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The Quantum gravity problem

s observe Phcnomcna that dePend on QG

s extract reliable Preclic’cions from candidate theories & compare them
with observations

Motivated by tentative theories, partial calculations, potential symmetry
violation, hunches, philosophy, we now have some ideas where to look for

Primordial gravitons from the vacuum
Loss of quantum coherence or state collapse
QG imprint on initial cosmological perturbations
Scalar moduli or other new field(s)
Extra dimensions and low-scale QG : Mj*=R" M, ,,,"**
s dev. from Newton’s law

s collider black holes

Violation of global internal symmetries




Lorentz violation: first evidence of QG?

Idea: LI linked to scale-free spacetime -> unbounded boosts expose ultra-short
distances...

Suggestions for Lorentz violation come from:

need to cut off UV divcrgcnccs of QF T & BH cntropy
transplanckian Problcm in BH cvaPoration end Inflation
tentative calculations in various QG scenarios, e.g

semiclassical sPin~networl< calculations in LooP QG

string thcory tensor VEVs Very different approaches but common prediction of
modified dispersion relations for elementary particles

spacetimc foam
non~-commutative gcomctrg

some branc~wor|d backgrounds




QG phenomenology
via modified dispersion relations

Almost all of the above cited framework do lead to modified
dispersion relations that can be cast in this form

E*=p’+m’ +A(p,M,u)

u = some particle mass scale
M = spacetime structure scale, generally assumed ~ M, =10" GeV

If we presume that any Lorentz violation is associated with
quantum gravity and suppressed by at least one inverse
power of the Planck scale M and we violate only boost
symmetry

(no violation of rotational symmetry)

E? = p* +m?® + Mn"Wip| + n*p* + ¥ |p*/M
Were n() are dimensionless coefficients possibly of

the kind
(w/M)m




Theoretical Frameworks for

Real LIV with a preferred frame Apparent LIV with an extended SR

(i.e. possibly a new special relativity
with two invariant scales: ¢ and 1))

\ 4
Spacetime foam leading to

QFT+LV stochastic Lorentz violations

Renormalizable, or higher
dimension operators

\ \ Non-commutative spacetime

Extended Standard Model EFT, non-renormalizable ops,
Renormalizible ops (all op. of mass dimension> 4)

E.g. QED, dim 3,4 operators E.g. QED, dim 5 operators
electrons  E® =m?+p* + fVp + f p/electrons  E? = m? + p? + T}f) (E®/Mp)
photons w? = (1 - f,g,z)) k? photons w? = k% + 5(&)3/]\/;{131)




Framework choice:
EFT, all dimension ops, rotation
inv., non-universal

well-defined & simple
implies energy~-momentum conservation (below the cutoff scale)

covers standard moclel, GR, condensed matter sgstems, string theorg

who knows‘?

simpler
cutoff idea onlg imPlies boosts are broken, rotations magbe not
boost violation constraints |i‘<e|y also boost + rotation violation

constraints

= = implies it for different Polarizations & sl:)ins




An open problem: un-naturalness of small LV.

Renormalization group arguments might suggest that lower powers of momentum

E? = p* +m® + Mn"Wip| + n*p* + 7 |p*/M

! | |
E2=p2+m2+ﬁ1%Mpl+ﬁzﬂp2+ﬁ3%p3+ﬁ4L ) 7, —

TP .1, p"

M M M M

Altemativclg one can see that even if one Postulates classica”g a dispersion relation
with onlg terms n(”)P"’M”‘Z with n=3 and n™=~O (1) then radiative (looP) corrections
involving this term will generate terms of the form n® P (n) pM which are
unaccePtable observatlona” (Co”ms et al. 2004).

This need not be the case if a sgmmetrg or other mec]’lamsrn Pro’cects the lower dimensions
oPerators from violations of Lorentz sgmmetrg
SUsyY protect dim<5 operators but SUSY is broken...
(c.g. Bolokhov et al. th~Ph/ 0505029)
Use analoguc models of gravity to get hints
o, 2-BEC analogue model, Liberati et al. PRL.96: 151301,2006 )




Terrestial tests of Lorentz violation

O PenningtraPs
0 Clock comparison exPcriments
O Cavity experiments
O SPin Polarized torsion balance

O Neutral mesons

All these experiments deal with low energjes, as such theg are well suited to stuclg

lowest order LIV and have been appliecl extensivelg to the Standard Model

Extension (renormalizable EFT with LIV) which is nowaclags very well constrained.

In order to constraint I'ligher order LIV one needs higl'u energy Phgsics, nowadags
rea||9 high energy Pl’lgsics IS actua"9 high energy astroplwgsics

In, -ng 1=4




Applications: QED with LIV at O(E/M)

Let’'s consider all the Lorentz—-violating dimension 5 terms

(n=% LIV in dispcrsion relation) that are c]uaclratic in Fields, Warning: All these
LIV terms also

violate CPT

gauge & rotation invariant, not reducible to lower order terms
(Myers-Pospelov, 200%). For E»m

_i,'”m ma(w - 0) (unF™) + —,'Um’?;’}’m(ﬁ + Gays) (u - 9)*Y

electrons E* = m? + p* + n4(p®/Mp)) electron helicities have
photons w? = k* & £(k°/Mp)
n+ = 2(C1 £ C2)

photon helicities have

Moreover electron and positron have == .
Positive Negative

inverted and oppositc Positivc and helicity helicity

negatives helicities LIV coefficients (JLMS,
Electron N+ M.

2003).

Positron -1. 1+




Astrophysical tests of Lorentz violation

O Cumulative effects

(time of Hight & bire{:ringence)

0O Anomalous threshold reactions

(l.e. forbiddenif Liholds, c.g. gamma decag, Vacuum Cherekov)

O Shift of standard thresholds reactions
(e.g. gamma absorPtion or GZK) with

New phenomenology
(asgmmetric Pair creation and upper thresholds)

O LV induced decays not characterized by a threshold

(e.g. clecag of Particle trom one helicitg to the other or Photon splitting)

O Reactions affected by “speeds limits”

(e.g. sgncl‘urotron radiation)




iIme of flight

that different colors will travel at different speecls.

Best constraint up to date Coburn et al. using GRBO21206

use onlg sharP Pulse from 10 MeV to 17 MeV over 15 msec, obtained [E|<55 (z~0.3).
However uncertainty on determination of z.

Safest best constraint is Biller (1998, Markarian 421, z80.0%, 1-2 TeV over 280 sec. | E|<252).

Being sure both Photon Polarization are present in the Pulsc one could use the fact that
oPPositc coetficients for Photon helicities implg Iargcr dispcrsion Zl’élp/ M rather than that due
to different energies E(p,~p)/M.

Themblrent bestdiiits <63 dnomBillemdags; AGMdriE22 €ot Boggs obal 2003y GRB).
constraints because of intrinsic time lags (dhcferent energies emitted at different times) not well

understood.

Robust limits can be claimed onlg bg a careful statistical analgsis on large samplc of sources
See recent Ellis et al., astro-ph/0510172

Conservative limit | E|<103




Birefringence

The birefringence constraint arises from the fact that the LV parameters for left and right
circular polarized photons are opposite. The phase velocity thus depends on both the
wavevector and the helicity.

Linear polarization is therefore rotated through an energy dependent angle as a signal
propagates, which depolarizes an initially linearly polarized signal comprised of a range
of wavevectors.

In more detail, with the dispersion relation from EFT with LIV at order E/M the direction

of linear polarization 9(1}) _ [w+ W (k)] t/2 _ gkgt/Qﬂ/f

is rotated through the angle

for a plane wave with wave-vector k over a propagation time t. The difference
in rotation angles for wave-vectors k, and k, is thus

AO = ¢ (k5 — ki) d/2M, (where d = distance source-detector)

Current safest constraint was obtained bg Gleiser and Kozameh using -
observed 10% Polarization uv |ight from distant, z=1.82, radio galaxg 3C 256 ‘5‘ =2x10
The claim of stronglg Polarizcd MeV Photons (Coburn~f>oggs, 200%) in the prompt

emission fram the 5 'CRBO21206 (using the RHESSI detector) giclds the
€] < 5.0 x 1072 /d ,
constraint : 0.5 Umcortunatclg new data analgsis

(cloj = the distance to the burst in units of 0.5 GPC.) found no polarization. ..




Threshold reactions

Keg Point: the effect of the non LI dispersion relations can be important at

is o{: the same orcler as the sccond.

if 1 is order unity, then

n pcrit fOl‘ Ve

2 p=m~1eV . p~m=0.938 GeV

~1 GeV ~1 PeV

Z ~100 TeV ~3 EeV

For n=% and M=M . tron

: 1
m>=np’ I M< p=(m’M/n)"” =10TeVn""’ 1) constraint e




Novelties in threshold reactions: why

\/
0’0

Therange of available energies of
the incoming particles for which

AE =AE ip,) -AE Jp =0,
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QED anomalous threshold reactions

W—>EF +6j

Gamma decay

« Lorentz violation allows the conservation of energg~momentum.

« To obtain constraints onjust two parameters, but consistent with

EFT, we can focus on processes in which onlg either n Lormn._is
involved, namelg reactions in which the Positron has oPPosite
]'lelicitg to the electron.

e Threshold at about 10 Tev.

» Once the reaction can happens itis very fast as the decay rate
goes like I =~F2/M.10 TeV Photons would decag in aPProximatelg
10 seconds.

o If we see very high energy gamma rays from distant sources at
least one Photon Polarization must travel on cosmological

distances. |.e. tl'leg must be above thrcshold.




QED anomalous threshold reactions

Vacuum Cherenkov and helicity decay e*—>y+et

* | orentz violation allows the conservation of encr59~momcntum.

e The reaction can preserve or not the l'mclicitg of the lcPton.

« First case called Vacuum Cl'mcrcnl(ov, second case called l'mclicity dccay.

Vacuum Cherenkov
e Threshold at about 10 TeV.

. DcPcnding on parameters one can have emission of soft or hard Photon.

» Once the reaction can haPPcns itis very fast as the rate of energy loss goes like

dE /dt~E3 /M = 10 TeV electron would loose most of its energy in ~10? seconds.

» The observation of the Propagation of some higlﬂ energy given electrons imPIics that at least one l'mclicity state
cannot clccay in either of the Plﬂoton helicities.

« Hence the constraint can be worked out for one of the n, and & and then the excluded regjon can be obtained by
just HiPPing around the n axis.

Helicity decay
* ltcan lﬁaPPcn if there are uneclual n,. There is no threshold energy

e« There is an “effective threshold” due to small reaction rate below energy comparable to Cherenkov threshold.
o Above “effective threshold” the reaction is very fast, electron would loose most of its energy in =107 seconds.

From observation of Propagating Icptor\s comes the constraint




Other examples of QED reactions
Fermion pair emission

* Lorentz violation allows the conservation of cncrgg-momcntum.

« Similar to vacuum Cherenkov both in threshold energy and rate.
o Similar to Cherenkov strength of constraint (slightlg weaker)

Photon splitting

o Allowed bg Lorentz violation (n standard QED amP|itches vanish).
. Rcc]uircs E>0. No threshold but small amplitudc.

* Using Euler-Hisember Lagrangjan was found suﬂ:ic:icntlg raPicl rate for constraint E<10- for
observed 50 TeV Photons.
« However the analgsis did not take into account LIV chcndcncc on helucities in QED. Needs

better ana|3sis.

Photon absorption YVo—>e et

* Well know reaction in HE astrophysics. Absorption of TeV gamma rays (From AGN) on IR and CMB
Py P g Y

bacl(ground.

o LIV shift threshold and creates Possibilitg for upper threshold

« Qualitative analgsis done for l'welicity indcpenclcnt dispersion relations. Big uncertainties from IR
background and Primarg spectrum of AGN

« Constraint of order 102 on both coefficients from 20 TeVv Mrk 501.




Jacobson, SL, Mattingly: Nature 424, 1019 (2003)

Sy n c h rOt ro n R. Montemayor, L.F. Urrutia: Phys.Lett.B606:86-94 (2005)
radiation

LI synchrotron critical frequency: [

u_ 3 eBy’ ¢ - electron charge

2 m m - electron mass
B - magnetic field

The key point is that for negative 1, Y is now a bounded function of E! There is now
a maximum achievable synchrotron frequency w™** for ALL electrons!

So one gets a constraints from asking ™2 (™)

observed

However in order to get a real constraint one needs a detailed re-derivation of the
synchrotron effect with LIV based on EFT.
LIV

This leads to a modified formula for the peak frequency: . =

We can now maximize the synchrotron frequency with
respect to the electron energy (n<0)

B
e — 0.34 — (—qm/M) /3

One gets that the maximal peak frequency achievable is c

Then if one observes some max frequency w,, the
LIV parameter must be such to allow it

Stronger constraint for smaller B/ O pbsarved

Best case is Crab nebula...




The EM spectrum of the Crab nebula

Crab nebula (and other SNR) well
explained by synchrotron self~-Compton
(SSC) model:

1. Electrons are accelerated to very high
energies at pulsar
2. High energy electrons emit

synchrotron radiation
T Log(y/Hz)

3. High energy electrons undergo inverse

From Aharonian and Atoyan, astro-ph/9803091 ambient P hOtOl‘lS)

Crab alone provides three of the best constraints. We use:

Gamma rays up to 50 TeV reach us from Crab: no Pl'loton annihilation up to 50 TeV.

]59 energy conservation during the IC process we can infer that electrons of at least 50 TeV
Propagatc in the nebula: no vacuum Cherenkov up to 50 TeV

The sgnchrotron emission extends up to 100 MeV (corrcsponding to “1500 teV electrons if L1 is
Prcscrvcd): LIV for electrons (with negative 1) should allow an Emx<100 MeV. B at most 0.6 mG




EFT with

constraints for

T. Jacobson, SL, D. Mattingly: PRD 66, 081302 (2002); PRD 67, 124011-12 (2003

T. Jacobson, SL, D. Mattingly: Nature 424, 1019 (2003)
T. Jacobson, SL, D. Mattingly, F. Stecker: PRL 93 (2004) 021101
T. Jacobson, SL, D. Mattingly: Annals of Phys. 321 (2006) 150

electrons E* =m? + p* + nyp° /M
photons w? =k?+ &p /M

|E]<0(100) from MeV emission GRB
(Boggs et al 2004, but see also

time of flight . -
] Ellis et al., astro-ph/0510172)
_ .2+ 4 / |E|<10 from UV light of radio
_ i.. . ! galaxies (Gleiser and Kozameh, 2002)
log & Tdecay 1 erenkoy Using the Crab nebula we infer:
2 |2 6! | I for |[E|]<104 implies |n, | <0.2
o from 50 TeV gamma rays from Crab nebula
™ at least one of 1),

/

\ <102 from inferred presence of 50 TeV electrons
at least one of +n, =-103
for any particle with n satisfying
synchrotron bound the energy should not be so
high to radiate vacuum Cherenkov

Fig. 1. Constraints on LV in QED at O(E/M) on a log-log plot. For negative
parameters minus the logarithm of the absolute value is plotted, and region of
width 107'° is excised around each axis, The constraints in solid lines apply to &
and both ne, and are symmetric about both the £ and the » axis. At least one of
the two pairs {f+, £) must lie within the union of the dashed bell-shaped region and

its reflection about the £ axis. The 1C and synchrotron Cerenkov lines are truncated
where they cross,




Applications beyond QED: the GZK cut-off

Since the sixties it is well-known that the universe is opaque to protons (and other nuclei) on
cosmological distances via the interactions P+YcMmMB 2P+ T

In this way, the initial Proton energy IS dcgradcd with an attenuation lcngth of about 50 MPC.
Since Plausiblc astrophgsical sources for UHE Particlcs (|i1<c AGNSs) are located at distances
|argcr than 50-100 MPc, one cxPccts the so-called Greisen-Zatsepin-Kuzmin (GZ_.K) cutoff in

_[“_-I;I-SP‘H:H[
i

the cosmic ra

4

HiRes collaboration claim that thcg see the

exPected event reduction
A recent reevaluation of AGASA data seems
to confirm the violation of the GZK cutoff.
Evergbodg is warting for the Auger exPeriment
to givc a definitive answers (but first data not

yet enougl‘l statistics)

Several explanations Proposecl (e.g. Z.-burst,
Wimpzi”as), remarkablg LIV appears as Possiblg

one of the less exotic...




Possible constraints from GZK

Constraint from photon-pion production
P* Yoy = PT° (if GZK confirmed)

The range of 1,1, for n = 3 dispersion
modifications where the GZK cutoff is
between 2:101° eV and 7:10Y° eV .

Constraint from absence of proton vacuum
Cherenkov p*—p* vy

If one presumes p pointlike the constraint has the
same shape as for electrons but much stronger

m,—& < O(1072%) for

n, and 7, are in multiples of 10-°

mp—& < O(107'%)  for (Jacobson, SL, Mattingly: PRD 2003)
m—€& < 0(107°) for

In 2004 Gagnon and Moore performed analysis taking into account the
partonic structure founding same orders of magnitude for the constraints...




The tuture?

Definitively rule out n=3 LV, O(E/M), EFT including chirality effects
n Strengtlﬂen the n=3 bounds. E.g via Possible role of Positrons in Crab nebula emission. (better
observations with GLAST?)

[ naturalncss Problem: hints From analoguc modcls. Emcrgcnt symmctrics?

Constraint on n=4 (favored if CPT also for QG):
From UHECR (Auger, EUSO, OWL)
= No GZK Protons Cherenkov: Nn=<Iio”? m2 ~1N p4 /M 2 |:| p~ mM 7]"1/ 4

s If GZK cutoff seen: T]FMI;NZ—IO~2 p ~100 TeV (neutrino),

From Neutrinos (Amanda, IceCube, EUSO, OWL, NESTRIES I/ Giown), 100 PeV (electron)
m  Neutrinos: 100 TeV neutrinos give order unity constraint bg absence of vacuum Cherenkov but rate
of energy loss too low. Recent calculations shows one need 105- 1020 ev UHE cosmological

neutrinos. Possiblg to be seen via EUSO and/or OWL satellites

From AGILE or GLAST we shall hardly get constraints in n=4.
For GRB we need anyway

s better measures of energy, timing, Polarization from distant y-ray sources.
o) bircmcringence constraint on [E] rcquircs Polarization detection at 100 MeV
s AGILE/GLAST could see TOF n=3 LIV, umcortur\atcly no Polarization




