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Big Data in Big Sciences
Cosmology is marching into a big data era:
SDSS
DESI
LSST
Euclid
WFIRST
CMB-S4
SKA
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2 PB
> 60 PB
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>2 PB
104 ⇥Planck
4.6 EB

schedule
2000-2020
2019-2027
2020-2030
2020-2027
2023-2030
2020-2027(?)
2019-2030(?)

type
optica
optica
optica
optical/ne
near-IR
microwa
radio
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region, or the entire moduli space in order toInfind
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for the asymptotic vacuum counting formulas
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x ln |x|2 + O(x).
(5.8)
µ
µ
0
0
ich do not satisfy Eq. (5.3), we will find that the
15
5.2.InDistribution of flux vacua
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number of vacua (like S above), while a few should
above), averaging
out to
Eq. (5.1).on rigid CY
10
Flux
vacua
x=1-ψ plane

Distribution of String Vacua
0.04

[Denef-Douglas]

e following toy
configuration
of the upper
x superpoten-

5

0.02
3

-0.4

2

(5.4)

1

(5.5)
𝜏-plane

0.2

0.4

Fig. 5: Distribution of W = 0 vacua in complex structure fundamental domain
for L = 2000 for large values of Im τ .
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The next peaks have height Im τ ∼ L/4 at Re τ = ±0.25. We also confirm numerically
[Giryavets, Kachru, Tripathy]
that the distribution-0.04
of vacua in the complex structure fundamental domain is in accord
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Fig. 3: Each with
point1/(Im
is a vacuum
on the x = 1 − ψ complex plane. The monte carlo
simulation data is: number of random fluxes N = 5 × 107 ; random flux interval
f, h ∈ (−100, 100); complex structure ψ space region |x| < 0.04. There are 11249
vacua, but 6306 of them arise at |x| < .00001 and have been removed from the plot
1.3
(they would all cluster at the origin).
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Fig. 6: Void structure of distribution of W = 0 vacua in dilaton fundamental
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Figure 6: Values of τ for rigid CY
flux vacua with Lmax = 150.

This remarkable unity of physics suggests that we
can use similar tools to analyze the structure of
the cosmos [Cole, GS, ’17]; [Biagetti, Cole, GS, ’19]
and the string landscape [Cole, GS, ’18]

Topological Data Analysis
•

When the space of data is huge, we cannot simply “visualize”
the structure of data. We need a systematic diagnostic tool.

•

Topological data analysis (TDA) is a systematic tool in applied
topology to diagnose the “shape” of data.

•

To compute the shape of a discrete set of data points (point
cloud) with some stability, we need a notion of persistence.

Vary simplicial complexes formed
by the point cloud with
continuous parameters
(filtration parameters)

Topological Data Analysis
•

TDA is widely used in other fields, e.g., imaging, neuroscience, and
drug design. It is well suited for machine learning.

•

From the persistent homology of the point cloud, we can test e.g.,
the effectiveness of drugs. Similarly, we can test:

•

Early Universe
Theories

Pattern of LSS/CMB

String
Compactifications

Desired
Phenomenological
Features

A selector algorithm is often used due to the huge volume of data.
We applied TDA + these algorithms on cosmological datasets [Cole,
GS, ’17];[Biagetti, Cole, GS, ’19] and string data [Cole, GS, ’18].

Purposeful Search
•

Is there a way to effectively search for string vacua with desired
properties (e.g., small Λ, or large axion decay constant)?

•

Nature has provided a solution: evolution!
population

selection and crossover

mutation

define new population and repeat
•

Starting with a population of string vacua, we can “breed” them
(allowing for mutation as in Nature) to get a fitter population.
[Cole, Schachner, GS, ’19]

Genetics of the Landscape

Topological Data Analysis

Simplicial Complexes
• In

3,

R simplices are vertices,

edges, triangles, and tetrahedra

• Simplicial complexes are

collections of simplices that are:

• Closed under intersection of
simplices

• Closed under taking faces of
simplices

• Combinatorial representations —
easy calculations for computers

Source: Wikipedia, “Simplicial Complex”

Simplicial Homology
•

Given a simplicial complex, define a boundary operator @p
that maps p-simplices to (p-1)-simplices

•
•

We want to count independent p-cycles (i.e. p-loops) that
are not boundaries of higher-dimensional objects

vs.
Group theoretic: Zp

= ker @p , Bp = im @p+1 ,

Hp ⌘ Zp /Bp
•

•

Betti numbers:

p

⌘ rankHp

•

0-th Betti number is number of connected components

•

p-th Betti number is number of independent p-loops

In practice, homology calculation is a matrix reduction

0

=1

0

=1

1

=1

1

=0

Persistence
• How to choose simplicial representation of our data?
• Persistent homology: vary simplicial representation ⌃⌫ of data
with some filtration parameter

⌫ such that

⌫1  ⌫2 =) ⌃⌫1 ✓ ⌃⌫2

• Track each distinct feature’s lifetime (birth and death)
• Intuition: “real” topological features persist, short-lived features
are noise

• Procedure is stable against perturbations to data [Cohen-Steiner 2005]

Visualizing Persistent Homology
• Barcodes:
• Each horizontal line represents an

independent cycle contributing to a
particular Betti number (i.e. a connected
component, loop, void…)

• Lines start at birth and end at death
• To calculate Betti number, make vertical
slice and count intersections

ν_Death

•

Persistence diagrams:

1.0
0.8

• Scatter plot, each point representing an
independent cycle

• Calculate Betti number by counting “living”
cycles

0.6
0.4
0.2

0.2

0.4

0.6

0.8

1.0

ν_Birth

Persistence diagrams contain more information than
Betti number curves!

Both PDs give the same
Betti number curve

We can exploit this to improve the
data analysis of CMB [Cole, GS, ’17] &
LSS [Biagetti, Cole, GS, work in progress]

TDA for Cosmology
Cosmic Microwave Background

•

Large Scale Structure

A discriminator of cosmological models is non-Gaussianity. To leading
order, the 3-point function of temperature/density fluctuations:
h0| R̂k1 R̂k2 R̂k3 |0i = (2⇡)

3 3

(k1 + k2 + k3 )F (k1 , k2 , k3 )

•

F(k1, k2, k3) can take a variety of functional forms (shapes). Typical
approach is to fit the data with known model templates.

•

We showed TDA can give competitive measures, and in a modelindependent way [Cole, GS];[Biagetti, Cole, GS].

Applying TDA to String Vacua

have discussed in this work to hold is L > cK with some order one coeﬃcient. But if we
subdivide the region into subregions which do not satisfy Eq. (5.3), we will find that the
number of vacua in each subregion will show oscillations around this central scaling. In
fact, most regions will contain a smaller number of vacua (like S above), while a few should
have anomalously large numbers (like S ′ above), averaging out to Eq. (5.1).

TDA for String Vacua

“Topological Complexity”

5.1 Flux vacua on rigid Calabi-Yau
As an illustration of this, consider
the following
toy
Persistence
Diagrams
problem with K = 4, studied in [1]. The
configuration
[Cole,
GS]
space is simply the fundamental region of the upper
half plane, parameterized by τ . The flux superpotenblue:0-cycles
tials are taken to be

3

orange:1-cycles

W = Aτ + B
with A = a1 + ia2 and B = b1 + ib2 each taking values
in Z + iZ. This would be obtained if we considered flux
vacua on a rigid Calabi-Yau, with no complex structure
moduli, b3 = 2, and the periods Π1 = 1 and Π2 = i.
The tadpole condition N ηN/2 ≤ L becomes

2

ImA∗ B ≤ L

1

(5.4)

e.g., for flux vacua
on rigid CY,
voids correspond to
degeneracy of vacua
— relationship
between topology
of distribution and
physics

One then has
B
DW = 0 ↔ τ̄ = − .
(5.5)
A
See also [Cirafici] for the barcodes
Thus, it is very easy to find all the vacua and the value
of τ at which they are stabilized in this problem. We

𝜏-plane
-0.5

0.5

Landscape of Flux Vacua
•

Type IIB flux compactification on a Calabi-Yau orientifold:
τ = C0 + ie −φ
G3 = F3 − τH3

*6 G3 = iG3

ISD

•

ISD flux solves the eom and stabilizes the axion-dilaton and
complex structure moduli [Giddings, Kachru, Polchinski].

•

In 4D EFT, this moduli stabilization can be seen from:
W=

•

∫M

G3 ∧ Ω

𝒦 = − log −i Ω ∧ Ω − log (−i(τ − τ))
( ∫M
)

Vacuum solutions found by solving F-term conditions: DaW = 0

Landscape of Flux Vacua
•

Fluxes are quantized:
F3 =

f1
⋮

f2(h2,1+1)

H3 =

h1
⋮

h2(h2,1+1)

and are subject to tadpole cancellation (Gauss’s law):
Nflux = f T ⋅ Σ ⋅ h ≤ Lmax
•

Number of string “vacua” goes exponentially with the topology
of the Calabi-Yau manifold:

# vacua ∼
•

0 1
(−1 0)

Σ≡

2(h 2,1+1)
Lmax

500

∼ 10

In F-theory, the number of “vacua” can be even larger.

techniques. In the approximation that the vacuum density is just the volume form on
moduli space, the surface area of the boundary will just be the surface area of the boundary
in moduli space. Taking the region R to be a sphere in moduli space of radius r, we find
√
A(S1 )
K
∼
V (S1 )
r

Toy Example: IIB Flux Vacua on Rigid CY
• Superpotential W = A𝜏+B where the flux quanta:
so the condition Eq. (5.2) becomes

K
.
(5.3)
r2
Thus, if we consider a large enough region, or the entire moduli space in order to find
the total number
1 of vacua,
2 the condition
1 for2the asymptotic
1 2 vacuum counting formulas we
have discussed in this work to hold is L > cK with some order one coeﬃcient. But if we
subdivide the region into subregions which do not satisfy Eq. (5.3), we will find that the
number of vacua in each flux
subregion will show
scaling. In
1 oscillations
2
1around
2 this central
max
fact, most regions will contain a smaller number of vacua (like S above), while a few should
have anomalously large numbers (like S ′ above), averaging out to Eq. (5.1).
L>

A=
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• Vacua are mapped to the fundamental domain using SL(2,Z).
5.1 Flux vacua on rigid Calabi-Yau

blue:0-cycles
orange:1-cycles

As an illustration of this, consider the following toy
problem with K = 4, studied in [1]. The configuration
space is simply the fundamental region of the upper
half plane, parameterized by τ . The flux superpotentials are taken to be

3

Short-lived
W = Aτ + B
but correlated
with A = a + ia and B = b + ib each taking values
in Z + iZ. This would be obtained if we considered flux
topological features
vacua on a rigid Calabi-Yau, with no complex structure
moduli, b = 2, and the periods Π = 1 and Π = i.
most apparent in
The tadpole condition N ηN/2 ≤ L becomes
persistence
diagrams!
ImA B ≤ L
(5.4)
1

2

1

2

3

1

2

2

1

∗

One then has
DW = 0 ↔ τ̄ = −

B
.
A

𝜏-plane

(5.5)

Thus, it is very easy to find all the vacua and the value
of τ at which they are stabilized in this problem. We
first enumerate all choices of A and B satisfying the

-0.5

0.5

Figure 6: Values of τ for rigid CY

Persistence Pairing
blue:0-cycles
orange:1-cycles

[Cole,GS]

The Calabi-Yau manifolds of interest, Mk for k = 5, 6, 8, 10, are defined by the equations

Flux!Vacua on CY Hypersurface
where the relevant constants µ0 , µ1 , µ2 and µ3 are given by

4

k=5:

µ1 = i(2π)6 (c0 a1 − c1 a0 − d1 b0 ),

µ0 = i(2π)6 (a0 c0 − c0 a0 ),

5 µ2 = (2π)5|d1 |2 ,
xi − 5ψ x0 x1 x2 x3 x4

µ3 = i(2π)6 (c1 a1 − 4
a1 c1 + d1 b1 − b1 d1 ).

= 0,

(5.4)

xi ∈ P ,

One finds the following expression for the Kähler metric
!
"
i=0
|µ1 |2
2µ2 + µ3
µ2
2
gxx = − ln |x| +
−
+ O(|x| ln |x|).
(5.5)
4
µ0
µ20
µ0
!
6 curvature
3 form is
Thenxthe
xi ∈ WP4 1,1,1,1,2 ,
i + 2x0 − 6ψ x0 x1 x2 x13 x4 =1 0 ,
Rxx =
,
(5.6)
i=1
4|x|2 (ln |x| + C)2
where
the constant C is determined to be
4
!
|µ1 |2
µ
8
2
xi + 4x0 − 8ψ xC0=x11−x22µx0 µ32x+4 2µ=32 ≈0 −0.738.
, xi ∈ WP4 1,1,1,1,4(5.7)
,
In computing Kähler covariantized derivatives with respect to ψ, it is also useful to note
i=1

• In general, not possible to visualize a higher dim. data space.
k=6:
• For example, flux vacua of IIB orientifold on CY hypersurface: (5.1)
k=8:

h1,1 =1,

that
4

!
2,1

µ1
µ2
−
x ln |x|2 + O(x).
µ0 x
µ0
0 x1 x2 x3 x4 =
10ψ

2(5.8)
4 Z2. The only
has k = 10 :h =149
symmetry
Γ=Z
×
8
−
0
,
x
∈
WP
+ 5xdiscrete
+ and
i
1,1,1,2,5 .
0
5.2.
of flux vacua
i=2Distribution
Γ-invariant moduli:
complex
structure modulus ψ & axio-dilaton 𝜏.

x10
i

2x51

∂x K
2ψ = −

0.04
The geometry of the Mk spaces was studied
in [59] following the seminal work of Candelas

Projecting
et
al. on the onto
quintic [60] (see also [61,62] for discussions of the one-parameter models),
the x=1-ψ plane

0.02

and we follow their notation. The mirrors Wk of these spaces have one complex structure
modulus, parametrized by ψ in (5.1), and are obtained by dividing out by the appropriate
-0.04

-0.02

0.02

0.04

discrete group Gk [63]. In the spirit of [9], however, we work with the Mk rather than

their mirrors. As long as we turn on-0.02
only Gk -invariant fluxes, those complex structure

[Giryavets, Kachru, Tripathy]

•

moduli that are not invariant under Gk can be set to zero, as they are in (5.1), leaving us
-0.04

with eﬀectively one-parameter models. This simplification is analogous to that made in
Fig. 3: Each point is a vacuum ondiagnose
the x = 1 − ψ complex the
plane. The
monte carlo
TDA
can more systematically
vacuum
structure.
simulation data is: number of random fluxes N = 5 × 10 ; random flux interval
7

the previous section
to reduce to a model with a single τ modulus.
f, h ∈ (−100, 100); complex structure ψ space region |x| < 0.04. There are 11249
vacua, but 6306 of them arise at |x| < .00001 and have been removed from the plot
k
(they would all cluster at the origin).

[Cole,GS]

The moduli space of ψ for each M is quite similar: all four have (mirror) Landau-

Flux Vacua on CY Hypersurface
Projecting onto
the x=1-ψ plane
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• To identify cluster, apply density cutoff (excises cluster, results
in identifiable void)

• Does this cluster/void exist in the full four-dimensional space?

(Might not if clustering correlates with structure in axiodilaton.)
Are there significant higher dimensional features?

• These questions can be answered with persistent homology
[Cole,GS]

Flux Vacua on CY Hypersurface

• To identify cluster, apply

density cutoff (excises
cluster, results in identifiable
void)

• We found a long-lived 1-

cycle in the full four-dim.
space and only observe
short-lived higher dimension
features (sampling noise)

blue:0-cycles
orange:1-cycles
green:2-cycles
red:3-cycles

[Cole,GS]
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• To identify cluster, apply

density cutoff (excises
cluster, results in identifiable
void)

• We found a long-lived 1-

cycle in the full four-dim.
space and only observe
short-lived higher dimension
features (sampling noise)

blue:0-cycles
orange:1-cycles
green:2-cycles
red:3-cycles

[Cole,GS]

Flux Vacua on CY Hypersurface
long-lived 1-cycle

• To identify cluster, apply

density cutoff (excises
cluster, results in identifiable
void)

• We found a long-lived 1-

cycle in the full four-dim.
space and only observe
short-lived higher dimension
features (sampling noise)

blue:0-cycles
orange:1-cycles
green:2-cycles
red:3-cycles

[Cole,GS]

Flux Vacua on Symmetric T6
of vacua on the symmetric torus. We used a Monte Carlo algorithm to generate a large

20

• Factorizable T = (T ) with equal complex structure z1 = z2 = z3 = z
• Two complex moduli: complex structure modulus z and axio-dilaton 𝜏.
• Number-theoretical methods were used to find distributions of vacua

number of solutions, gauge fixing SL(2,
6Z)φ with conditions
2 3 on the fluxes, and gauge fixing
SL(2, Z)τ by only keeping solutions with τ in the fundamental domain. Our numerical

results are compatible with the results of [26], both for the total number of vacua and the

distribution on moduli space. We found the L4 scaling for L in the range 20 ≤ L ≤ 100,
where we have Nvacua ∼ CL4 with C ≈ 0.13. We have also confirmed numerically that

when Nflux > 20, the distribution of vacua is compatible with 1/(Im τ )2 . For values of

17.5
15

12.5

10

7.5
5

2.5

L < 20, the number of vacua shrinks more rapidly than L4 as L decreases, indicating that

4

2

6

8

with W=0 and with discrete symmetries
[DeWolfe,
Giryavets,
Fig. 3:
Log of the exact number
of W = 0 vacua Kachru,Taylor]
with N
< L as a function of

below this value the number of vacua is suppressed due to lattice eﬀects. At small values

flux

of L the existing vacua are dominated by small values of Im τ , indicating that the regionlog L fit by predicted curve log (0.143) + 2 log L up to L = 5000.
of moduli space with large Im τ is near a void in the lattice structure.

Generic vacua on z-plane

W=0 vacua on z-plane
1.5

5
1.4

1.3

4

1.2

3
1.1
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1

0.9

1
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Fig. 2: Distribution of generic torus vacua in complex structure fundamental
domain for L = 18.

-0.4

-0.2

0.2

0.4

Fig. 4: Distribution of W = 0 vacua in complex structure fundamental domain
for L = 5000 for small values of Im τ .

• How do “cuts” like restricting to W=0 vacua (e.g., discrete R-symmetry,

In fig. 4 and fig. 5 we illustrate the distribution of W = 0 vacua in the complex
We have graphed the distribution of vacua in the τ fundamental region for small values
structure fundamental domain for small and large values of Im τ respectively. The curves
of Nflux ≤ 18 in fig. 2. As in the rigid CY model, for which a graph appears in [26], there
visible in fig. 4 can be interpreted as the loci of values of τ associated to vacua with a linear
is quite a bit of structure to the points. In particular, something like the void found in
constraint imposed on (l, m, n); using (4.47), one sees that constraints not involving n will
[26] appears in the vicinity of the imaginary axis. This phenomenon may be related to
fix x = Re τ , while for n = C1 m + C2 l one relates x to y = Im τ as y 2 + x2 = −2C1 x + C2 .

motivated by [Nelson, Seiberg]) change the topology of distribution?

Flux Vacua on Symmetric T6
• Comparing persistent homology:

blue:0-cycles
orange:1-cycles
green:2-cycles
red:3-cycles
Generic vacua

W=0 vacua

• W=0 cut adds complexity! Long-lived higher dimensional
topological features differs from that for generic vacua.

Sampling in TDA
500

• We can’t realistically include all 10 vacua as vertices
• Can sample the topology via the witness complex:
•

From the entire point cloud Z, choose a landmark set L as the complex’s
vertices. Often chosen randomly or via sequential maxmin algorithm

•

Let mk (z) be the distance from some z∈Z to the (k+1)-nearest landmark
point. Then, given filtration parameter ⌫ , the simplex [l0 l1 . . . lk ] is included
in the witness complex if max {d(l0 , z), d(l1 , z), . . . , d(lk , z)}  ⌫ + mk (z)

≠

≠

dada
≠mama
≠data

Cherry Picking?

Searching the Landscape of Flux Vacua with
Genetic Algorithms [Cole, Schachner, GS]
General motivation: find vacua with phenomenologically interesting features
Idea: mimic biology by imitating evolution
(F3, H3) = (N1, N2, …, Nmax)

Genetic Algorithm: The basic Idea
population

characterized by their genotype
in terms of a chromosome

individuals
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Various choices to be made:
final population

definition of fitness function
selection method
crossover procedure
mutation rate
further attributes

Applying Genetic Algorithms to the Landscape… a dictionary:

crossover interchanges
flux numbers
(typically chosen to be Gaussian)

Discuss only one example, for more applications see [Cole, Schachner, GS]

Applying Genetic Algorithms to the Landscape… a dictionary:

crossover interchanges
flux numbers
(typically chosen to be Gaussian)

Consider 2 examples with 1 complex structure modulus
symmetric

and axio-dilaton

T6

hypersurface in
Search for supersymmetric vacua by solving

8 independent
flux numbers

Discuss only one example, for more applications see [Cole, Schachner, GS]

Hypersurface

search for VEV of the flux superpotential

For simplicity: consider absolute value of

optimal solution

population size

First: study diﬀerent mutation rates
around optimal solution
with radius 500

Motivation: magnitude of
relevant for the application of
KKLT, LVS or Kähler uplift
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Motivation: magnitude of
relevant for the application of
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around optimal solution
with radius 500

Mutation is
essential
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First: study diﬀerent mutation rates
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with radius 500

but not
too much!

Hypersurface

search for VEV of the flux superpotential

For simplicity: consider absolute value of

optimal solution

population size

Motivation: magnitude of
relevant for the application of
KKLT, LVS or Kähler uplift

First: study diﬀerent mutation rates
around optimal solution
with radius 500

Mutation rate
determines
final result

but not
too much!

Running Genetic Algorithm for 100 generations:

Find about 85% of individuals in range

Running Genetic Algorithm for 100 generations:

crossover and mutation
draw vacua to desired region
in pheno-space
Find about 85% of individuals in range

Conclusions

Conclusions
•

Applications of TDA to cosmological datasets and string vacua.

•

Persistence diagrams strengthen constraints on local nonGaussianities, and potentially other shapes & other observables.

•

Techniques we developed have been applied to analyze the structure
of string vacua. We performed initial study of simple flux vacua.

•

Next step is to examine the topology of string vacua point clouds
with desired features, supplementing earlier work on statistics:

•

•

Enhanced symmetries [DeWolfe, Giryavets, Kachru, Taylor], …

•

Particle physics features

[Marchesano, GS, Wang];[Dienes];[Gmeiner,
Blumenhagen, Honecker, Lust, Weigand], [Douglas, Taylor], …

Genetic Algorithms can effectively search for vacua with desired
properties (minimizing gs, W0, Λ, or maximizing faxion, ..). They can
potentially be used to test various conjectures of quantum gravity.
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