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Lorentz 
Invariance

is not Sacred

Dirac, 1951



Quantum-Gravitational Space-Time Foam



Nature of Quantum-Gravitational Vacuum

• Expect quantum fluctuations in fabric of space-time
• In natural Planckian units:

ΔE, Δx, Δt, Δχ ~ 1
• Fluctuations in energy, space,

time, topology of order unity
• Space-time foam

•Manifestations?
• Lorentz violation?
• Equivalence violation?
(Modification of Quantum Mechanics?)



Modification of Lorentz 
Invariance?

Small boats slower than big ships in rough seas
Higher frequencies travel < c?

Violation of principle of equivalence? 

Amelino-Camelia, JE, Mavromatos, Nanopoulos & Sarkar, astro-ph/9712103, Nature 393 (1998) 763



Space-Time Foam as a Dynamical 
Medium

• Expect large intrinsic fluctuations at small scales
• Expect back-reaction due to energetic particles
• Non-trivial refractive index
• Effect on propagation that increases with energy:

• Non-critical string model: ξ = -1
(ξ = -1 needed to avoid Čerenkov radiation in vacuo)
• Expect: EQG = O(MP)?
• Related to string scale in non-critical string model

Amelino-Camelia, JE, Mavromatos, Nanopoulos & Sarkar, astro-ph/9712103, Nature 393 (1998) 763





Astrophysical Probes of Lorentz Violation

• Time delay from distant object:

• Compare arrivals of photons of different energies from 
astrophysical source with small intrinsic δt
• Gamma-Ray Bursters, pulsars, active galaxies, …
• Typical

sensitivities:

Amelino-Camelia, JE, Mavromatos,
Nanopoulos + Sarkar



Violation of the Equivalence Principle?

• Non-Universality of Lorentz Violation?
• Do all relativistic particles have same velocity?
• Not necessarily, if particle interactions with space-time 

foam are non-universal
• (Relativistic) departure from Principle of Equivalence
• Consistent with astrophysics: limits on Lorentz 

violation for electrons >> mP

• Expected in non-critical string model of foam

JE, Mavromatos + Nanopoulos



Synchrotron Radiation Constraint 
from Crab Nebula

• See 0.5 GeV γ: inverse Compton by > 50 TeV e
• Consider modified dispersion relations for both electrons e

and photons γ:

• Lorentz-invariant:
• QG modification:
• For ξ = (E/mP)α

data →
• Lower bound on modification: α > 1.72
• If α = 1: mQG > 1026 GeV

Jacobson, Liberati + Mattingly

No constraint on LV for photon, none expected for electron
JE, Mavromatos + Nanopoulos



Photons?



Robust Analysis of 
Fermi-LAT GRBs
Lorentz violation tends to:

Smooth out irregularities
Increase kurtosis
Increase skewness

JE, Konoplich, Mavromatos, Nguyen, Sakharov, Sarkisyan-Grinbaum, arXiv:1807.00189

Apply energy-dependent correction to maximize irregularities



Robust Analysis of Fermi-LAT GRBs

Apply energy-dependent correction to minimize skewness

Skewness

Combined analysis using 8 GRBs:
JE, Konoplich, Mavromatos, Nguyen, Sakharov, Sarkisyan-Grinbaum, arXiv:1807.00189



HESS Analysis of Markarian 501

Sensitivities to
LV parameters

HESS Collaboration, arXiv:1901.05209



Another Possible Effect of Lorentz Violation

• For effect ~ (E/EQG)n

• Time lag:

• Also: absorption of energetic photons by e+e- pair 
production modified by threshold:

• Competitive sensitivities

Kifune, astro-ph/9904164
Protheroe & Meyer, astro-ph/0005349



Possible Effect
on γ Spectrum
- Expect absorption due to e+e-

production in collisions with 
γ background

- Reduced absorption if 
Lorentz violation via 
modified (E, p) dispersion 
relation for γ

- Interesting for CTA
Fairbairn, Nilsson, JE, Hinton & White, arXiv:1401.8178

Kifune, astro-ph/9904164
Protheroe & Meyer, astro-ph/0005349



HESS Analysis of Markarian 501
Spectrum vs possible

LV effect
Lower limits on LV scale

HESS Collaboration, arXiv:1901.05209

More sensitive
than spectral analysis



MAGIC Analysis of GRB 190114C 

MAGIC Collaboration, arXiv:2001.09728

Limits on QG parameters
from time-lag analysis



Analysis of GRB 221009A 

Piran & Ofengeim, arXiv:2308.03031

Brightest GRB Ever:
z = 0.151, E < 7 TeV(*)

Comparison of LV limits
with other GRBs
(in Planck units)

(*) Would be strengthened by ~ 3 
if higher-energy events included



Neutrinos?



• First MINOS measurement of neutrino velocity: 
(v − c)/c > − 2.4 × 10−5

corresponded to 
M1 > 105 GeV

• Improved MINOS measurement 
(v − c)/c > − 1 × 10−6

corresponds to 
M1 > 3 x 106 GeV

• Coincidence between neutrinos from supernova 1987a in 
Kamioka II, IMB and Baksan experiments: 

M1 > 2.7 × 1010 GeV 

Early Constraints on Neutrino Lorentz Violation

Ellis, Harries, Meregaglia, Sakharov, & A.Rubbia, arXiv:0805.0253 [hep-ph] 

MINOS Collaboration, arXiv:1507.04328

MINOS Collaboration, arXiv:0706.0437 [hep-ex]



Multimessenger Observations of Blazar
TXS 0506+056

IceCube-170922A vs Fermi-LAT (left), MAGIC (right)

IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S, INTEGRAL, Kanata, Kiso,
Kapteyn, Liverpool telescope, Subaru, Swift/NuSTAR, VERITAS, and VLA/17B-403 teams 

arXiv:1807.08816



Electromagnetic Follow-up to IC170922 

γ-ν coincidence: most sensitive limits on Lorentz violation in neutrino propagation

JE, Mavromatos, Sakharov & Sarkisyan-Grinbaum, arXiv:1807.05155



Earlier Neutrino Flare from TXS 0506+056

IceCube Collaboration
Supports interpretation of IC170922 



• Compensation of possible Lorentz violation:
• Kolmogorov-Smirnov, skewness, kurtosis, combination

• 95% CL limits for linear, quadratic:
M1 > 4.0 x 1014 GeV,        M2 > 6.7 x 108 GeV

Analysis of Neutrino Burst from TXS 0506+056

>

Bustamante, JE, Konoplich & Sakharov, in preparation

Stop press: 3 neutrinos in 1 day from PKS 0625-35: M1 > 1016 GeV, M2 > 1010 GeV (?)
Bradascio et al, arXiv:2308.16699



• Stars captured by massive black holes disrupted, 
subject to “spaghettification”
• Squeezing, heating, X-ray emission: neutrinos?

Neutrinos from Tidal Disruption Events



• Tidal disruption events accompanied by neutrinos:

• AT2019dsg: 200 TeV neutrino, time-lag ½ yr, z = 0.051
• AT2019fdr: 80 TeV neutrino, time-lag 1 yr, z = 0.267
• AT2019aacl: 170 TeV neutrino, time-lag 0.4 yr, z = 0.036
• Sensitivities to M1 ~ 3 x 1014 GeV

Neutrinos from Tidal Disruption Events

Bustamante, JE, Konoplich & Sakharov, in preparation



• From energetic extragalactic neutrinos:

• For comparison:
• Accelerator neutrinos:

• SN1987A:

IceCube Constraints on Lorentz Violation

Bustamante, JE, Konoplich & Sakharov, in preparation



Gravitons?



Constrain Lorentz violation



Velocity of gravity ~ light to 10-17



AION Collaboration



AION: Proposed Programme



Principle of Atom Interferometry





Subir: The Face that Launched 1309 
Lorentz-Violating Papers (so far)


