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Quantizing gravity and links to observation

* What are the smallest, indivisible constituents of geometry?

* Could they be observed!?

* What might the effects be?



Quantum Gravity:

® General Relativity G, C
® No Background: Space and time are dynamical quantities
® Geometry is continuous

® Geometry determines motion of Matter determines Geometry determines
motion ...

® Quantum Theory h

® Built on fixed background spacetime

® Discrete quantities e.g. H atom F/,, = —13.6/712 eV
® Fundamental uncertainty to physical quantities

® Superposition, measurement process, determining physical states ...



What is Quantum Gravity: How about the QG scale!?

Planck length

Dyson (2004): "l propose as

(p =] — = 10~ 3°m a hypothesis to be tested
c3 that it is impossible in
Planck energy principle to observe the
existence of individual
hed gravitons. | do not claim that
Ep =1\ — = 10%%eV = 10° J this hypothesis is true, only
G that | can find no evidence
against it. If it is true,
Figure of merit quantum gravity is physically
E meaningless. "
LHC 10—16
Ep

Like doing quark-physics by watching a soccer game !!

Testing physics on scales from the observable universe 10°°m to the LHC scale 10 m

All of known physics is contained in the same interval as from everyday scales to the Planck scale



Quantum Gravity: Why Bother?

General Relativity breaks down at physical singularities

black holes

collapsing matter generically form singularities

big bang

following cosmological solutions back leads to singularity




Quantizing a Particle in a Box

position momentum

L p




Quantizing a Particle in a Box

position momentum
L p
{z,p} =1 > |z,p| =th AzAp>h/2




Quantizing a Particle in a Box 0 tU(x)

position momentum

x p
{z,p} =1 > |z,p| =th AzAp>h/2 %

Solve Schrodinger’s equation @hg ) = ﬁ )
ot 2m

9 .
(z,t|) =1/ 7 sin (W—;x) etEmt/h

energy states

P n) € H
" 9mI?2

solutions

‘H  Hilbert space



Quantizing Gravity

|dea: Allow time-like directions to take a special role

from spacetime




Quantizing Gravity

|dea: Allow time-like directions to take a special role

from spacetime to space + time




Quantizing Gravity
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New variables (Ashtekar)

Juv — E* + slicing information curvature — Azb

electric field vector potential (connection)

momentum position



Quantizing Gravity

|dea: Allow time-like directions to take a special role

from spacetime to space + time

New variables (Ashtekar)

Juv — E* + slicing information curvature — Azb

electric field vector potential (connection)

momentum position

{45(2), BY (y)} = G356V 6" (x — y)



Quantizing G I"aVit)’ Handy quantities for quantization

Wilson lines (or holonomies)

Js = / E*nqd’o 1 h, = Pely Aatdr !
S
A

Flux of geometry

satisfies

JEJY — JLJE =idssJi:  or  {Jk, JL)} = idgg € JE

identical to angular momentum
L*LY — LYL® =L~ (L', L7} = i~ L"
J}; are quantized identically to angular momentum!

each edge has a quantum number § = %, 1, %, 2...



Quantizing G I"aVit)’ Handy quantities for quantization

products of edges, each with a spin label - a spin network graph

physical states satisfy - “solving Schrodinger’s equation”

Gly) =0 gauss \/

ﬁ‘¢> = () spatial coordinate covariance \/
Hly)

quantization is not yet complete

0 dynamics open

quantization of spatial geometry is done resulting in:

states of quantum geometry in spin network basis ’G] Z> c Hq

g

good quantum numbers: ¢ graph G \ )
* spins j (one for each edge)

* vertex labels i (intertwiners)




Quantizing Gravity

discrete spectra of spatial quantum geometry

area. 4:'\7 Rovelli,Smolin (1995), Asktekar,Lewandowski (1997)
3

angle:
Major gr-qc/9905019

é(1,2)|j> = 0(1,2)[j) with

rGr +1) = 101 + 1) = jalja + 1))

0(1,2) = arccos (
2 [j1(j1 + 1) ja(jz + 1))/

How might the spatial discreteness be manifest?



Quantum Gravity Phenomenology

{ LocahLorentz }

Modified Dispersion Relations X ]
Invaridnce J

photons fermions
3
2 2 § 3 p
Wi = ps L 2 — p? 2 -

Dynamics from Field Theory (QED)

® New processes, forbidden in the usual LLI theory, can occur.

® Thresholds for processes in the LLI theory can shift.

® Upper thresholds can occur; momenta can be high enough so that
processes turn off.



Quantum Gravity Phenomenology

Gambini Pullin gr-qc/9809038

Birefringence: A kinematic effect  jacobson, Liberati, Mattingly hep-ph/0209264  § Locahlorentz

\ Invaridgce f

wi =pyE 1

Over a distance d the polarization of linearly polarized light wave with momentum k
rotates

Wy —wo kd

0(d) = 5 d ~ £2Mp

Detection of polarized light yields a constraint, for finite bandwidth of detector k1 < E < ks

7TMp
(k3 — ki)d

P

Laurent et.al 1106.1068

Constraints from gamma ray burst GRB041219A Stecker 11022784

<107 !



Quantum Gravity Phenomenology

2 logé& /
-4F
\ 6 /
Biref. -8[
-10[
GRB ;:Ef\\ 12F /

QED parameters \

10~ > ~———r =
. . g
- -18f i -
2 4|6 -8 1012 -14 -16 -18 18116 14 12 10 8 6|4 -2 Maccione et. al. 0707.2673
S Iog Girelli et. al. 1210.1485
J i 1
R 1 >

107°

Constraints from birefringence and analysis of spectrum from Crab Nebula
Effects originating on Planck scale are severely constrained by current observation!!

Requires long “lever arm”, in this case breaking Lorentz invariance



Quantum Gravity Phenomenology u

A lever arm without Lorentz symmetry breaking?

Exploring an “atom of quantum geometry”

® Truncate the Hilbert space, to a single vertex

® Can have non-vanishing area, volume and angle

® Has an orthonormal basis, the intertwiners" label ways to add spins

® Has dual picture of (fuzzy) convex polyhedra

Bianchi et. al.

Could the “graininess” in angle be observed!?




Quantum Gravity Phenomenology

100 —- ,
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angle spectrum
asymmetric distribution



Quantum Gravity Phenomenology

A lever arm without Lorentz symmetry breaking?

® Model assumptions: (l) all lowest area faces (j=1/2 for all incident edge labels)(2) Unifor
probability distribution - every way to build the vertex is equally likely Seifert arXiv:gr-qc/0108047.

® .. new distribution of angles in this quantum geometry

® The ‘shape' of the local geometry of space is altered by the combinatorics of the atom.

® For large, “semi-classical spins” (j’s large) and small ““shape parameter”

® The model exhibits a systematic shift in the shape of geometry and angular measurements.

€ = \/]1]2/]3 > 0 usual angle distribution in flat space

How might discrete spatial geometry be observed!?



Quantum Gravity Phenomenology

A lever arm without Lorentz symmetry breaking?
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Quantum Gravity Phenomenology

How might discrete spatial geometry be observed!?

e.g. electron - positron (Bhabha) scattering

The pure QED differential cross section for the process at lowest order

) do o (34 cos?6)?
d? ) qep 4 (1 —cosf)?

* Center-of-mass energy has a corresponding
length scale.

* The quantum geometry at this scale
supports measured angles in cross section

* Scattering is a measurement of geometry

do/dQ (GeV2nb/sr)
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Quantum Gravity Phenomenology

How might discrete spatial geometry be observed!?

The effects of the altered angular distribution kick in at energy A

Shape corrected cross section has a correction of the form at lowest order

do y do 1 3s sin” ¢ 8
ds) Q) opp i A% ) \ 3+ cos?6 s

105 T 1

(do/dQ2) g/ (dO/dL2) gy
| .

0.9 : :
-0.5 0

0.5

1+—cos(9)e+...)

There is a systematic
shift in deviations

Derrick et. al. (1986)
Major 1005.5460



Quantizing gravity and links to observation

* What are the smallest, indivisible constituents of geometry?
spin networks / fuzzy convex polyhedra
atom of geometry - a single vertex
* Could they be observed!?
requires large lever arm, e.g. symmetry breaking

already effects originating at Planck scale are severely constrained
in Lorentz violating effective field theory

* What might the effects be!?



Quantizing gravity and links to observation

* What are the smallest, indivisible constituents of geometry?

spin networks / fuzzy convex polyhedra
atom of geometry - a single vertex

* Could they be observed? Maybe

requires large lever arm, e.g. symmetry breaking
already effects originating at Planck scale are severely constrained
in Lorentz violating effective field theory

* What might the effects be!?



EXTRA-EXTRA! Details

Dim 5, quadratic, irreducible terms (Myers,Pospelov)

N 1
2]\31[) u'uF,ul/ u -0 (UUFGV) T M—Pu'uw’}/,u (Cl + <275) (u ' 5’)%

Lryv =



Building Geometry: Classical Tiles

Local construction with tiles built from 3 numbers (A, TAL) Q
Areas Az

Directions (6, ) TAL,L
Satisfying “Closure™  A1n1 + Aong + ... Ayny =0

A set of closed, non-coplanar tiles uniquely determines a convex polyhedron (Minkowski 1897)

Shape determined by angles 6’(13) =N - ﬁj



Quantizing Gravity

Einstein’s General Relativity

metric . :
partition function

Juw Z|g) = / Dglet S 4o VaR Lnaer)



