

a,b,c

e (ompatibility measure

1 1 ol
,LL—N—p!S: S: Volo /MdVOIJ | M (m,n;m'n")

/ e, \

M = ¢™m) _ Jac - o™ ") . Jac
number of patches \ 9 ac - g ac

measures disagreement of numerical metric
on different coordinate patches of manifold

label patches
Zm 7 0

Zn dependent coordinate



Strategy

® Decompose metricas g = L - D - LT

‘\‘\diagonal matrix
lower triangular
ls along diagonal

® (uve the neural network the metric at points on manifold and query the
trained neural network for the metric at new points

® Inmitialize metric at random

® Use gradient descent to minimize loss function

Loss = as0 + ok + i



Neural Network

® Neural network architecture

L2

ANNI1

1 Eigenvalues

metric at
points x;

ANNZ2

® Implemented using pytorch

L entries

g=L-D-

N/

LT




Point Selection

CICY hypersurfaces (torus, K3, quintics)

Lines in [P" are uniformly distributed with respect to SU(n + 1)
symmetry of Fubini—Study metric

Choose points on manifold from intersection of each line in the ambient

space with the hypersurtace
N W

Braun, Brelidze, Douglas, Ovrut (2007)
Anderson, Braun, Karp, Ovrut (2010)
Ashmore, He, Ovrut (2019)



Points on 'lorus

Ti (211) 7

(1,2)

Im( z1)
o
Im( z1)

-1 T =
) T Y T Y P o
) -1 0 1 2
Re(z1)
Zm 7= 0

Zn dependent coordinate



Flat Metric

True Flat Metric

Predicted Flat Metric




INtic

Points on Fermat Qu

Re(zy)




Points on Fermat Quintic




Points on Dwork Quintic

Im(z4)




Curvature on Fermat Quintic
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g-measure
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Log,, k—-measure
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Log,, u—measure
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Total Loss
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Comparison to Donaldson

0.0_—'




Discrete Symmetries

® Fermat quintic invariant under 7 : 2; — We2; , W5 = e2m1/5

® Measure using 4,(7) := %Z

z

gNN(Qn; Z) _ gNN(Hn; T Z)
gNN(Hn§Z)

® (onsistency check, but also learning while performing an auxiliary task

—— True Symmetry Non-symmetry
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'T1an—Yau
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Ricc1 Flow

Every simply connected, closed three manifold is homeomorphic to .S .

Poincaré (1904)
Perelman (2002, 2003)

In fact, Perelman’s result 1s more general: it proves geometrization conjecture

— analogue of uniformization theorem in 2d
Thurston (1982)

Hamilton (1982-1999)

Solved using Ricci flow with surgery
d

—gup = —2 Ric,, <+—— fixed points are Ricci flat

dA

In fact, Perelman considered gradient flow equations associated to entropy
functional

F = /M dV e/ (R+(V[)?)

Ricci flow 15 like RG evolution of non-linear sigma model on string
worldsheet with target space metric g, Friedan (1980)



Kahler—Ricc1 Flow

® Lquations of motion

%gab = —(Ric,z; + Vo Vi f) +«—— modified flow equation
0 .
P = -Af—-R «—— backward heat equation

® Flow preserves Kahler class of metric

e Start with pullback of Fubini—Study metric and solve Ricci flow equations

® |.oss function encodes equations of motion

® Preliminary results



Ricc1 Flow on lorus

curv




Work in Progress

How metric changes as a function of complex structure parameters 1n, for
example, mirror quintic

Tian—Yau, split bicubic, and other manifolds with A" > 1

Generalized CICYS Anderson, Apruzzi, Gao, Gray, Lee (2015)

with Berglund, Hiibsch

Toric Calabi—Yau from Kreuzer—Skarke and G5

Altman, Gray, He, VJ, Nelson (2014)
Demirtas, McAllister, Rios-Tascon (2020)

Top down look at low energy eftective action 1n 4d 1n realistic string
compactification
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