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Principle of
relativity

Isotropy

Homogeneity

Pre-causality

QG and LV

Known theories of gravity rest on
Einsteins equivalence principle

Implies the group structure

Implies reciprocity together
with Principle of Relativity

Implies linearity of
coordinate transformations

Implies a notion of
past and future

local Lorentz invariance

Lorentz
invariance

von Ignatowski (1910-1911)



Modified dispersion
relations

From a purely phenomenological point of view, the general form of Lorentz
invariance violation (LIV) is encoded into the dispersion relations

E*=p°+m”+ A(p, M)

M = spacetime structure scale, generally assumed = M, =10" GeV

Assuming rotation invariance
we can expand this as




Time of flight constraints

Constraint on photon LV by using the fact that different colors will travel at
different speeds. Look at distant sources to see the cumulative effect.
Do a step back and consider simply modified dispersion relations O(E/Mp)
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Caveat: in full EFT this description is not valid: &, = -&. and a non polarized
photon beam will not show time delays, but only broadening (hard to detect)

With 1‘hIS ’rechnlque Io’r oF (poor) cons’rraln’rs

_ 1Ly & Ak , _ Amelino-Camelia et al, Nature 393 (1998)
e GRB: Coburn ef al. using GRBO21206 , [E1<55 (z=0.3, very § Ellis et al, ApJ 535 (2000)
4 incerail § FERMI Coll, Science 323 (2009)

1 Amelino-C li d Smolin, PRD 80 (2009
Magic Coll+Ellis et al. (2007) using AGN, Markarian 501 flares, g e tnnalliaed ( )

z~0.034, |E| <47, but possible best fit with [E|=0(1)!?! ...

HESS Coll (2008), using Mrk flares (PKS 2155, z=0.116 i.e.

more far away than Mkn 501)
§eo FERMI Coll (Nature, 2009), using GRB 090510 (z = 0.903), ‘
observed up to 31 GeV, § <0.8 ;"




Space-time foam models

Ellis, Mavromatos, Nanopoulos, Phys. Lett. B, 293 (1992)
Amelino-Camelia et al., Int. J. Mod. Phys. 12, 3 (1997)
Ellis et al, Phys. Rev. D 63 (2001)

Ellis et al, Int. J. Mod. Phys. A 19 (2004)

Ellis et al, Phys. Lett. B 665 (2008)
Li et al, Phys. Lett. B 679 (2009)

Ellis et al, arXiv:0912.3428vl

Ellis et al, arXiv:1004.4167v1

and many other references I forgot...

*10-D bulk space-time bounded by two 8-D orientifold planes.

* The bulk space-time also contains two stacks of 8-D branes, and
the entire structure is compactified fo 3-D.

* The bulk space is punctured by point-like DO-branes (D-particles).

* Big-Bang cosmology: collision between two of the D-branes from
the original stack. After the collision, the D-branes recoil. As a
result of this motion, the population of D-particles in the bulk
cross the D-brane worlds and interact with the stringy matter
particles moving on them. To an observer on the D-brane, the
space-time defects appear to be ‘flashing’ on and off.




Space-time foam models

ORD3_brane QG medium as oscillators that absorb and emit photons
Toe— Y - Oscillators are D-particles flashing in the space-time

D3—brane

D3-brane Photon absorption and re-emission: D-particles and photons form
a compound state that streftches in between D3-branes and
D-particles, and eventually decays. The D-particle recoils

et D-particles are neutral: charged particles do not feel their

D3-brane presence.
Consequences:
LV only for photons (and Majorana neutrinos) AL

No birefringence
Photons are delayed and acquire an effective modified dispersion relation

pS
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e iy
Mpy
In case D-particles have a bulk recoiling motion, the background metric f
I

is modified and energy non-conservation during interaction is possible

Effects proportional to the D-particle density



How to constrain the
model?

® Standard constraints are not viable

@ Birefringence --> absent

@ Synchrotron --> not enough affected

@ Threshold reactions --> only photons
are LV, hard to probe




Time of flight constraints?

GRB 090928 Fermi 09/2009 Observed time-delays can be
iy turned into estimates for LV
PGl cffects

" - GRB 080916c

(Another disclaimer: standard
physical processes in the sources

AGN Mkn 501

— nw GRE 090510 can explain the observed delays)
% r [ore 08/2009
ﬂ Ellis et al, arXiv:0912.3428
| . A 1
GN PKS 2155-304 At~ ¢ o = A

Uik RS

0-1 H 1

A part from the outlier at z™1, the other delays are all compatible
with the same QG model! Hint of the presence of a D-void at z™1?
Cosmological variation of the density of D-particles?
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Are there other observables that can falsify the
time delay interpretfation? Maybe, they might
come from threshold reactions

Key point: the effect of the non LI dispersion
relations can be important at energies well below E*
the fundamental scale

Corrections start to be relevant when the last
term is of the same order as the second.
If n is order unity, then
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Are there other observables that can falsify the
time delay interpretfation? Maybe, they might
come from threshold reactions

Key point: the effect of the non LI dispersion
relations can be important at energies well below E*
the fundamental scale

Corrections start to be relevant when the last
term is of the same order as the second.
If n is order unity, then
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GZK effect and secondary production
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GZK effect and secondary production
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LV affects strongly pair production. Constraints
already obtained in the EFT case (Galaverni & Sigl, [EeG—_
PRL, LM & Liberati, JCAP, Galaverni & Sigl, PRD). &k
Try to exploit the same technique also for fthe case 3~210%cm

space-fime foam models?? (Mrk521)
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UHE photons and LV in space-time foam

LM, Liberati, Sigl, PRL 105, 021101 (2010)

@ Pair production is modified by LV even in the case of
space-time foam models ( Ellis et al., PRD 63 (2001) )

@ In general, momentum is conserved, but energy is not.
Effective description

Fi1+w = Es+ FEs+0Ep €+g@2w ng ;
p1 —w = % M M?

o £ describes LV in propagation (the one probed by time
delays)

@ &1 describes energy non-conservation in interactions



UHE photons and LV in space-time foam

Threshold equation

..........................................................................................

Then the fraction of
photons in UHECRs can
be large. Experimental
limits are less than 30%
at 10%° eV --> constraint
on the sum

£/2 4+ & =10 e

f/Q—I—f[ —10°°

An upper threshold! Photons
above this energy are no
longer absorbed

—%— UHE photons
"| —— UHE protons
. | —— AUGER flux (2009)

...........................................................................................................................
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UHE photons and LV in space-time foam

e — 107°

Above threshold

Photons
re no

Threshold equation
o
a1

—%— UHE photons
—s— UHE protons
—— AUGER flux (2009)
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Then th
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be large
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Conclusions

@ Strong constraint placed on stringy space-time
foam models of QG and LV

@ QG explanations of time delays in the GeV-TeV
range are incompatible with UHE photon data

® There are indeed alternatives to TOF for
investigating LV

@ Escape with refining the model: Ellis et al,
arXiv:1004.4167 and future papers

@ This was the last unconstrained model of LV.
What's next then?






QG phenomenology

"You shall not access any quantum gravity effect as this would require
experiments at the Planck scale!”

Quantum gravity phenomenology is a recently developed field
aimed at testing, observationally or experimenftally possible
predictions of quantum gravity frameworks.



QG phenomenology

"You shall not access any quantum gravity effect as this would require
experiments at the Planck scale!”

Quantum gravity phenomenology is a recently developed field
aimed at testing, observationally or experimenftally possible
predictions of quantum gravity frameworks.

Quantum decoherence
QG imprint on initial cosmological perturbations
Cosmological variations of couplings
Extra dimensions and low-scale QG (LHC BH)
Violation of discrete symmetries
Violation of space-time symmetries



Lorentz violation: a first glimpse
of QG?

Suggestions for: Lorentz violation' (at: low. or high energies) came from several
tentalive: calculations ini QG models:
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Lorentz violation: a first glimpse
of QG?

string theory tensor VEVs (Kostelecky-Samuel 1989)
space-time foam scenarios (Amelino-Camelia et al. 1997-1998, Ellis et al.)

semiclassical spin-network calculations in Loop QG
(Gambini-Pullin 1999)

non-commutative geometry (Carroll et al. 2001)
some brane-world backgrounds (Burgess et al. 2002)

condensed matter analogues of “emergent gravity” (Unruh 1981)
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Theoretical frameworks



Theoretical frameworks



Theoretical frameworks
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Applications: QED with LV at O
(E/M)

Warning:
CPT violated!



Applications: QED with LV at O

(E/M)

Warning:
CPT violated!

electrons E? = m? + p2 T (PB/ MPI)
photons w? = k? + £(k°/Mp)

electron helicities have independent

photon helicities have

LIV coefficients

Positive helicity

Negative helicity

Electron

N+

M.

Positron
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N+

opposite LIV coefficients



Applications: QED with LV at O

(E/M)

Warning:
CPT violated!

electrons E? = m? + p2 T (pg/ Mp)
photons w? = k? + £(k°/Mp)

electron helicities have independent

photon helicities have

LIV coefficients

Positive helicity

Negative helicity

Electron

N+

M.

Positron

-’Y]_

N+

opposite LIV coefficients

Well, this is our theory, how to test it?



Astrophysical constraints:
birefringence




Astrophysical constraints:
birefringence

0(t) = [wy —w_ (k)] t/2 = Ek°t/2M

| [1(¢) = \/<Cos(29)>% + (sin(20))%, \

The constraint is obtained
by imposing TI(E) > Iobs
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by imposing TI(E) > Iobs




ammq decay vy —et +e”
Lorentz violation allows the conservation of ener'gy -momentum.
Well above threshold it is very fast as the decay rate goes like I'»E2/M.

o 4 10 TeV photons would decay in approximately 108 seconds.

; If we see very high energy gamma rays from distant sources at least one photon

e :.u J.:..POIGI"ISC(TIOH must travel on cosmological distances. I.e. they must be below threshold.
e If | £ |«|n | the constraint has the form

‘Ui| < 6\/_m2M/kth

Va-cuur_n Cherenkov L :
‘ e||C|ty Decay) o \

*f% “'l

"ndmg on par'ame‘rer's one can have emission of sofT or har'd pho’ron
an ha pen |’r is very fast as :‘rhe rate of
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Astrophysical cons’rralnfs

So one gets a constraint w
by asking Oline- (mmax)obser‘ved
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UHECR propagation: energy
losses



UHECR propagation: energy
losses
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mainly through the interaction with the CMB
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Attenuation length of ~100
Mpc above threshold.
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Sources must lie in the GZK horizon.

Only LIV at large boosts could evade this
conclusion.

o
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GZK feature: found!

Early claim by HiReS
Confirmed by AUGER data & s

Further confirmation: found N
correlation between UHECR '
arrival directions and some
extragalactic source

E /./r-'w' I'._ , K--‘.f“‘f---
U RSN . Ny 18.218.4 18.6 188 19 192194 19.6 198 20 20.2 20.4
o Jicfiaai o T R lg( E/eV)

..... B Es 57 Eev
- g P = 3.2° (aperture angle)



