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Abstract: | will discuss possible tests of the grainularity of space including modified dispersion relations in the formation of white dwarfs and
neutron stars and constraints on a stochastic direction field from atomic system tests.
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Physics of Quantum Gravity?
Outline: &

e Modified dispersion relations - threshold analysis
e Mass limit for white dwarfs (work in progress)

e Phenomenological modeling of discrete spatial geometry (work
in progress)

e LOoOpy effects in quantum cosmology and primordial GW back-
ground (work in progress)
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Physics of Quantum Gravity?
Quantum geometry %;I’ects the propagation of fields:

Alfaro, Morales-Tecotl, Urrutia PRD 65 (2002) 103509; 66 (2002) 124006]
suggested that states in LQG might modify the classical equa-
tions of motion e.g. “would be semiclassical states” defined
by:
1. A characteristic scale L >> £,
For scales >> L flat, continuous space
For scales << L quantum geometry
2. Peaked on flat geometry and flat connections
3. Well-defined expectation values (Hmmer)

Computed the £,/L expansion of ( Hatter )
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Physics of Quantum Gravity?
This expansion gives Modified Dispersion Relations (MDR):
In the high energy limit: &

e For fermions:

e\ TH1 &\ T £2p3
2= ot s (8) e ()

e For photons:

wi =k +6; (-‘E

k2 4+ 0ol k3
I 8tp

Model parameters: x, €, and T are undetermined

Pirsa: 07110051 Page 6/58



Modified Dispersion Relations (MDR)

&
Nota Bene:

- State i1s not Lorentz Invariant !

- There is a preferred frame.

- The constants T, L are not fixed by the state
Choice in L 77

one choice is L = 1/p

I
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Physics of Quantum Gravity?
This expansion gives Modified Dispersion Relations (MDR):
In the high energy limit: &

e For fermions:

¢ T+1 ¢ ¥ fzp:a
Ef=p’+m’+nx, f) pzqfw(f) =

e For photons:

wt = k2 + 67 (—'Pi

- k2 + Bglpk>

Model parameters: k, 8, and T are undetermined
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Modified Dispersion Relations (MDR)

&

Nota Bene:
- State is not Lorentz Invariant !

Pirsa: 07110051

- There is a preferred frame.

- The constants 7, L are not fixed by the state

- Choice in L 77
- one choiceis L=1/p

— E2=p2+m2+ﬁp—

3
Ep

- effects important when p..;; ~ (m?2/€,)1/3 ~ 1013 eV

for electrons
- model limited by p << Ep
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Modified Dispersion Relations (MDR)

&7
Nota Bene:

- State i1s not Lorentz Invariant !

- There is a preferred frame.

- The constants T, L are not fixed by the state
- Choice in L 77

- one choiceis L=1/p

I»‘3

= |E°=p* 4+ m* $ k=
Ep

- effects important when p..; =~ (m2/6,)1/3 ~ 1013 ev
for electrons
- model limited by p << Ep
How is it possible that a quantization of GR (LLI) gives modifi-
cations to LI?
4-b
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Modified Dispersion Relations (MDR)

&
Nota Bene:
- State is not Lorentz Invariant !
- There is a preferred frame.
- The constants T, L are not fixed by the state
- Choice in L 7?7
-one choiceisL=1/p

3

N Ez=p2+'m2+h' 4
Ep

- effects important when p..;; ~ (m?2/€,)1/3 ~ 1013 eV

for electrons

- model limited by p << Ep
How is it possible that a quantization of GR (LLI) gives modifi-
cations to LI?

4b
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Process Thresholds with MDR

Jacobson, Liberati, Mattingly hep—p%mlm: T. Konopka,SM New J. Phys. 4 (2002) 57
e x Order unity

e x iS positive or negative

e There is a3 preferred frame | Special Relativity is modified!

e Effects important when E_.;; ~ (m2E,)/3 ~ 1013 and 101° eV
for electrons and protons

e Model limited by p<< Ep

MDR take the leading order form

2 2

+ o+ ro
~p+—+=«
B oy T " 2Fp

form <<p<<Ep
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DSR and Threshold Analysis

D. Heyman, F. Hinteleitner, SM PRD 69 (2004) 105016

Now energy-momentum gzlations are modified. Analysis simpli-
fied in Judes-Visser variables. At root the symmetry of SR is
deformed so, not surprisingly there are no new threshold phe-
nomenon. Instead thresholds are shifted.

Two incoming particles with masses m; and mo,, resulting in N

out ging particles with masses ( M := SN2 m; and M2 =

>N 7%2m2). The SR threshold in the CM frame

2 2
m2 —m32+ M
Etg=—1 2 .

. 2M
Assuming that the composite particle relations do not differ sig-
nificantly (!)
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DSR and Threshold Analysis

D. Heyman, F. Hinteleitner, SM PRD 69 (2004) 105016

Now energy-momentum gplations are modified. Analysis simpli-
fied in Judes-Visser variables. At root the symmetry of SR is
deformed so, not surprisingly there are no new threshold phe-
nomenon. Instead thresholds are shifted.

Two incoming particles with masses m; and my, resulting in N
out mg particles with masses ( M = le_ié,zm; and M2 =

YN %2m2). The SR threshold in the CM frame
- R AT
m< —m5 + M
Eigg=—12 :
= 2M

Assuming that the composite particle relations do not differ sig-
ggcéantly (!) The first order correction is, for Magueijo-Smolin

. . AM(m3 —m3) — 2MD(m2 — m2) + 2M2M@ — M4
E* ~ B [1 A (ESR M2 — e M) !

&-a
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DSR and Threshold Analysis

The GZK process py — pr leading to

- Dmp + mr)2 4 m2
R 2(mptme)

For Magueijo-Smolin DSR

: | (#p + #rr)z -+ #3:':
2(pp + pr) + AM(pp + px)? + p2]
To first order in A this is

m?r(ﬁmg — m2)

4(mp+mz)2

apparently lowers the GZK threshold. Likewise for Amelino-
Camelia DSR

Efgp =~ Egg — A

- * A *
E* ~ E3R *-5(("’5:-31::)2 —mp)
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MDR and Chandrasekhar Mass

et

Gravitational attraction supported
by electron degeneracy pressure.
Chandrasekhar found a maximum
mass for white dwarfs

M, = 1.43Mg -

See, T. Padmanabhan, Theoretical
Astrophysics Vol 11

Hubble Space Telescope
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MDR and Chandrasekhar Mass
e What is the result for MDR? As in the threshold analysis,
p>>m and p << Ep and®

2_ 2, .2, ,.P
Ec=p 4+m<+E£
.EP
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MDR and Chandrasekhar Mass

S

Gravitational attraction supported
by electron degeneracy pressure.
Chandrasekhar found a maximum
mass for white dwarfs

.'11;_-.}1 — 143.1;(5{‘_\;

See, T. Padmanabhan, Theoretical
Astrophysics Vol II

Hubble Space Telescope
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MDR and Chandrasekhar Mass
e What is the result for MDR? As in the threshold analysis,
p>>m and p << Ep and¥®

3
E2= 2+m2+€_£_
Ep
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MDR and Chandrasekhar Mass
e What is the result for MDR? As in the threshold analysis,
p>>m and p << Ep and®

3
Ez_'2+m2+€"';

For isotropic degenerate gas

1
P.=3 (nv-p)

With cubic MDR becomes =z = p/-mf. (group velocity)

8rm?2 ”l)
- 3h3 fp \/1""".1-‘ Bd-r

r’}.r

with § = ém./Ep ~ 10723,
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MDR and Chandrasekhar Mass

The density of the star g*p x p3, or

p= 928 105.:-3gcm“3

Equilibrium occurs when the degeneracy pressure gradient bal-
ances the gravitational attraction

dP _  Gp(rym(r)
dr r2

1d [ r?dP
= —4nCG
ridr (p(r) dr) *Go(r)

Or,

10
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MDR and Chanddrasekhar Mass

ODE more easily solved in terms of energy (per unit mass) nor-
malized to the energy (z. = E./m.)center of the star Q.

Q"+ —Q +Q(1 —}ﬁ 2.5) =0

11
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MDR and Chandrasekhar Mass
ODE in Q(¢)
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MDR and Chandrasekhar Mass

ODE more easily solved in terms of energy (per unit mass) nor-
malized to the energy (z. = E./m.)center of the star Q.

Q”+§Q’+Q3(1—§ch5)=o

Numerical solution gives for 2. =10%' and ¢ =1

M, = 1.55MqpynN

with smaller radius. For € = —1

M_; = 1.38MgqpynN

13
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MDR and Chandrasekhar Mass

ODE in Q(¢)
o

Q

I .-""ﬁ.‘..

-
2.8}
0.e}
0.4 ¢

=
0.2 ——
‘q\-\::-::.-- o,
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MDR and Chandrasekhar Mass
ODE more easily solved in terms of energy (per unit mass) nor-
malized to the energy (z. = E./m.)center of the star Q.

2 3 =
&' +¢ +Q°(1 - 2Q28) =0
Numerical solution gives for z. = 10%! and £ = 1

M, = 1.55MgqpynN

with smaller radius. For £ = —1

M_; = 1.38MgpynN

13
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MDR and Chandrasekhar Mass
But
-Camacho “alloWs us to discard” E>0
CQG 23 (2006) 7355
-Corrections are small
-Parameters are already constrained further
-Other physical processes (neutronisation, GR
corrections) occur at lower densities

p = 10623

For He, C white dwarfs GR corrections become
important at 3 x 1019 g cm—3 (stability).

- ‘Secondary effects’ ? e.g. accretion and Type Ia super-
novae - champagne supernova?

14
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MDR and Chandrasekhar Mass
But
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CQG 23 (2006) 7355
-Corrections are small
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MDR and Chanddrasekhar Mass
ODE more easily solved in terms of energy (per unit mass) nor-
malized to the energy (z. = E./m.)center of the star Q.

Q"+§Q’+Q~”(1 —i—@zcs) -

Numerical solution gives for z. =10% and ¢ = 1

M = 1.55Mqpyn

with smaller radius. For € = —1
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MDR and Chandrasekhar Mass

ODE more easily solved in terms of energy (per unit mass) nor-
malized to the energy (z. = E./m.)center of the star Q.

.. 2 = < (.
Q' +EQ"+Q (1-2Qz8) =0

11
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MDR and Chandrasekhar Mass
e What is the result for MDR? As in the threshold analysis,
p>>m and p << Ep and®

3
EZ_'2+”12+£"—P

For isotropic degenerate gas

B, .
P.=3 (nv-p)

With cubic MDR becomes = = p/'me (group velocity)

- 8rm?2 [P’ —*-‘l) d.,r
3h3 \/1 _I__ 2 - Sr3

with § = ém./Ep ~ 10723
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MDR and Chandrasekhar Mass
ODE in Q(¢)
o
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MDR and Chanddrasekhar Mass
ODE more easily solved in terms of energy (per unit mass) nor-
malized to the energy (z. = E./m.)center of the star Q.

2 3 =
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MDR and Chandrasekhar Mass
But
-Camacho “alloWs us to discard” £E>0
CQG 22 (2006) 7355
-Corrections are small
-Parameters are already constrained further
-Other physical processes (neutronisation, GR
corrections) occur at lower densities

p = 106::3

For He, C white dwarfs GR corrections become
important at 3 x 1019 g cm—3 (stability).

- ‘Secondary effects’ ? e.g. accretion and Type Ia super-
novae - champagne supernova?

14
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MDR and Chandrasekhar Mass
But
-Camacho “alloWs us to discard” E>0
CQG 232 (2006) 7355
-Corrections are small
-Parameters are already constrained further
-Other physical processes (neutronisation, GR
corrections) occur at lower densities

p = 10633

For He, C white dwarfs GR corrections become
important at 3 x 1019 g cm—3 (stability).

- ‘Secondary effects’ 7 e.g. accretion and Type Ia super-
novae - champagne supernova?

14
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Discrete Geometry Phenomenology

Ted Jacobson, Thermodynamics of Spacetime: The Einstein
Equation of State o

Phys.Rev Lett. 75 (12995) 1260, Phys.Rev. Lett. 96 (2006) 121301

“Einstein equation can be derived from the requirement that
the Clausius relation dS = dQ/T hold for all local acceleration
horizons through each spacetime point, where dS is one quarter
the horizon area change in Planck units, and dQ and T are the
energy flux across the horizon and Unruh temperature seen by
an accelerating observer just inside the horizon”

GR is (only) a macroscopic theory.

Deep geometry has no metric structure

15
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Discrete Geometry Phenomenology

&7
Deep geometry has no metric structure

- Mass, metric emerge

- Equivalence principle is violated, holds for
“macroscopic”’ quantities

Local Lorentz invariance is “broken” (LLI)

- Local position invariance is “broken” (LPI)
Rotational invariance is “broken”

- Effects exist in flat space, curvature is not necessary

I

Remnants of deep spatial geometry have physical effects
16
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Discrete Geomeitry Phenomenology

Observed geometry is stable

- no inflating extra dimensions

- no sign of signature change

no change in orientation

- Planck temperature 1032 K

- Fluctuations small, long range
Deep geometry stable and discrete

Pirsa: 07110051
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Discrete Geometry Phenomenol
A “phenomenoclogical test theory” for poss:ble sngnature of dis-
crete spatial geometry: %here is a local, dynamic preferred di-
rection. u* with stochastic dynamics
The average vanishes, what is the variance? Are there effects?
- spatial (vs. Jacobson and Mattingly)
- local preferred direction
- stochastic dynmaics
Continuum approximation
- use Effective Field Theory
- remnant effects of discrete geometry are tiny - use PT
Goal is to constrain parameters and explore tests:
- LV leads to the possibility of strong constraints, e.g. bounds
on maodifications to dispersion relations
- Violation of rotational invariance leads to low energy effects
18
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Discrete Geometry Phenomenology

&
Effective Field Theory model for fermions: - flat metric n,,

All possible dimension 4 operators linear in the maodifications,
constructed from u#

- linear in model parameters

- u dynamics not included in the field theory

Relativistic lagrangian, free spin-1/2 fermion ¢

L = i oy + Py My
with
19
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Discrete Geometry Phenomenology

s
M

v + au'u"~yy + vy + vt + ieygutt

7

m + Qu‘”w# + TYs Yl

- The parameters { and » have mass dimension 1 while the rest
of the parameters are dimensionless.
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Discrete Geom etnf Phenomeno lﬂg !f
Low energy, high precisi% LLI tests - non-relativistic theory
- Foldy-Wouthuysen transformation expansion in p/m

Kostelecky and Lane hep-th /2909542
To order p/’m and linear in model parameters:

1 " b =
Hyp = m+— (87 +om' +m’c") (p: +eA:)(p; + e4;)

i (5n=' + djo’ — ,3-1.-,5&) (p; + eA;)
_|_

QL(l — 2&1&%)0";8,; — ;—a{gjka,-ugukaj‘élg + dm + dm'o; — ed
m m

Effects:
- Anisotropic inertial mass
- Spin-coupled mass

21
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Discrete Geometry Phenomenology

(51’?'1!'):
6m§j
Sn’
6?15

am

E-mf

- frame with «% =0
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effects still present.

Cut
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2m
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Low energy, high precisi% LLI tests - non-relativistic theory
- Foldy-Wouthuysen transformation expansion in p/m

Kostelecky and Lane hep-th /9909542
To order p/m and linear in model parameters:

1 s _ i . T
Hxp = m+ o (O” + dm'7 + f;\m}“”f:r'f) (pi +eA;)(p; +eA;)
- (r_'in" — 6f{1£ - .;fu%f:r") (p; +eA;)
¢ - e 1 _ ! - |
+ 2—(1 + 20ud)oB; + . 5o upup9;A) + dm + dm'o; — ed
n.m =

2m
Effects:
- Anisotropic inertial mass
- Spin-coupled mass
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Discrete Geometry Phenomenology

L
17

om
Sn’
énf
am

(‘imtll

- frame with v° =0

Pirsa: 07110051

o

—20mu;u
—2i&£§ku.,; u’t‘
¥ (uguj;))

2m

-Jut+ia

. Bu,ui . aEIJkafuiuk L .
i 2m

2m

—nu’ +¢

Eljkajﬂk
2m

I

effects still present.

Cu?

m
8“ u,
2m

23

Page 50/58




Summary - A field theory model with a stochastic, spatial direc-
tion field @

e Tests:

Spin-polarized torsion pendula

- Penning trap (single electron)

- Clock comparison experiments

- High energy tests

- non-systematic dispersion relations
- particle production

e Differs from other modeils

Pirsa: 07110051

- extended standard model (Kostelecky et. al.)
“dynamical” breaking due to (stochastic) field

- non-metric test theories such as the THeu

- Ford et. al. model uses metric fluctuations

24
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Loopy effects and GW background
Loopy effective theory and primordial gravitational wave back-

ground h(n) om
Focus on method

Observation: - Density operator corrected in early universe
1 1
"
a (a)
- Background dynamics modified a(n)

PGW Model (so far!):
In LQC and Husain-Winkler model, leading order corrections to

inverse scale factor
@~2(+F)
a a a™

ce<lin=—124%
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Loopy effects and GW background
Starting with action
T 16aC <ﬁ vV—gRd'=+ [:-n-' ﬁkd3$>

usual split g,; = a®(e; + h,;). Track kinematic factors to find

< ) {m4h”+[4{m {a‘}3< > +2< > < > m“] h’+< > (@ay*k?h =0

These kinematic effects then give the effective equation for the
modes

- 2 @ a? (n —1)ea?a?] ,
h—]—[ﬁ. a(1+eﬂn)+ — ]h—O
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Loopy effects and GW background

Loopy effective theory and primordial gravitational wave back-

ground h(n) om
Focus on method

Observation: - Density operator corrected in early universe
1 1
D
a (@)
- Background dynamics modified a(n)

PGW Model (so far!):
In LQC and Husain-Winkler model, leading order corrections to

inverse scale factor
O3
a a a™

e in—1.2 4
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Discrete Geometry Phenomenology
Summary - A field theory model with a stochastic, spatial direc-
tion field @

e Jesls:

Spin-polarized torsion pendula

Penning trap (single electron)

Clock comparison experiments

High energy tests

non-systematic dispersion relations

particle production

e Differs from other models
- extended standard model (Kostelecky et. al.)

“dynamical” breaking due to (stochastic) field

- non-metric test theories such as the THeu
- Ford et. al. model uses metric fluctuations

I

I

24
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Loopy effects and GW background
Loopy effective theory and primordial gravitational wave back-

ground h(n) m
Focus on method

Observation: - Density operator corrected in early universe
1 1
O
a (@)
- Background dynamics modified a(n)

PGW Model (so far!):
In LQC and Husain-Winkler model, leading order corrections to

inverse scale factor
@~2(+F)
a a a™

e<in—124

Page 56/58




Loopy effects and GW background

Starting with action  *

= i vmre [, )

usual split g ; = a?(e 3, + h,;). Track kinematic factors to find

(3" wonrefor @) 23 @Y e d) worn=o

These kinematic effects then give the effective equation for the
modes

n

. . n;2
i k2_a 1+£&— +(n 1)ealla —@
an ﬂn-i-ﬂ

a
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Summary: Discrete Space and Physics

&
e MDR with broken LI vields remarkable constraints via process
threshold analysis. Not so in case of deformed symmetries.

e Despite the ultrarelativistic nature of the Chandrasekhar mass
calculation the corrections are only 10 % in usual regime. As-
trophysically not relevant?

e A model of an oscillating direction field. Formulation in terms
of low-energy physics for equivalence principle tests.

e A nascent model of loopy effects on primordial gravitational
wave background

27
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