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QUANTUM GRAVITY ON THE COMPUTER

Computer simulations are powerful.
They can:

» Calculate the mass of the Proton (lattice QCD)

» Predict gravitational wave signatures of colliding neutron stars and
black holes (numerical relativity)

» Maybe they can also help us understand Quantum Gravity?
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PATH INTEGRAL ON THE COMPUTER

Recipe:

» Define your theory [£(D) e—S(D) D[D]

= e Dy

» Pick your observables

» Choose your algorithm

» Geometry, here the Dirac operator D and measure D[D]
» Functions of the geometry f

» Action S (in the physicists sense, an energy, part of the measure)

(Barrett, LG J.Phys. A49, 245001 (2016))
(LG J.Phys.A50 275201 (2017) )
(Barrett, Druce, LG J.Phys. A52, 275203 (2019))
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MONTE CARLO SIMULATIONS

» Simulate a Path integral, use Monte Carlo Markov Chain to
calculate averages

» Use Markov Chain to probe space of solutions to find an optimum.
Only examine the solution with minimal value of something.
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MONTE CARLO SIMULATIONS

» Simulate a Path integral, use Monte Carlo Markov Chain to
calculate averages

» Use Markov Chain to probe space of solutions to find an optimum.
Only examine the solution with minimal value of something.

It is proven that the Metropolis algorithm will find the global optimum if
sampled long enough.
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MARKOV CHAIN METHODS IN ONE SLIDE

THE METROPOLIS HASTINGS ALGORITHM

> propose new operator D’
D — D' = D+ éM with §M some small matrix
> if S(D') < S(D) accept D' and add to the chain
> otherwise calculate exp{—S(D’) + S(D)} & generate random
uniform p € [0, 1]
if p < exp{—S(D") + S(D)} accept D’
else add D to the chain again

D! D
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(GEOMETRY AS A SPECTRAL TRIPLE

(A, H, D) Algebra A with action on a Hilbert space H and a Dirac
operator D

AXIOMS OF NON-COMMUTATIVE GEOMETRY

1. The n-th characteristic value of the resolvent of D is O(n_%’).
2. [[D, a], b] = 0Va, b € A first order condition

3. For any a € A both a and [D, a] belong to the domain of §™ , for any
integer m where § is the derivation: §(T) = [|D|, T].

4. There exists a Hochschild cycle ¢ € Z,(A, A) such that mp(c) =1 for p
odd, while for p even, mp(c) = v is a Z/2 grading.

5. Viewed as an A-module the space Hoo = () DomD™ is finite and
projective. Moreover the following equality defines a hermitian structure
(]) on this module: (£, an) = fa(¢|n)|D|~P,Va € A, VE,n € Hoo

(A. Connes, Int.J.Geom.Meth.Mod.Phys. 5, 1215-1242 (2008))
(more detail e.g. A. Connes, Commun.Math.Phys. 182, 155-176 (1996))
5/ 23



A TRUNCATED SYSTEM

l
A, D are infinite dimensional . .. ~
£, =
/1Y

TRUNCATE D

Replace the infinite D by a n x n matrix !
D — P,DP,
with P, a projector on the n smallest eigenvalues.

We assume that the finite D is a truncation of the infinite one, and that
there are no small eigenvalues that we don't see.

We could also use fuzzy spaces, for work on that see

(J. W. Barrett, LG, J.Phys. A49, 245001 (2016))
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A TRUNCATED SYSTEM

l
A, D are infinite dimensional . .. ~
£, =
/1Y

TRUNCATE D

Replace the infinite D by a n x n matrix !
D — P,DP,
with P, a projector on the n smallest eigenvalues.

We assume that the finite D is a truncation of the infinite one, and that
there are no small eigenvalues that we don’t see.
Can now use computer simulations to understand the theory

We could also use fuzzy spaces, for work on that see

(J. W. Barrett, LG, J.Phys. A49, 245001 (2016))
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INTERLUDE: OPERATOR SYSTEM SPECTRAL TRIPLES

OPERATOR SYSTEMS: THE FORMAL VERSION

Operator systems provide the mathematically rigorous version to our

“just cutting of the spectral triple”.
Algebra is replaced through an operator system & = PAP
The operator system spectral triple is (£, H, D).

States are well defined = distance measure can be generalized to:

d(wr,wz) = sup {lwr(a) —wa(a)l IO, alll < 1}

(Connes,van Suijlekom arXiv:2004.14115, van Suijlekom arXiv:2005.08544)
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CONDITIONS ON GEOMETRY

The one sided Heisenberg relation

(Y[D,Y)?) =~

Where v is a chirality and
YEARC,, Y=3,Y withl[;€ C,and Y2=3,Y Y =1

Y is idempotent and Y’ are embedding maps for the sphere

QUANTA OF GEOMETRY

If D satisfies this equation & the axioms above the spectral triple is a
union of non-commutative d-spheres (for infinite spectra).

(A.H. Chamseddine, A. Connes, V. Mukhanov, Phys.Rev.Lett. 114, 091302
(2015))
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HEISENBERG RELATIONS AS A CONSTRAINT

Can turn the one sided Heisenberg relation into a constraint for
computer simulations

2
[(r1o17) =
with ||aj|| 45 the Hilbert-Schmidt norm (element wise norm)

MOTIVATION:

Using this as an action S in Monte Carlo simulations should force the
spectral triples probed by the algorithm to be close to d-spheres

(A.H. Chamseddine, A. Connes, V. Mukhanov, Phys.Rev.Lett. 114, 091302
(2015))

(LG, A. Stern, W. van Suijlekom work in progress)
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THIS IS A (TRUNCATED) SPHERE

Positive part of the eigenvalue spectrum

_SQ
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THIS 1S A (TRUNCATED) SPHERE

Y[D. Y] D, Y} — ~ real part Y[D Y] [D Y} - imaginary part

04 —02 0.0 0.2 0.4 04 —02 0.0 0.2 0.4
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THIS IS NOT A SPHERE!
(BUT MINIMIZES THE HEISENBERG EQUATION CONSTRAINT)

Positive part of the eigenvalue spectrum

6
A best D
I SQ
4
<3
2
1
0
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THIS IS NOT A SPHERE!
(BUT MINIMIZES THE HEISENBERG EQUATION CONSTRAINT)

Y[D. Y] D, Y} — ~ real part Y[D Y] [D Y} - imaginary part

) ......

—0.04  —0.02  0.00 0.02 0.04 —0.04  —0.02  0.00 0.02 0.04
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ANALYTIC CONFIRMATION

Is the sphere the only minimum?

IKYID, YIID, Y1) = lns

» Maybe finite matrix size changes things?

» Y.~ vanish outside of some bands, in eigenbasis of DS’
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ANALYTIC CONFIRMATION

SOLUTION:
All operators of the form D + c¢B, where B = sin(7D) and ¢ € C satisfy
the Heisenberg relation in the infinite case.

This means B is a, bounded, operator with entries £+1
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ANALYTIC CONFIRMATION

SOLUTION

All operators of the form D + c¢B, where B = sin(7D) and ¢ € C satisfy
the Heisenberg relation in the infinite case.

When we truncate both DS° and the Heisenberg equation
¢ = £1/2 solve exactly? ¢ = 0, the sphere, does not

?if truncation is odd/ even
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ANALYTIC CONFIRMATION

FIRST ORDER CONDITION

The reason the solutions with ¢ # 0 are not relevant at infinite size is
that they do not satisfy the first order constraint

[[F(D%),a],<b] =0  a,b € A,

and hence do not correspond to a spectral triple.
However the defect at finite size is similar for both cases.
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ANALYTIC CONFIRMATION

FIRST ORDER CONDITION

The reason the solutions with ¢ # 0 are not relevant at infinite size is
that they do not satisfy the first order constraint

[[F(D%),a],<b] =0  a,b € A,

and hence do not correspond to a spectral triple.
However the defect at finite size is similar for both cases.

» What do operator systems say to the first order condition?

» What is the difference between these geometries and the sphere?
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NON-COMMUTATIVE DISTANCE

Distance measure in non-commutative geometry

(A. Connes, Noncommutative Geometry. (Academic Press, 1994))

d(wr,w2) = sup {|wr(a) = wa(a)l - |I[D; alll < 1}

IDEA:

If we can calculate this numerically we can plot our geometry!
Maybe we can see a difference between the two Dirac operators?

A1M:

Find states of small dispersion, then use the distance between states of
small dispersion to build a picture of M.
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NON-COMMUTATIVE DISTANCE

Distance measure in non-commutative geometry

(A. Connes, Noncommutative Geometry. (Academic Press, 1994))

d(wi,w2) = sup {|wi(a) —wa2(a)] : [[[D; all| < 1}

acA

» What are algebra elements a?
Dirac we find has same eigenstates as sphere, can use truncated
spherical harmonics as basis for P,C>(S?)P,
» Which states w?
Use coherent states, inspired by
(L. Schneiderbauer, H. Steinacker 2016, J.Phys. A49 285301)
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IMPLEMENTING THE DISTANCE CALCULATION

d(wi,wp) = Slelz{!wl(a) —wa(a)] : [[[D, a]]| <1}

Can parametrise algebra elements as a = >, cja; for a; a basis of the
algebra and then minimize

> ci({v]ailv) — (wlailw))
i
over the ¢; under the constraint that

’ZC;[D,&,’” S 1

Here we chose a; as truncations of the spherical harmonics as basis of
P,C>®(S5%)P,
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How DO WE DEFINE STATES?

COHERENT STATES

We use the dispersion and the embedding maps Y; from the Heisenberg
relations

n(we) = Dol Yiw) = (@|Yilw)? + 3 ———=

i j<k w—”wk)

Now find a set of coherent states w that minimizes this and plug them
into distance equation. The repulsive potential is to ensure even
distribution of points.

SHORTCUT!

Strictly speaking we should optimize over all a, and all w this is a
non-convex double optimisation problem and not accessible, hence our
use of Y; as a proxy.
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EFFECT OF THE REPULSIVE POTENTIAL
c=0 c =0.001

100

—100

—100 0 100

c = 1000

100

—100

—100 0 100 ~100 0 100
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STATES ARE POINTS

An element v of P(Hy) that is considered to be localized should be
localized somewhere, that is, around some ‘barycenter’ b(v) € M.
We can prove:

PROPOSITION

There exists a map b: P(Hp) — M such that

(v, w) — dur(b(v), b(w))| = O/ (1) + y/n(jaw))

as (), n(pw) — 0, uniformly in v, w.
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POINTS ARE STATES

The converse: Each point x in M can be approximated through a state
v with small dispersion and with barycenter b(v) close to x

PROPOSITION

Let M be equipped with a Dirac-type operator D on a Hermitian vector
bundle w: S — M, and let 7: P(S) — M be its projectivized bundle.
Then, there exists a family {®p}n of maps ®p : P(S) — P(Hp) such
that for all e > 0,
> dr(PA(V), Pa(w)) = du(F(v), 7(w)) + O (A1) uniformly.
> The dispersion (1) of the measure p associated to ®p(v) is
O (A=2) uniformly.
» The maps ®p asymptotically invert b, in the sense that
dm(7(v), b(®A(v))) = O (A1) uniformly and
da(PA(v)),v) = O (\/U(Mv) + /\_2) uniformly whenever
b(v) = 7(v).
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How DOES THE DISPERSION CHANGE WITH A?

State for A =4 State for A = 10

State for A = 16
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THE ALGORITHM FOR STATE GENERATION

1. Find a vector vy (globally) minimizing 7. Set V = {w}.

2: while /n(v) +/n(w) < ad(v,w) for v # w € V, do

3: Find a vector w (locally) minimizing e(w; V).

4 Append w to V.

5 for ve V, do

6: Set d(v, w) = min{|(v, av) — (w, aw)|: |[D, a]| < 1}.
7 end for

8: end while
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A PICTURE OF GEOMETRY

The truncated sphere at A =5 The analytic solution at A =5
8 ° 1.0
® o0 o® L] L]
0.5
0.0
=0.5
=1.0
- 1.0
- - 05
-1.0 ~ 0.0
-0.5 s
T00 L 05 .
2 110 2 410

» run the algorithm to generate a set of states and their distance
matrix

» use graph embedding algorithm to find a locally isometric
embedding

» wonder why the analytic solution is smaller
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ONGOING WORK
The algorithm implements algebra elements as a = > ; ¢;a; linear
combinations of spherical harmonics as a basis of P,C>(5?)P,

» Could we take linear combinations of a most general basis of
algebra elements instead?

Looks promising:
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SUMMARY

TODAYS STORY:

» Exploring NCG using computer simulations
» truncated NCGs as basis for simulations

» first numerical tests of one sided Heisenberg relation
and Connes distance function

FUTURE PLANS:

» What is the difference between the two geometries?

» More visualisations:

try using wider range of a
use algorithm on other spectral triples

» spectral triples as matter in other QG approaches?
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