
Talk	  @	  ERE	  2010,	  Granada	  





 	  Primordial	  gravitons	  from	  the	  vacuum	  
 	  Loss	  of	  quantum	  coherence	  or	  state	  collapse	  
 	  QG	  imprint	  on	  initial	  cosmological	  perturbations	  
 	  Cosmological	  variations	  of	  couplings	  
 	  Extra	  dimensions	  and	  low-‐scale	  QG	  (LHC	  BH)	  :	  	  	  Mp

2=Rn	  Mp(4+n)
n+2	  

 	  Violation	  of	  global	  internal	  symmetries	  
 	  Violation	  of	  discrete	  symetries	  
 	  Violation	  of	  spacetime	  symmetries	  

We	  shall	  focus	  here	  on	  the	  last	  item.	  
More	  precisely	  on	  the	  possibility	  that	  Lorentz	  symmetry	  can	  be	  violated	  at	  high	  energies…	  





Suggestions	  for	  Lorentz	  violation	  	  (at	  low	  or	  high	  energies)	  came	  from	  several	  tentative	  calculations	  in	  QG	  models:	  

As	  well	  as	  from	  long	  standing	  problems	  in	  BH	  physics	  and	  QG:	  



! 

E 2 = p2 + m2 + "(p,M,µ)

! 

M " spacetime structure scale, generally assumed # MPlanck =1019 GeV

! 

µ = some particle mass scale

…�



Lorentz symmetry violation	
 Deformed/Doubly SR paradigm	


Non-critical Strings	

Spacetime foam models	


EFT with LIV	

Non-renormalizable ops, (HE LIV)	


Non-commutative spacetimes?	

Finsler Geometries? 	


Measurement theory at Epl?	


Minimal Standard Model Extension	

Renormalizable ops. (Low energy LIV)	


EFT+LV 
Renormalizable, or higher 

dimension operators  

E.g. QED, dim 3,4 operators	
 E.g. QED, dim 5 operators	


(Colladay-Kosteleky 1998) � (Myers-Pospelov 2003) �

Of	  course	  to	  efficiently	  cast	  constraints	  on	  LIV	  using	  these	  phenomena	  one	  needs	  more	  than	  just	  
the	  kinematics	  information	  provided	  by	  the	  modified	  dispersion	  relations,	  one	  also	  often	  needs	  to	  

compute	  reaction	  rates	  and	  	  decay	  times,	  I.e.	  one	  need	  a	  dynamical	  framework…	  



photon helicities have opposite LIV coefficients	


Warning: All these dim 5 LIV 
terms also violate CPT	


electron helicities have independent LIV coefficients	


Positive helicity! Negative helicity!
Electron! η+! η-!

Positron! -η-! -η+!

For E»m this ansatz leads to the 
following dispersion relations	




 	  Penning	  traps	  

 	  Clock	  comparison	  experiments	  

 	  Cavity	  experiments	  

 	  Spin	  polarized	  torsion	  balance	  	  
 	  Neutral	  mesons	  	  

Terrestrial	  tests	  (low	  energy):	  mainly	  constraints	  on	  renormalizable	  LIV	  operators	  

Astrophysical	  tests	  (low	  energy):	  constraints	  on	  non-‐renormalizable	  LIV	  operators	  

 	  Cosmological	  variation	  of	  couplings	  	  
(e.g.	  varying	  fine	  structure	  constant)	  
 	  Cumulative	  effects	  in	  astrophysics	  
(e.g.	  color	  dispersion	  &	  birefringence)	  	  
 	  Anomalous	  threshold	  reactions	  	  
(e.g.	  forbidden	  if	  LI	  holds,	  e.g.	  gamma	  decay,	  Vacuum	  Cherekov)	  	  
 	  Shift	  of	  standard	  thresholds	  reactions	  (e.g.	  gamma	  absorption	  	  or	  GZK)	  with	  new	  threshold	  
phenomenology	  	  
(e.g.	  asymmetric	  pair	  creation	  and	  upper	  thresholds)	  	  
 	  LV	  induced	  decays	  not	  characterized	  by	  a	  threshold	  
(e.g.	  decay	  of	  particle	  from	  one	  helicity	  to	  the	  other	  or	  photon	  splitting)	  	  
 	  Reactions	  affected	  by	  “speeds	  limits”	  
(e.g.	  synchrotron	  radiation)	  

For extensive review see D. Mattingly, Living Rev. Rel. 8:5,2005.�



E.g.	  if	  

Actually	  for	  cosmological	  distances	  this	  generalizes	  to:	  

The	  EFT	  tackle	  



Alternatively	  a	  more	  accurate	  way	  is	  to	  match	  the	  
theoretical	  polarization	  Π(ξ)	  (Stokes	  parameters)	  to	  the	  
observed	  one.	  	  	  
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2! p ≈ mν~1 eV! p≈me=0.5  MeV! p≈me=0.938  GeV!
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E.g.	  for	  n=3	  and	  m=melectron	  



γ→e++e-	
Gamma	  decay	  

e±→γ+e±	
Vacuum	  Cherenkov	  and	  helicity	  decay	  

Vacuum	  Cherenkov	  
Requires:	  ve	  >	  c	  	  
Threshold	  energy	  

Helicity	  decay	  
Requires	  unequal	  η±	  .	  	  
No	  threshold	  energy	  but	  	  
	  “effective	  threshold”	  due	  to	  
small	  reaction	  rate	  below	  energy	  
comparable	  to	  Cherenkov	  
threshold	  

Photon	  absorption	  

• 	  Well	  know	  reaction	  in	  HE	  astrophysics.	  	  
• 	  LIV	  shift	  threshold	  and	  creates	  possibility	  for	  upper	  threshold	  
• 	  Big	  uncertainties	  from	  IR	  background	  and	  primary	  spectrum	  of	  AGN.	  
• 	  Much	  stronger	  constraints	  obtained	  from	  UHECR	  physics…	  

γγ0→e++e-	




LI	  synchrotron	  critical	  frequency:	  
e - electron charge 
m - electron mass 
 B - magnetic field 

! 

"c
LI =

3
2
eB# 2

m

However	  a	  proper	  analysis	  requires	  a	  detailed	  re-‐derivation	  of	  the	  synchrotron	  effect	  with	  
LIV	  based	  on	  EFT.	  Let’s	  take	  QED	  with	  O(E/M)	  LIV.	  

Jacobson, SL, Mattingly: Nature 424, 1019 (2003) 
Ellis et al. Astropart.Phys.20:669-682,(2004) 

R. Montemayor, L.F. Urrutia: Phys.Lett.B606:86-94 (2005) 
Maccione,SL, Celotti, Kirk. JCAP 10, 013 (2007)  
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"c
LIV =

3
2
eB
E
# 3This	  leads	  to	  a	  modified	  formula	  for	  the	  peak	  frequency:	  

While	  the	  rate	  of	  energy	  loss	  differs	  from	  the	  LV	  one	  only	  nearby	  
the	  VC	  threshold...	  

η<0	   η>0	  

γ	  is	  a	  bounded	  function	  of	  E.	  There	  is	  now	  a	  
maximum	  achievable	  synchrotron	  
frequency	  ωmax	  for	  ALL	  electrons!	  
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So	  one	  gets	  a	  constraints	  from	  asking	  
ωmax≥	  (ωmax)observed	  

γ	  diverges	  as	  pth	  is	  approached.	  This	  is	  
unphysical	  as	  also	  the	  energy	  loss	  rates	  
diverges	  in	  this	  limit,	  however	  signifies	  a	  
rapid	  decay	  of	  the	  electron	  energy	  and	  a	  

violent	  phase	  of	  synchrotron	  radiation	  wich	  
becomes	  vacuum	  Cherenkov.	  

What is then the best studied 
synching astrophysical object?�



The	  Crab	  nebula	  alone	  has	  provided	  so	  far	  the	  best	  constraints	  on	  dim	  5	  LIV	  in	  QED.	  Currently	  the	  best	  two	  test	  
come	  from:	  	  	  the	  measurement	  of	  the	  spectrum	  and	  polarization	  of	  Crab	  synchrotron	  emission.	  

synchrotron Inverse Compton 

The	  synchrotron	  spectrum	  is	  strongly	  affected	  by	  LIV:	  maximum	  gamma	  factor	  for	  
subliminal	  leptons	  and	  vacuum	  Cherekov	  limit	  for	  superluminal	  ones	  (there	  are	  
both	  electrons	  and	  positrons	  and	  they	  have	  opposite	  η).	  	  
Spectrum	  very	  well	  know	  via	  EGRET,	  now	  AGILE+FERMI	  

The	  polarization	  of	  the	  synchrotron	  spectrum	  is	  strongly	  affected	  by	  LIV:	  there	  is	  a	  
rotation	  of	  the	  angle	  of	  linear	  polarization	  with	  different	  rates	  at	  different	  energies.	  
Strong,	  LIV	  induced,	  depolarization	  effect.	  

Polarization	  recently	  accurately	  measured	  by	  INTEGRAL	  mission:	  40±3%	  linear	  
polarization	  in	  the	  100	  keV	  -‐	  1	  MeV	  band	  +	  angle	  θobs=	  (123±1.5)∘	  from	  the	  North	  

L.Maccione,	  SL,	  A.Celotti	  and	  J.G.Kirk:	  	  JCAP	  0710	  013	  (2007)	  
L.Maccione,	  SL,	  A.Celotti	  and	  J.G.Kirk,	  P.	  Ubertini:Phys.Rev.D78:103003	  (2008)	  



[Collins et al. PRL93 (2004)] �



ω2 = k2 + ξ k4/M2
Pl

E2
± = p2 + m2

e + η± p4/M2
Pl

where ± = opposite helicity states
Cosmic	  Rays	  Photo	  pion	  production:	  
The	  Greisen-‐Zatsepin-‐Kuzmin	  effect	  

The	  Greisen-‐Zatsepin-‐Kuzmin	  effect:	  secondary	  production	  

Galaverni,	  Sigl,	  arXiv:0708.1737.	  PRL	  
Maccione,	  SL,	  arXiv:0805.2548.	  JCAP	  



Going further…  

Theoretical	  reconstruction	  of	  Ultra	  High	  Energy	  
Cosmic	  Rays	  	  spectrum	  in	  a	  EFT	  with	  dim	  6	  operators	  
and	  confront	  with	  data	  

Hadronic	  sector	  dim	  6	  LIV	  (CPT	  even)	  ops	  
constraints	  using	  UHECR	  

Neutrinos	  dim	  6	  LIV	  ops	  constraints	  using	  
cosmogenic	  neutrinos	  

For	  positive	  O(1)	  coefficients	  no	  neutrino	  will	  survive	  
above	  1019	  eV.	  The	  existence	  of	  this	  cutoff	  generates	  a	  
bump	  in	  the	  neutrino	  spectrum	  at	  energies	  of	  1017	  eV	  and	  
depression	  at	  UHE.	  

Experiments	  in	  construction	  or	  being	  planned	  have	  the	  
potential	  to	  cast	  limits	  as	  strong	  as	  	  η<10−4	  on	  the	  neutrino	  
LV	  parameter,	  depending	  on	  how	  LV	  is	  distributed	  among	  
neutrino	  mass	  states.	  



Spacetime	  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:0912.3428v1,	  Ellis	  et	  al,	  arXiv:1004.4167v1	  

E2
γ = p2 − ξ

p3

M
with ξ > 0



Can	  we	  test	  spacetime	  foam	  models	  in	  some	  other	  way	  different	  from	  TOF	  observations?	  
Yes.	  Via	  UHE	  gamma	  rays	  pair	  production!	  

Maccione,	  SL,	  Sigl,	  Phys.	  Rev.	  Lett.	  105,	  2010	  

Note	  however	  that	  	  this	  constraint	  can	  be	  evaded	  by	  
alternative	  spacetime	  foam	  models,	  	  

See	  Ellis	  et	  al,	  arXiv:1004.4167	  	  



Astro-‐ph	  [HE]:1007.1306,	  D.	  Hooper,	  A.	  Taylor,	  S.Sarkar	  
They	  find	  the	  flux	  of	  UHE-‐photons	  is	  just	  suppressed	  by	  one	  order	  of	  magnitude.	  
LIV	  effects	  would	  increase	  the	  flux	  by	  about	  four	  orders…perhaps	  we	  are	  safe.	  

Further	  data/study	  needed…	  



Should	  we	  conclude	  that	  we	  have	  deviations	  
from	  Special	  Relativity	  enough?	  

Mission	  Accomplished?	  

Not	  quite…	  



Lorentz	  violation	  vs	  Relativity	  Violation	  
Lorentz	  breaking	  is	  not	  	  one	  to	  one	  with	  relativity	  breaking.	  

W.	  von	  Ignatowsky	  theorem	  (1911):	  	  
• 	  Principle	  of	  relativity	  =>	  group	  structure	  
• 	  Homogeneity	  =>	  linearity	  of	  the	  transformations	  
• 	  Isotropy	  =>	  Riemannian	  structure	  (no	  Finsler)	  
• 	  Precausality	  =>	  time	  ordering	  

• 	  Isotropy:	  in	  1+1	  it	  is	  possible	  to	  give	  up	  kinematical	  isotropy	  (opposite	  direction	  boosts	  are	  not	  equivalent)	  and	  
still	  get	  a	  relativity	  group	  with	  same	  number	  of	  generators	  but	  Finslerian	  invariant	  line	  element	  (Sonego-‐Pin	  2008).	  
In	  3+1	  one	  does	  not	  have	  same	  number	  of	  generators	  but	  still	  exists	  subgroup	  with	  Finslerian	  line	  element	  -‐>	  Very	  
Special	  Relativity	  (Bogoslovsky	  (1999),	  Cohen-‐Glashow	  (2006),	  Gibbons	  et	  al.	  (2007)).	  
• 	  Precausality:	  too	  messy	  to	  give	  it	  up!	  
• 	  Homogeneity:	  implies	  both	  linearity	  of	  transformations	  but	  also	  the	  directly	  related	  to	  affine	  structure	  	  
Differentiability.	  	  
What	  it	  might	  be	  a	  manifold	  that	  locally	  is	  not	  differentiable?	  Fractal/stochastic	  	  structure	  at	  the	  Planck	  scale?	  NC	  geometries?	  

DSR?	  



To	  do	  so	  one	  does	  not	  change	  at	  all	  the	  Lorentz	  group	  

These	  commutation	  relations	  are	  given	  in	  terms	  of	  three	  
unspecified,	  dimensionless	  structure	  functions	  f1,f2	  and	  
f3,	  and	  are	  sufficiently	  general	  to	  include	  all	  known	  DSR	  
proposals.	  For	  f1,f2→1	  and	  f3→finite	  for	  κ→+∞	  one	  
recovers	  standard	  SR.	  In	  order	  to	  preserve	  rotational	  
invariance	  it	  is	  generally	  assumed	  that	  

L=rotations	  generators 	  B=Boosts	  generators	  
but	  	  conjectures	  a	  non-‐trivial	  action	  on	  the	  momenta	  induce	  by	  energy	  scale	  κ	  

In	  all	  the	  DSR	  theories	  the	  physical	  energy	  and	  momentum	  can	  be	  expressed	  as	  nonlinear	  function	  of	  some	  
(fictitious?)	  one-‐form	  πµ	  whose	  components	  transform	  linearly	  under	  the	  action	  of	  the	  Lorentz	  group.	  	  	  

The	  mapping	  saturates	  at	  the	  Planck	  scale	  κ	  as	  π0	  and/or	  πI	  go	  to	  infinity.	  

E.g.	  In	  DSR2,	  the	  specific	  DSR	  model	  developed	  by	  Magueijo	  and	  Smolin	  (2002):	  

New	  Casimir	  if	  algebra	  as	  before	  with	  f1=(1-‐P0/κ),	  f2=1,	  f3=1	  

Open	  issues:	   • 	  Still	  miss	  coordinate	  space	  formulation	  so	  far.	  No	  DSR	  QFT.	  
• 	  In	  momentum	  space,	  the	  so	  called	  “soccer	  ball	  problem”:	  saturation	  of	  E	  or	  p	  at	  the	  Planck	  scale	  
• 	  Heated	  debate	  on	  possibly	  large	  non-‐locality	  if	  DSR	  lead	  to	  energy	  dependent	  speed	  of	  light	  
	  (Hossenfelder,	  Amelino-‐Camelia,	  Smolin	  2010)	  	  



“No	  spin	  2	  particle	  can	  be	  emergent	  if	  you	  have	  Lorentz	  invariance	  (you	  live	  in	  Minkowski)	  and	  	  
Gauge	  invariant	  currents	  or	  conserved	  SET”	  

Hence	  	  possible	  ways	  out	  are:	  

Metric	  theories	  of	  gravity	  rest	  on	  two	  funding	  principles	  
• 	  Einstein	  equivalence	  principle:	  i.e.	  WEP+LLI+LPI	  
• 	  Diffeomorphism	  invariance	   What	  about	  diffeo	  invariance?	  

Emergent	  diffeomorphism	  invariance	  ?	  A	  pro	  argument	  

E.g.	  Donoghue	  et	  al	  (gr-‐qc:0911.4123)	  	  



Measure what is measurable, and make measurable what is not so.  
Galileo Galilei 


