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Abstract: <span><em><strong>Is aether technically natural?</strong><br></em></span><span>| will discuss whether higher energy L
violation  should be considered a natural expectation in theories of quantum gravity with a  prefer
frame.<br> <br></span><br><em><strong><span>If spacetime is a causal set then Lorentz symmn
unbroken<br> <br><br></span></strong></em><strong><span><em>Quantum superpositions of the s
light</em></span></strong><br><span>If the metric is an operator, it can exist in superpositions.&nbsp; The

simplest case one can look at is a superposition of flat spaces which

differ only in the value of the speed of light. | will lay out how such

superpositions can be incorporated into quantum field theory, and

discuss the fate of Lorentz-invariance in this scenario.<br> <br><br></span><strong><span><em->F
locality and fate of Lorentz symmetry</em></span></strong><br><span>In my talk | will briefly introduce the idea of relative locality,

being a particular regime of quantum gravity characterized by

negligible Planck length and finite Planck mass.&nbsp; Then | will discuss

possible scenarios concerning the fate of Lorentz symmetry in this

regime.<br> <br></span><br><strong><br></strong><span><strong><em>Observational constrail
scale hierarchy </em>

</strong><em><strong>in Horava-Lifshiftz gravity</strong><br></em></span><span>Horava-Lifshitz gravity models contain higher ol
operators suppressed by a characteristic scale, which is required to be parametrically smaller than the Planck scale. We show that rec
synchrotron radiation constraints from the Crab nebula suffice to exclude the possibility that this scale is of the same order of magnitude
Lorentz breaking scale in the matter sector. This highlights the need for a mechanism that suppresses the percolation of Lorentz violatiol
matter sector and IS effective for higher order operators as
well.</span><br> <br><strong><br><span><em>Breaking Lorentz invariance: the Universe

it'</em></span></strong><span><br>| show how the local Lorentz and / or diffeomorphism invariances may be broken by a varying speed o
softly or harshly, depending on taste.&nbsp; Regardless of the fundamental implications of such dramas, these smmetry breakings may be
practical use in cosmology.&nbsp; They may solve the horizon and flatness problesm.&nbsp; A near scale-invariant sprectrum of fluctuatio

arise, even without inflation.&nbsp; Distinct observational imprints may be
left.</span><br> <br><br><strong><span><em>Quantum Gravity Phenomenology without </em>
<em>Lorentz

Invariance Violation</em></span></strong><span><br>Is there hope to see quantum gravity effects if the underlying theory is strictly respec
Lorentz invariance?&nbsp; | will discuss a novel class of possibilities, suggested by analogy with some simple solid state physics, including o
has lead to an actual experiment, which has placed the first relevant constraints on these kind of effects</span>
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We have made progress, and that progress has raised both the possibility
that LI may not be exact and better ways we can test the symmetry
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20+ years of convergence of “possible” and “can”

B . R

Analog models (1981) mSME (Colladay/Kostelecky 1994)
String LIV (1989) GRB time delays (GAC, et. al. 1998)

Loop LIV (1999) Advances in interferometry, atomic
clocks, etc. (1990’s onwards)

Non-commutative geometry (1999) UHE astrophysics (2000's onwards)
DSR, k-Poincare, Relative locality (2000) Neutrino physics (1990’s onwards)
Horava-Lifshitz gravity (2009)

Thousands upon thousands of papers and scientists

Most explored area of QG “pheno” by far
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Two main approaches

« Keep as much of regular physics as you can -
modify ONLY Lorentz symmetry

» Mostly leads to effective field theory approaches
with broken Lorentz symmetry

O
S
Q
N,
=
@
0
7

 Lorentz modifications are a consequence of a
more drastic re-interpreting of fundamental
laws/picture of spacetime and particle behavior

+ Leads to deformed Lorentz symmetry, metric
superpositions, etc.

| don’t actually believe these arrows apply
as much anymore (although | confess | used to)
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Pick a field theory, figure out all the operators, forget why you might have written
them down in the first place, and go to town constraining them.
Example, rotationally invariant QED

Table 1: Stable, nontrivial kinetic fermion and photon LV operators
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You can be very successful with this, but are you doing anything significant for quantum gravity?
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You can be very successful with this, but are you doing anything significant for quantum gravity?
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First issue — you are not really doing quantum gravity...you are
simply doing field theory with new matter content.

Say | found a new vector field with a vev or a scalar field with derivative
vev. Yay, | win a Nobel prize.

But, even though I've broken Lorentz symmetry in vacuum — have | simply
found new physics/dark energy, etc?

No necessary link between LV in EFT and QG.
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2" jssue is naturalness. So LI isn't there...well, why is it almost there?

The problem: Imagine you wanted to naively suppress LV but still have it.
You could put in a higher mass dimension operator and suppress it
by some large scale M. But...

Loop effects will generically generate large lower dimension operators as well
so your LV is effectively unsuppressed.

What about a custodial mechanism (like SUSY) or other cutoff to
loop contributions at a lower scale m?

m mz

Dim 3,4 ops ~ — or —
mm ops M or M2

Tightest constraint on dim 4 ops ~ 1028

m<100 TeV if M is Planck mass
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That works, but you had to introduce another mechanism at low energies to
make things work and have hierarchy issues. Additionally, the other
mechanism is at an energy that theoretically can be explored.

its actually  [EGTGREMOdcAtONS PIUSY

For experimentalists, if you see a model with not only LIV but also
a fairly natural mechanism to suppress it, you may want to pay attention.

My take: it is reasonable certainly to test in EFT, but | just wish there was more
focus on testing specific sectors of LIV theories that accomplish something (c.f.
Horava-Lifshitz)
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Lorentz modifications plus

Maybe Lorentz invariance modifications are just collateral damage...

Postulate a fundamental change in how we view spacetime, locality, etc.
Lorentz symmetry modifications, if they exist, are simply part of a larger picture
(3 talks on these topics)

['his approach is actually direct quantum

In general, these approaches produce effects that do not fit nicely within
EFT, i.e.

3
w?=k*+ % for all photons

which is exactly why

a) They are harderto constrain

b) They are harderto figure out appropriate observables, make consistent etc.

¢) More varied, more time consuming to get concrete predictions for observable
phenomena
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» Easy and natural ideas well checked and excluded,
experimentalists and theorists beware

* |s it QG or new classical physics?

* A little bit of a runaway train without a conductor, in
that people can spend their lives getting better
constraints, but must be careful the constraints mean
anything other than saying “I know our theory works
down to this precision”?

* Proposed LIV should both solve a problem and
provide a protection mechanism

* Non-Lorentz part is part of the picture (many other
parts besides just Lorentz symmetry testing)

+ |deas harder to turn into many testable predictions

» Often qualitatively new ideas for experimentalists to
measure, but less well defined
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Breaking Lorentz invariance: the
Universe loves 1t!

Joao Magueijo
2012
Imperial College, London
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Varying c theories

[JM, Rept. Prog. Phys. 66, 2025]

[Moffat,Magueijo, etc, etc]|

s m Covariant and Lorentz invariant

[ Bimetl‘lc theOI‘leS [Moffat, Clayton, Drummond, etc, etc]
[l Preferred fl‘ame [Albrecht, Magueijo,Barrow,etc,etc]|

m Deformed dispersion relations

[Amelino-Camelia, Mavromatos, Magueijo & Smolin, etc, etc]
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Dirac and Manci on then

]umt_-_\ moon, B T;';l"lnl'l. I.IIH\.'1 \
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“Look what

happens to people
when they get
married”
(Niels Bohr)
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A non-inflationary solution to the
horizon problem

Us now

Some time
in our past

Position

Position
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horizon problem

Some time
in our past

Position
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But who cares about the horizon
problem... Here’s the real problem:
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The zero-th order “holy grail” of
cosmology:

m Near scale-invariance

= Amplitude

r-

A~ 10"
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Bimetric theories

A metric for gravity (Einstein frame):

"
Yravity S, 4 /
g uv B _ax g R

A metric for matter (matter frame):

A

A A
matter 4 )
g.“‘" Sm =fd"‘ _gL(g‘m,alp-,@fC)
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This 1s a rather conservative thing to
dosn

m [f the two metrics are conformal, we have a
varying-G (Brans-Dicke) theory

m [f they are disformal we have a VSL theory

.(lllif — .(/ll'l" _+_ !‘))(.)ll")(‘)l"()

m The speed of light differs from the speed of
gravity (larger if B>0, with )
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The minimal bimetric VSL theory

irsa: 12100108 Page 25/154




What sort of fluctuations come out
of these theories?

m If we project onto the Einstein frame, we
end up with the same formalism usually
used for inflation, but...

® including a varying speed of sound.
m This 1s the so-called
K-essence inflation (an inflaton with

non-quadratic kinetic terms).
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The tools of (K-essence) varying speed

of sound:

L=K(X)-V(¢)

K-V
2XK x — K +V

K x

"

* Kx+2XK xx

X = %(')/,(;’)(')“ 0

Check formulae with
inflation, cuscaton,
eic...
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How to compute fluctuations:
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How to compute fluctuations:
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How to compute fluctuations:
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Why the horizon problem leads to a
real problem:

m If
s If Ry (with (el

Dominates
at late times
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How inflation solves the problem:

Al - 3w < 0 ii‘ﬂ i, |

Don.nnates Dominates
earlier i

= But why do we get scale invariance’
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How a varying speed of light solves
the problem:
- With o

with we still get:

LT :
Don.'nnatc Dominates
earlier e
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m For ALL equations of state

Co X P — Ne =1

This scaling seems to be uniquely
associated with scale invariance.
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(For experts only; cf. k-essence)

m This can be understood:

5 (543w p

B2 A —_—
5 1 +w ]\[f;,(_‘s
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Where does the amplitude come
from?

m Obviously the variations in ¢ must be cut off
at low energies:

ce =cl| 1+ £
P
m The cut-off scale fixes the amplitude:

(5 + 3w)? p,

}{.'%g'_). R A l(]—lﬂ
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The minimal bimetric VSL theory

S___,.\i{_’/di,c\/—R[Jm, /d 2V~ § L [Gp» Ptat] + S
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Something truly cool...




Apply to (anti)DBI to find that...
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So our remarkable result 1s even
more remarkable

= Not only is it possible to identify a universal
varying speed of sound law associated with
scale invariance. ..

m but this law can be realized by an anti-DBI
model (in the Einstein frame), which...

® turns out to be the minimal dynamics
associated with a bimetric VSL
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What we did with bimetric VSL can
also be done with DSR

m Deformed dispersion relations can give a
frequency dependent speed of light
2

2 2,2 __
E°—qg°p® =m

m The speed of sound would then also vary in
time, by proxy, via expansion:

w = kg(\k/a)
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Also 1n this context scale-invariance
1s associated with an universal law

A ~ 10°Lp.

m Cf. Horava-Lifschitz.
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Beyond the zeroth order holy grail

Standard inflation fnp ~ €~ 0.1

VSL

DBI inflation fnp ~ —100
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[s this then another “theory of
anything”? No.
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Breaking Lorentz invariance is good
for you... if you’re a cosmologist

m An alternative to inflation for solving the
cosmological problems

m Observationally distinct from inflation
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Breaking Lorentz invariance is good
for you... if you’re a cosmologist

m An alternative to inflation for solving the
cosmologicalums

m Observationa 2% n inflation
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Experimental Search for Quantum Graity:
Zhe hard facts

October 22-25, 2012

Work manly dore in collaboration enth
;
L. Maccione and w4 >oliriou

Phy. Kev. Let?. 2012
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Hotava-Lifshitz Graviky

Basic idea: modu‘.fuj the graviton propagator in the oV bj adding to the action terms containing
higher order spatial derivatives of the mekric, but refrain from adding higher order time
derivatives in order ko preserve waitarity,

Power counting re.hormal.l‘.zabi.ti.bj requires thaot the action includes terms with ot least & sPati.al
derivatives in 4 dimensions,

All Llower order operators compatible with the symmetry of the theory are expected to be
generated by radiative corrections

St = ——2—- dtd ;I?N\/ﬁ Lo + mb,1 -+ m[;(; p

where h is the determinant of the induced metric h;; on the spacelike hyper-
surfaces, and Ly = Kij K" — AK? + £®)R + na;a' with K is the trace of the

extrinsic curvature. Kj;;, (3)R is the Ricci scalar of hi;j. N is the lapse function,
and a; = 0; In N.
L+ and Lo denote a collection of 4th and &th order operators respectively and
M. is the scale that suppresses these opero.l:ors.
These Infrared (IR) Lorentz violations are controlled by three dimensionless parameters that
take the values A=1, £=1, =0 ih General Relativity (&R).
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Constraints on Hotava-Lifshitz Gravity

How much can be M? It is indeed bounded from below and above

Mo < Mo <l GeV Mops =~ few meV  (from sub mm tests)

Due to the reduced symmetry with respect to GR, the theory propagates an extra scalar mode, If one chooses to
restore diffeomorphism invariance, then this mode manifests as a foliation-defining scalar field,

In order to avoid scalar mode strong coupling in L: which would jeopardize of power counting renormalizability,

In projectable version hopeless (stromg coupling ab very low energies) , in won projectable version constraints
from Solar System no-observation of preferred frame effects.
e, P

However LIV cannot be contined ko graviﬁjf

Higher order operators will always induce lower oder ones b\j radiative corrections!
[Collins et al. PRLY3 (2004), Ienqo, Russo, Serone 2009 ]
So in general even starting with o Lorentz invariant matter sector at tree level one expects
thot matter LIV operators will be generated via graviton radiative corrections
let us assume that some protective mechanism can be envisaged to protect the lowest order
operators (universal coefficient of p* in MDR c=1), Le Horava gravity IR viable,
Then the symmelbries of the LIV operators in Hotava-Lifshitz action naturally leads to the
expectation for makter MDR (we assume no LIV at three level in matter and that CPT,P even
nature of LIV in gravity sector is maintained in the LIV terms induced in matter)

E? =m? +p° 4+ [l )‘ "
‘ T
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