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Introduction

Understanding the title

e Lorentz invariance: physical laws are identical for all inertial observers
e Key symmetry of General Relativity and the Standard Model
e Many quantum-gravity scenarios allow tiny violations at extreme energies

Key point: small effects can accumulate over very large distances
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Understanding the title II

e Cosmic time delays: time delays of gamma rays travelling huge distances

e Astrophysical sources like Gamma Ray Bursts, Active Galactic Nuclei or pulsars
provide ideal testbeds for such high-precision tests
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Introduction

Understanding the title II

Cosmic time delays: time delays of gamma rays travelling huge distances

Astrophysical sources like Gamma Ray Bursts, Active Galactic Nuclei or pulsars
provide ideal testbeds for such high-precision tests

Possible energy-dependent speeds lead to arrival-time differences
Over cosmological distances, tiny effects might become observable
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Time Delay from Modified Dispersion

e Modified dispersion relations are commonly used as a toy model
¢ Predicts an energy-dependent time delay:
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Motivation

e Existing limits are often reported as a single energy scale
e This ignores possible directional dependence
e The Standard-Model Extension (SME) provides a systematic framework

Goal: translate and combine existing limits consistently.
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From Toy Models to EFT: The SME

e SME: effective field theory parametrizing Lorentz violation
e Photon sector predicts:

- energy-dependent propagation
- anisotropies on the sky

e Coefficients expanded in spherical harmonics

Each source measures a weighted sum of coefficients.
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Photon Time Delay in SME

e Assuming simultaneous emission:
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e Comparing with the previous time delay,
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From LIV to SME

Establishing the Link

LIV bounds constrain an effective combination:
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Each source gives one projection
e 5. = +1 encodes sub/superluminal cases
Multiple directions are essential
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Limits on the non-birefringent coefficients of the photon sector

Limits on the non-birefringent coefficients of
the photon sector
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Limits on the non-birefringent coefficients of the photon sector

Statistical interpretation

e Each observation yields a likelihood for a linear combination
¢ Individual coefficients cannot be extracted source-by-source
e We construct a global likelihood from all measurements

This is standard multivariate inference.
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Limits on the non-birefringent coefficients of the photon sector

Global constraints

P(y) < exp[—3(y— (u) "My — ()]

¢ Diagonalizing M yields independent constraints
¢ Coefficients become uncorrelated
e Bounds can be quoted consistently

Limits on the non-birefringent coefficients of the photon sector||11/19



Introduction SME Framework Dispersion Tests From LIV to SME Limits on the non-birefringent coefficients of the photon sector References

Conclusions and Outlook

e We developed a clear formalism to translate existing constraints on Eg , into
bounds on the non-birefringent SME coefficients in the photon sector.

e We critically reviewed and standardized the strongest published limits:
- Added missing prefactors,
- Accounted for detector-related systematics,
- Converted one-sided to two-sided Gaussian uncertainties.

e Looking ahead: just 14 additional high-sensitivity sources could improve
limits on all coefficients

We strongly encourage the community to publish full likelihoods and standardized
statistical summaries.
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Limits on the non-birefringent coefficients of the photon sector
[hanks!
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From Toy Models to EFT: The SME

e The Standard-Model Extension (SME) effective field theory allowing for the
possibility of Lorentz and CPT violation in the Standard Model of particles
coupled to General Relativity.

e The pure photon sector of the SME is entirely described by the Lagrangian

1 1. 1 .
L=——F, " — —Fo\(kp)"™ " F,, + =" A\ (kar)uFup (2)

e The operator-valueé coefficien4i:s in the second and third terms on the
right-hand side are defined by [2]
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Transforming the limits

e Any time delay measurement from photons arriving from a certain source in the
sky observed from direction 7; leads, in some form, to a posterior probability

distribution for the weighted sum of SME coefficients 0, := Zimoifjm(m)cgf))jm
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Transforming the limits

e Any time delay measurement from photons arriving from a certain source in the
sky observed from direction 7; leads, in some form, to a posterior probability
distribution for the weighted sum of SME coefficients 0, := Eimoifjm(m)cgf))jm

Ol (5)
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P; (65 7; | Dy) i=1
e In the case of large samples, the likelihood £;(D;|0;) will approach a normal
distribution [3] for one degree of freedom, with a given central mode 6,, ;
(which maximizes £;) and width oy,.

e In such a case, 6,,; will be found close to the expectation value E[f;] and agl_
close to its variance s*[6,].
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Transforming the limits

e We cannot combine likelihoods of one or various parameters 6; that are by
themselves linear combinations of unknowns

e We calculate a global probability distribution function for the set of independent
coefficients

P(zy,...,25) = [[ Pz, .., on| Dy) - (6)
=1
e We assume a normal distribution as best guess for P;(z,...,zx|D;), leading to

N 2
. (Zj:1 a;jTj — Mi)
P(zy,...,zN) X exp —Z 552

i=1 i

(7)
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Transforming the limits

The easiest way to understand the form of the probability distribution is to
express (7) in matrix notation and diagonalizing

P(y) < exp [—5(y— () "M(y — (3))] - (8)

Since the matrix M is diagonal, the variables:
e Are uncorrelated
e Are independent

e And the probability can be written as the product of independent Gaussian
distributions
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1 s N 2
P(my,...,7N) X exp -3 Zaij$j_gz
=1 j=1
= oxp [-32" (@ @)z + (37 @)z - 3577
=exp[—3 ((z— (2)TA(z— (2)))] (9)
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