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Abstract: <p>Causal set quantum gravity, computational methods Series</p>

<p>The Cactus High Performance Computing (HPC) Framework was designed to<br />
facilitate the development of software to simulate astrophysically realistic<br />

inspiral and merger of binary black holes and neutron stars. & nbsp;A major part of the motivation for<br />
its design was the US Binary Black Hole Grand Challenge in the 1990s, which<br />
was an alliance of hundreds of scientists, al attempting to collaborate on<br />

the same code base. & nbsp;In order to handle such alarge, diverse collaboration,<br />
the design ended up being extremely general and versatile, able to support<br />
virtually any sort of scientific computation.<br />

<br />

| have developed an extensive software suite within the Cactus Framework for<br />
doing large scale computations in discrete quantum gravity, using Causal Sets,<br />
and also spin networks in Loop Quantum Gravity. & nbsp;Recently, evidence is<br />
emerging that ideas from discrete quantum gravity, and consequently this<br />
software, may have much broader application in areas of Data Science,<br />

including social science, computational neuroscience, and drug design.</p>
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Main Points

Bl Computers are an important tool for progress in
Quantum Gravity
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: - Computational
M al n PO' ntS Frameworks for

Quantum Gravity
and Beyond

Bl Computers are an impeoertant essential tool for
progress in Quantum Gravity

H High Performance Computing frameworks such as
are a Good Thing for stimulating progress in
Quantum Gravity research

Bl Can build directly from each others’ results

B Can take advantage of extremely powerful but
complicated hardware technologies such as GPUs
and Streaming SIMD Extensions (SSE)
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El Quantum Gravity is not ‘just a tiny subfield of a tiny
subfield of an ancient and now mostly irrelevant area
of Science’

~ |s directly relevant to much current research in
Data Science

El Big Data
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M al n POI ntS Frameworks for

Quantum Gravity
and Beyond

El Quantum Gravity is not ‘just a tiny subfield of a tiny
subfield of an ancient and now mostly irrelevant area
of Science’

~ |s directly relevant to much current research in
Data Science

Kl Big Data

B Computational Neuroscience

El Medicine & Bioinformatics

3 Emerging quantative approaches to Political and
Social Science
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Plan of this Talk

Clarifications about “Computing”
What is a Computational Framework?

Quantum Gravity and Spacetime Discreteness
m Data as Geometry

m Ordinal Embedding

m Network Science

Results from Computational QG

m Causal Sets
= Dynamical Emergence of Continuum

m Loop Quantum Gravity

Conclusions
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Some clarification about the term
“Computing”

m Want to frame quite general discussion which is
nevertheless frank, open, and precise, about
computation in relatively new context of quantum
gravity — clarifying jargon and avoiding sales
pitches.
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Some clarification about the term Pt s

Computational
Quantum Gravity
1 : b
Computing and Beyond

Clarifications
about “Computing”

m Want to frame quite general discussion which is
nevertheless frank, open, and precise, about
computation in relatively new context of quantum
gravity — clarifying jargon and avoiding sales
pitches.

m In context of quantum gravity, many standard terms
aquire ambiguous meanings. | attempt to address
some of these issues here:
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Some clarification about the term e
. 1) Quantum Gravity
“Computing and Beyond

Clarifications
about “Computing”

m Want to frame quite general discussion which is
nevertheless frank, open, and precise, about
computation in relatively new context of quantum
gravity — clarifying jargon and avoiding sales
pitches.

m In context of quantum gravity, many standard terms
aquire ambiguous meanings. | attempt to address
some of these issues here:

B machine computing (as opposed to computing with
pencil and paper etc)
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m Aren’t numbers generally represented by symbols?
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‘Numerical’ versus ‘Symbolic’ computing

m Aren’t numbers generally represented by symbols?
~ Not really!

m Usually either:

Bl Use rational approximations
H Only explicitly name vanishingly small fraciton of the
set of all numbers
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‘Numerical’ versus ‘Symbolic’ computing

m Aren’t numbers generally represented by symbols?
~ Not really!

m Usually either:

Bl Use rational approximations
H Only explicitly name vanishingly small fraciton of the
set of all numbers

m Write symbols to ‘simultaneously’ represent infinite
collection of values
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‘Numerical’ versus ‘Symbolic’ computing < omameme

Quantum Gravity

m Aren’t numbers generally represented by symbols? T
~ Not really!
I Clarificati
m Usually either: about “Computing’

Bl Use rational approximations
H Only explicitly name vanishingly small fraciton of the
set of all numbers

m Write symbols to ‘simultaneously’ represent infinite
collection of values
~ | think this iIs what people mean by ‘symbolic
computing'.

m Here | am primarily interested in the other sort, of
‘numerical computing.
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‘Numerical’ versus ‘Symbolic’ computing

m So what is ‘numerical’ computing?
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‘Numerical’ versus ‘Symbolic’ computing

m So what is ‘numerical’ computing?
— We assign specific values to the ‘variables’ and
compute the implications of those values.
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‘Numerical’ versus ‘Symbolic’ computing

m So what is ‘numerical’ computing?
— We assign specific values to the ‘variables’ and
compute the implications of those values.
m Of course in the context of quantum gravity those
values may themselves be regarded as symbols
m a specific poset with five elements
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‘Numerical’ versus ‘Symbolic’ computing

m So what is ‘numerical’ computing?
— We assign specific values to the ‘variables’ and
compute the implications of those values.

m Of course in the context of quantum gravity those
values may themselves be regarded as symbols

m a specific poset with five elements
m a specific rank 3 oriented matroid
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‘Numerical’ versus ‘Symbolic’ computing e

Quantum Gravity
m So what is ‘numerical’ computing? e
— We assign specific values to the ‘variables’ and
compute the implications of those values. s
m Of course in the context of quantum gravity those
values may themselves be regarded as symbols

m a specific poset with five elements
m a specific rank 3 oriented matroid
m the name of some molecule

m So | have in mind what is traditionally called
‘numerical computing’, in which the variables take on
specific values, even though these values may
themselves be symbols.
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Computational

‘Numerical’ versus ‘Symbolic’ computing s

Quantum Gravity

m So what is ‘numerical’ computing? and Beyond

— We assign specific values to the ‘variables’ and
compute the implications of those values. e s
m Of course in the context of quantum gravity those
values may themselves be regarded as symbols
m a specific poset with five elements
m a specific rank 3 oriented matroid
m the name of some molecule
m So | have in mind what is traditionally called
‘numerical computing’, in which the variables take on
specific values, even though these values may
themselves be symbols.

m (I am open to suggestions for less ambiguous names
for these sorts of computing!)
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What | mean by |

m The

is primarily a modular API (“application
programming interface”).

m Introduces new paradigm in scientific programming:

m Instead of writing ‘standalone’ program in some
language,

m one writes modules within the framework,
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What | mean by ‘ Frameworks for

Quantum Gravity
and Beyond
m The
is primarily a modular API (“application
programming interface”). o e
. . . “pu . Computational
m Introduces new paradigm in scientific programming: Framework?
m Instead of writing ‘standalone’ program in some
language,

m one writes modules within the framework,

m in the language of one'’s choice (to a degree),

m which then allows them to interoperate with other
modules.
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and Beyond
m The
is primarily a modular API (“application
programming interface”). et
. . . “pn . Computational
m Introduces new paradigm in scientific programming: Framework?
m Instead of writing ‘standalone’ program in some
language,

m one writes modules within the framework,

m in the language of one’s choice (to a degree),

m which then allows them to interoperate with other
modules. These modules:

m are often written by oneself
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Quantum Gravity

and Beyond
m The
is primarily a modular API (“application
programming interface”). e
. . . “pu . Computational
m Introduces new paradigm in scientific programming: Framework?
m Instead of writing ‘standalone’ program in some
language,

m one writes modules within the framework,

m in the language of one’s choice (to a degree),

m which then allows them to interoperate with other
modules. These modules:

m are often written by oneself
m or others, often experts in different aspects of the
problem at hand
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Quantum Gravity
and Beyond
m The
is primarily a modular API (“application
programming interface”). i
. . . “pu . Computational
m Introduces new paradigm in scientific programming: Framework?

m Instead of writing ‘standalone’ program in some
language,

m one writes modules within the framework,

m in the language of one’s choice (to a degree),

m which then allows them to interoperate with other
modules. These modules:

m are often written by oneself

m or others, often experts in different aspects of the
problem at hand

m some experts are extremely adept at eliciting
extreme performance from computer hardware
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’ Computational

What | mean by ‘ Frameworks for

Quantum Gravity

E The and Beyond
is primarily a modular API (“application
programming interface”).

m Introduces new paradigm in scientific programming: What is a
Computational
m Instead of writing ‘standalone’ program in some Hmme—
language,

m one writes modules within the framework,

m in the language of one’s choice (to a degree),
m which then allows them to interoperate with other
modules. These modules:
m are often written by oneself
m or others, often experts in different aspects of the
problem at hand
m some experts are extremely adept at eliciting
extreme performance from computer hardware

m Beauty is ability to achieve this, all the while
maintaining performance as primary design principle

Pirsa: 17090019 Page 28/64



Pirsa: 17090019

Some thoughts about Software Engineering

m Performance versus ease-of-use

m Difficult to have both
m Interpreted versus compiled languages
m Interpreters as frameworks
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Some thoughts about Software Engineering ramams

Quantum Gravity
and Beyond

m Performance versus ease-of-use
What is a

m Difficult to have both Computational
m Interpreted versus compiled languages i
m Interpreters as frameworks

m ‘Playground’ versus production code
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Some thoughts about Software Engineering s

Quantum Gravity
and Beyond

m Performance versus ease-of-use
What is a

m Difficult to have both Computational
= Interpreted versus compiled languages i
m Interpreters as frameworks

m ‘Playground’ versus production code

m Cactus & language independence

m Another reflection on modularity and ‘code sharing’:

Have you ever tried to understand and use code you
have written 15 years ago?
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The Cactus HPC Framework

Target Physics

Gravitational Collapse

Black Hole Binaries

Gravitational Collapse

Target Physics

Black Hole Binaries

t=0.00 M
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and Beyond
»} Gravitational Wave Physics
Analysis & Insight
pR— S What is a
Observations |55 | |§ == Mogels

Einstein Equations: G, () = 82T,
Constraint Equations (4 coupled elliptic)
12 fully 2nd order evolution equations
for ¥, K, @y, /at)
4 gauge conditions
— GR hydrodynamics for T
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Computational
Frameworks for
Quantum Gravity

Example ThornList e

(ol ;
} Collaborative e
Many different sub-parts of complex physics FishEye (John B)
problems, e.g. Numerical Relativity: Zorro (Manuela/Carlos) W
initial data, evolution, horizons, waves, elliptic : | What is a
- . o AHFinder (Mlguel) Computational
solvers, AMR, excision, shift conditions Framewark?
Need “modular” framework which connects PUGH (Tom)
(geographically distributed) experts in each of FlexIO (John S)
these areas IOFlexIO (Thomas R)
Just one code version ! BAM_Elliptic (Bernd)
Also: PsiKadelia (Steve)
Need not knom_: about the whole code Time (Gabrielle)
Short startup times for new people
Code reuse after people leave EliBase (Gerd)
Einstein (All)

Community: Share common code and
experiences, validate results, compare methods.
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§ Portability

Develop and run on many different
architectures

(laptop, workstations, supercomputers)

Set up and get going quickly

(new computer, visits, new job, wherever you
get SUs)

Make immediate use of free resources

Portability crucial for “Grid Computing”

VARIED RESOQURCES
AVAILABLE

Origin 2000 (NCSA)
IBM SP4 (NCSA)
Compagq Alpha (PSC)
Linux Cluster (Peyote)
Hitachi SR-8000 (LRZ)
Cray T3E (Garching)
SP4 (ZIB)
Institute Workstations
Linux Laptops
Ed’s Mac

Very different
architectures, operating
systems, compilers and

MPI implementations

Computational
Frameworks for
Quantum Gravity
and Beyond

What is a
Computational
Framework?
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and Beyond
§ Large Scale e
Typical BH run needs >100GB of memory: Parallelism What is a
200 Grid Functions (tensor component functions) Computational
400x400x200 grid Framework?
Typical run makes 3000 iterations with 6000 Optimization
Flops per grid point:
600 TeraFlops !!
Output of just one Grid Function at one time step  Parallel/Fast 10, Data
500 MB (1 TB for 15GF every 50 time steps) Management’
: : Vi izati
One computation takes longer than queue times S
Often need days or weeks or more Checkpointing
Computing time is a valuable resource
One simulation: 5000 to 20000 SUs Interactive monitoring,
Need to make each simulation count steering, visualization,
portals

Pirsa: 17090019 Page 37/64



Computational
Frameworks for

. Quantum Gravity
| } Users and Toolkits
I Many numerical relativity ' Toolkits
groups around the world . ¥
Over 100 publications Cactus Computational ~ gi=5%
» Maya, Whisky, Lazarus, ... Toolkit s
+ Others: Einstein Toolkit

— Computational Fluid Dynamics _ .
— Reservoir simulations (BlackOil) » Causal Sets Toolkit
— Quantum Gravity CFD Toolkit

— Chemical Engineering , :

— Crack Propagation (Biology Toolkit)
— Environmental modeling B Teaching

— Plasma physics \» Over 30 student

— Computer science
- Astrophysics ‘ thESIS/de|0mS

— Cosmology
— Biology
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The Cactus High Performance Computing .
Quantum Gravity
Framework s

What is a
Computational
Framework?

m Modular framework ~~ facilitates development
of community toolkits

m Language independence ~ easy to use and program

m Testsuites — detects when modifications to code
change output!

m Automated benchmarking tools

m Facilitates running on supercomputers :
m Automatic parallelism
m Automatic detection of libraries — knows how to
build itself on wide variety of architectures
m Abstracts away many complications of large scale
computing
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§ Numerous Approaches to QG

Spin Foams Causal Dynamical

Causal Sets Triangulations

Quantum Gravity
and Spacetime
Discreteness

String/M- Theory Sk e

\/'/ \\' k/
Noncommutative
Y

I‘k:‘j Geometry
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Computational
Frameworks for
Quantum Gravity

§ Numerous Approaches to QG o Boyon
Causal Sets Spin Foams %;L;iaglu%};?;?slical

A:.O

Loop Quantum Gravity -

1‘\_‘ P
" " Quantum Gravity
/ "\ and Spacetime
- ; Discreteness
b
String/M- Theory yd
|
\/’/ %\ 7
| \ Noncommutative
' \
| — Geometry

~~ All predict some form of spacetime discreteness at
small length / time scales near the Planck scale
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Quantum Gravity and Spacetime

Discreteness

Computational
Frameworks for
Quantum Gravity
and Beyond

E. TS T T T T T TR T T P
X X x X X X X x
% x e, xX
X
0.9 3 x x oo x A o X f
x X X
x X b ﬁx x 28 ﬁ‘ 5 x a
X xx %
0.8 - x x X X <1
X X x X X % XX
% X% N e Quantum Gravity
. X ¢ X X ¥ :
0.7 1 x X g x XA and Spacetime
XX X % x X R X kX . Discreteness
x X e
= x x Xy X B
06 - Yo xxxx f ,§ 3 X
xx % X P X %
2 osfox, SO IR 7 K A 0%
- XX % 1
£ . X % x X
= X \ * o X “ x xx,
x
x
L . Kx § xx x x )§( x ,!‘
0.4 x X e Mg
X x XK % x
® % o w3 % o X
x )?‘ X X x x
x X x .
03 K, WX o e T %, X
x X X o
x X ) X X X g XX x
b3 x
02 - % x ¥ x x X X % .
e X X X x X
™ X %X x X X x : K
x X X X x x xx x x
01 r o X x* X N x Xx]
x X X
X x D . g x x§ ’;‘x *
0 BL. 1LX I L X 1 x X L L 1
0 01 02 03 04 05 06 07 08 09 1
space
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Quantum Gravity and Spacetime

Discreteness and Beyond
1 X = T T T T ™R T T P
% X % x X x . x X
§ x X Xx y |
09 x »x xx X x ¥
' x x X x XX xx
xX » ﬁx * % A w ¥
X s X% W )&
0.8 | X
. x x X x *<1
X X x XX % %X
% xOX K S N % X ’;‘( X
0.7 by x e R R X Ry Quantum Gravity
x X X x W n X S A and Spacetime
X x Py e
06 + * X X Xy S ¥ AN Discreteness
i" PR e * X %o
@ e 5 X K Py X X x X
[ X
g 0.5 X xx X% e X X o X X
X X X ¢ X x
04 F NBCX X x x % W X
. g o XXX K
Xx :vc X i x> X e x I’&
K x X R
0.3 o N L S o * ¥, o
x x x X
% 4 X X P g o x* «
02F X x x R R RO g
X % X X X X x
& X Xxx », | X X (.
X X X S o ¥ X X
0.1 o x . " ¥
& w x x
x x ' X % {
x X XX x x X
0 i d 1 1% 1 13 1 XX 1 1 1
0 01 02 03 04 05 06 07 08 09 1
space

~ Geometry as Data
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Data as Geometry i e

Quantum Gravity
and Beyond

Mobile phone data:

1428381900 2063_2_3 4,21812303930583 39 441.0077527068526
1428381900 2063_3_0 4,082151070910959 39 156.6167091635713
1428381900 2064_0_0 4.237465831741913 39 491.3782312381997
1428381900 2064_0_2 5.790193868189464 39 424.217684407336
1428381900 2064_1_1 7.2776012760661 39 758.6005150074806
1428381900 2064_1_3 17. F?Bguia‘d‘:"‘Zu 39 2451.383798644420
1428381900 2064_2_0 13.254485197417544 39 1166.864975840631 DatasGeomelry
1428381900 2064_2_2 15.617799462553531 39 1933.535739669483
1428381900 2064_3_1 12.151260867327524 39 783.4986097303604
1428381900 2097_1_1 17. 0237og2rq48 83 39 1306.805545524564
1428381900 3415_0_3 7.722073037605164 39 700.6958779989764
Human protein interaction data:

21422 5174 1244 111200 107647 - RP11-114F7.2 PDZK1 ABCC2
21428 23705 4356 117218 110496 - - CADM1 MPP3 BL2 | IGSF4 |
21434 51678 7064 115675 112921 MPP 6 THOP1  PALSZ|VAM
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Data as Geometry e s

Quantum Gravity

Mobile phone data: and Beyond

1428381300 2063_2_3 4.21812303930583 39 441.0077527068526
14283813900 2063_3_0 4.082151070910959 39 156.6167091635713
1428381900 2064_0_0 4.237465831741913 39 491.3782312381997
1428381900 2064_0_2 5.790193868189464 39 424.,217684407336
1428381900 2064_1_1 7.2776012760661 39 758.6005150074806
1428381900 2064_1_3 17.7789638409026 39 2451.383798644420
1428381900 2064_2_0 13.254485197417544 39 1166.864975840631
1428381900 2064_2_2 15.617799462553531 39 1933.535739669483
1428381900 2064_3_1 12.151260867327524 39 783.4986097303604
1428381900 2097_1_1 17.02070525948483 39 1306.805545524564
1428381900 3415_0_3 7.722073037605164 39 700.6958779989764
Human protein interaction data: i
21422 5174 1244 111200 107647 RP11-114F7.2 PDZK1 ABCCZ2
21428 23705 4356 117218 110496 CADM1 MPP3 BL2 | IGSF4 |
21434 51678 7064 119675 112921 MPP6 THOP1 PALSZ | VAM

m Summarize data in some useful way, to draw
conclusions and make predictions

m What better summary than a geometric
approximation?
~ View data elements as coordinates of points in
some manifold

m Support Vector Machines identify geometric
properties of boundaries within data
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Ordinal Embedding s
Quantum Gravity
and Beyond

Local Ordinal Embedding

nik Original data Laplacian eigenmaps | Kamada and Kawai |Fruchterman and Reingold
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and Beyond
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Network Science
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Network Science

SCTCTEIIPIC
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e
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23 July 2012
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Published
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Network Cosmology

Dmitri Krioukov', Maksim KGrsak', Robert S Sinkuwls'_ David Rideout , David Mr_'yer & Marién Bcguﬁu

Prediction and control of the dynamics of complex networks is a central problem in network science.
Structural and dynamical similarities of different real networks suggest that some universal laws might
accurately describe the dynamics of these networks, albeit the nature and common origin of such laws
remain elusive. Here we show that the causal network representing the large-scale structure of spacetime in
our accelerating universe is a power-law graph with strong clustering, similar to many complex networks
such as the Internet, social, or biological networks. We prove that this structural similarity is a consequence
of the asymptotic equivalence between the large-scale growth dynamics of complex networks and causal
networks. This equivalence suggests that unexpectedly similar laws govern the dynamics of complex
networks and spacetime in the universe, with implications to network science and cosmology.

hysics explains complex phenomena in nature by I'C\i'l.'n.l:]}: themtoan i:]‘.l.'l';“ y of \1]'.1:"..‘.' fundamental laws
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Network Sclence
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Network Scienc oo

Quantum Gravity

() e —
- ya ~ and Beyond
L - i - : e = \\“\\b
Hyperbolic Complex
space ’ s - ———__ nctworks

de Sitter
spacetime

s’ P's past
light'cone

Network Science
A
Y ITyperbolic
space
() ; i
AN
(b) / ‘ =18
(\\\ ,-/\_ ' P’s past light cone
N e o 4
N ' 4 t=0 R

- ‘_--'-/ i _/l v i o —— b
o] e
- / deSitter
S spacetime
v

deSitter
spacetime

-~ -
=,
o
&

& P's hyperbolic disc

Pirsa: 17090019 Page 50/64



- Computational
O Utl | n e Frameworks for
Quantum Gravity
and Beyond

Results from

ﬂ Results from Computational QG Computational QG
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Computational

Causal Sets: Fundamentally Discrete Gravity  ramewor for

Quantum Gravity

Based upon two main observations: and Beyond
m Richness of causal structure
m Need for discreteness

Properties of discrete causal order <:

m irreflexive (z £ x)
mtransitive (z <y and y <z=1z < 2)
m locally finite (|[{y|r < y < z| < 00) I

Causal Sets

Some definitions: S —

m relation & link
m chain & antichain, height & width __ v
m causal interval or order interval
m maximal & minimal elements S
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Spacetime Manifold as Emergent Structure s

; ’ . Quantum Gravity
The continuum approximation and Beyond

m Embedding — order preservingmap ¢ : C — (M, g)
r <y o(r) <oy) Ve,y €C
m Faithful embedding (‘Sprinkling’).
m “preserves number — volume correspondence”

m Spacetime does not possess structure at scales
smaller than discreteness scale

m  faithful embedding > (M, g) approximates C
09 h¥ N X £ . 4
08"‘“.-7 ) i » . 0,66
! % X a oy Causal Sets
07 ' ’ ORI T 004
05}. A ¢ A. ' ¢ ‘. “ ] “ 0.92
0 |8 N
0.3 b 3 - i '.“_.‘ ‘J' 1 0.08
0 0.8
O'T‘ 3 NN o | 0.82
0! 0.8
0 02 0.4 0.6 0.8 ! "ps o082 0B4 085 088 03 092 094 098 098 1
space P
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Early Universe of Growth Dynamics

s 1000
4 ‘s &
& ‘4 - 4
da A, 0 i
4 ‘:.::'2 y F o0
- Fy Y =
. PNl . | >
5
=

6.81 + .72
' m = 1.926 + .023

M. Ahmed and DR, Phys.Rev.D 81, 083528 (2010)
arXiv:0909.4771 [gr-qc]
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Two Dimensional Behavior for n = 15 Mo

Quantum Gravity

and Beyond
1 || I 1 T
lev 1-2
lev 2-3
min-max "
0.95 var S 1
09 +
0.85 4
jel
N\
=
(3]
0.8
0.75 7 Dynamical Emergence of
: Continuum
0.7
0'65 A L i A A
-0.15 -0.1 -0.05 0 0.05 0.1
beta
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Loop Quantum Gravity

Kinematical Hilbert Space

Canonical variables:
Consid holonomies he,, fluxes
onsider E(S)
E(7v)... edge set of v
V(v)... vertex set of v

e Kinematical Hilbert space | Hiin,v = L2(jfy,(i;h)

e Spin Network Functions

T nn(A) = ] V25 + 1. (h(A) e,

e€E(vy)
® Basis of Hiin, (Peter & Weyl): /27 + I[Wj(he)} L~ <ht. ] Me ; Me >
» Can replace —EE, ‘j Me ; Me ) = J; ‘j Me ; MNe )

Action of operators only containing E; can be expressed as action of usual angular
momentum operators acting on a spin system
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(AR TET T W E - Structure of Volume Operator

(Ashtekar-Lewandowski) Volume Operator: Structure
» Classical Volume Expression

V(R)= [ d®xz \/detq(z)

/ P \[| e e B @) B @) Bi()

» Structure of the volume operator

R) fyoctp > J|>. e, J,K) Gkl fy

veV (y) IJK )

/

graph structure

e(1,J,K) = sgn(det(ér, é;,éx)(v))

J Brunnemann, D Rideout (Paderborn, Pl CMS Summer Meeting 14
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(LN T N e Structure of Volume Operator

Graph Structure

e N edges at vertex v
e with tangent vectors

€8s

J Brunnemann, D Rideout (Paderborn, Pl CMS Summer Meeting 17
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(LN N Structure of Volume Operator

Graph Structure

e N edges at vertex v
e with tangent vectors

J Brunnemann, D Rideout (Paderborn, Pl CMS Summer Meeting 17
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(AR TET T N E - Structure of Volume Operator

Graph Structure

e N edges at vertex v
e with tangent vectors
e edge triple e1, e3, €5

J Brunnemann, D Rideout (Paderborn, Pl CMS Summer Meeting 17
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(LN N e Structure of Volume Operator

Graph Structure

e N edges at vertex v
e with tangent vectors
e edge triple e1, e3, €5

e(135) = sgn(det(é‘l ; f'f’3_- fb))

e General: (’(l,- M \) = sgn(det(a, , ;,U \ (7\))

e Assignment of sign (+4/-) to every triple of edge tangent vectors

~+ This exact mathematical object is called a chirotope in the
context of Oriented Matroid Theory

What sign combinations, aka chirotopes, will occur at all?

J Brunnemann, D Rideout (Paderborn, Pl CMS Summer Meeting 17

Pirsa: 17090019 Page 61/64



Loop Quantum Gravity GG

Extremal non-zero eigenvalues at the 7-vertex

10

01
0.01
0.001
18-04
1e-05
18-08

_ :
andt - " L
o g-index oy

& 400
3 0

200

=) )
(*;)'l ﬁﬁ ex 600 7602 :

J Brunnemann, D Rideout (Paderborn, Pl

CMS Summer Meeting 33
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- Computational
CO nC| USIOnS Frameworks for

Quantum Gravity
and Beyond

Bl Computers are arguably an essential tool for
progress in Quantum Gravity
K High Performance Computing frameworks such as

are a Good Thing for stimulating progress in
Quantum Gravity research

Kl Can build directly from each others’ results

B Can take advantage of extremely powerful but
complicated hardware technologies such as GPUs
and Streaming SIMD Extensions (SSE)

El Quantum Gravity is not ‘just a tiny subfield of a tiny
subfield of an ancient and now mostly irrelevant area  conciusions

of Science’ ~ Is directly relevant to much current
research in Data Science
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: Computational
CO n Cl U S I 0 n S Frameworks for

Quantum Gravity
and Beyond

A Use of the Cactus HPC Framework for Quantum
Gravity is leading to important developments

Bl Evidence of continuum-like behavior in the very early
universe of sequential growth dynamics for causal
sets
K Evidence of dimensional reduction in causal sets at
small scales, in the full path sum over histories
El The ability to explore generic features of LQG which
are inaccessible by other methods
~ provides understanding of the spectrum of the
volume operator at a generic spin network vertex Conclusions
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