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I. Lorentz Invariance Violation

• Modified photon dispersion relation

• Energy-dependent photon group velocity
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• Energy-dependent time delay

I. Lorentz Invariance Violation
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• Energy-dependent phase delay

• Bounds to 𝐸𝑄𝐺,𝑛
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• Active Galactic Nuclei (AGNs) 

• Gamma-Ray Bursts (GRBs)

• Pulsars

At cosmological distances,
BUT maximum observable 

energy is limited by the 
Extragalactic Background Light

i. Competitivity of LIV searches

Independent of the 
cosmological model

Source 
family

Distance 
[kpc]

Energy 
[GeV]

𝞭t [s]
Expected bounds

𝑬𝑸𝑮,𝟏 𝑬𝑸𝑮,𝟐

AGN 105 − 106 104 102 − 105 1015 − 1018 109 − 1011

GRB 105 − 107 103 100 − 102 1017 − 1019 109 − 1010

Pulsar 100 − 101 102 10−4 − 10−2 1017 − 1019 1010 − 1011
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• Active galactic nuclei (AGNs) 

• Gamma-ray bursts (GRBs)

• Pulsars
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i. Competitivity of LIV searches

Source 
family

Distance 
[kpc]

Energy 
[GeV]

𝞭t [s]
Expected bounds

𝑬𝑸𝑮,𝟏 𝑬𝑸𝑮,𝟐

AGN 105 − 106 104 102 − 105 1015 − 1018 109 − 1011

GRB 105 − 107 103 100 − 102 1017 − 1019 109 − 1010

Pulsar 100 − 101 102 10−4 − 10−2 1017 − 1019 1010 − 1011

• Precisely timed flux oscillations 
• Stable source
➢ Sensitivity to LIV can be systematically planned
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𝑬𝑸𝑮,𝟐

𝑮𝒆𝑽
1010 1011

Crab Pulsar 
(MAGIC)

5.9 × 1010

PKS 2155
(HESS)

7.0 × 1010

PG 1553
(HESS)

2.1 × 1010

Mrk 501
(HESS)

1.0 × 1011

Mrk 421
(MAGIC)

2.6 × 1010

GRB 090510
(Fermi-LAT)

8.5 × 1010

GRB 221009A
(LHAASO)

GRB 080916C
(Fermi-LAT)

3.2 × 109

GRB 090902B
(Fermi-LAT)

5.8 × 109

4.3 × 109

GRB 090926A
(Fermi-LAT)

5.0 × 1010

GRB 190114C
(MAGIC)

5.6 × 1011

1018 1019 1020

𝑬𝑸𝑮,𝟏

𝑮𝒆𝑽

Crab 
Pulsar 

(MAGIC)

GRB 080916C
(Fermi-LAT)

5.5 × 1017

PKS 2155
(HESS)

1.5 × 1019

PG 1553
(HESS)

4.1 × 1017

Mrk 501
(HESS)

3.6 × 1017

Mrk 421
(MAGIC)

GRB 090510
(Fermi-LAT)

1.0 × 1020

2.0 × 1018

GRB 090902B
(Fermi-LAT)

3.3 × 1018

1.1 × 1019

GRB 090926A
(Fermi-LAT)

4.6 × 1018

GRB 190114C
(MAGIC)

8.8 × 1019

1017

GRB 221009A
(LHAASO)

*Most stringent lower bounds based on time-of-flight studies, expressed at 95% CL.

ii. Bounds on LIV from the Crab Pulsar

03.09.2026
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TeV Particle Astrophysics 2026 | Anna Campoy-Ordaz (IEEC-UAB) 8

• MAGIC Telescopes

• 2009 to 2020

• ∼300 hours of effective time

• Joining 11 different 

observation periods 

• Only P2 for LIV studies

• Profile Maximum Likelihood 

Method

II. Crab Pulsar Analysis

PRELIMINARY
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PRELIMINARY

II. Crab Pulsar Analysis
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𝑓 : P2 flux normalization
𝛼 : P2 spectral index
𝜙𝑃2 : Mean P2 pulse position
𝜎𝑃2 : Mean P2 width

𝜆1 ≡ ൘1019GeV
𝐸𝑄𝐺1

𝜆2 ≡ ൘1012GeV
𝐸𝑄𝐺2

II. Crab Pulsar LIV Analysis

ℒ 𝜆𝑛; 𝜈 𝑋 = ℒ 𝜆𝑛; 𝑓, 𝛼, 𝜙𝑃2, 𝜎𝑃2 𝐸𝑖
′, 𝜙𝑖

′, 𝑘𝑖

LIV effect intensity

Signal PDF → Pulsar phaseogram
model for a given 𝜆𝑛

o Symmetric Gaussian
o Symmetric Lorentzian
o Asymmetric Gaussian
o Asymmetric Lorentzian

𝑎 : Asymmetry parameter

Nuisance parameters

03.09.2026
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II. Crab Pulsar LIV Analysis

➢ Asymmetric Gaussian pulse 
shape provides a significantly 
better fit than the symmetric 
Gaussian model (𝟑. 𝟐𝝈)

➢ Asymmetric Lorentzian pulse 
shape is significantly 
preferred over the symmetric 
Lorentzian model (𝟑. 𝟑𝝈)

➢ Asymmetric Lorentzian 
moderately preferred over 
asymmetric Gaussian (𝚫𝑨𝑰𝑪 =
 𝟑. 𝟏)

Asymmetric Gaussian Asymmetric Lorentzian 
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Case 𝑬𝑸𝑮,𝟏 (GeV)

𝑆1 = +1 3.5 × 1017

𝑆1 = −1 1.5 × 1018

𝑬𝑸𝑮,𝟐  (GeV)

𝑆2 = +1 1.8 × 1010

𝑆2 = −1 6.1 × 1010

This work

95% CL bounds from the Profile Likelihood Method (*without systematics)

*Asymmetric Lorentzian pulse shape with the asymmetry parameter fixed.

PRELIMINARY

II. Crab Pulsar LIV Analysis

03.09.2026
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1010 1011

Crab Pulsar 
(MAGIC)

5.9 × 1010

PKS 2155
(HESS)

7.0 × 1010

PG 1553
(HESS)

2.1 × 1010

Mrk 501
(HESS)

1.0 × 1011

Mrk 421
(MAGIC)

2.6 × 1010

GRB 090510
(Fermi-LAT)

8.5 × 1010

GRB 221009A
(LHAASO)

GRB 080916C
(Fermi-LAT)

3.2 × 109

GRB 090902B
(Fermi-LAT)

5.8 × 109

4.3 × 109

GRB 090926A
(Fermi-LAT)

5.0 × 1010

GRB 190114C
(MAGIC)

5.6 × 1011

1018 1019 1020

Crab 
Pulsar 

(MAGIC)

GRB 080916C
(Fermi-LAT)

5.5 × 1017

PKS 2155
(HESS)

1.5 × 1019

PG 1553
(HESS)

4.1 × 1017

Mrk 501
(HESS)

3.6 × 1017

Mrk 421
(MAGIC)

GRB 090510
(Fermi-LAT)

1.0 × 1020

2.0 × 1018

GRB 090902B
(Fermi-LAT)

3.3 × 1018

1.1 × 1019

GRB 090926A
(Fermi-LAT)

4.6 × 1018

GRB 190114C
(MAGIC)

8.8 × 1019

1017

GRB 221009A
(LHAASO)

*Most stringent lower bounds based on time-of-flight studies, expressed at 95% CL.

Crab Pulsar 
(MAGIC)

𝟏. 𝟓 × 𝟏𝟎𝟏𝟖

Crab Pulsar 
(MAGIC)

𝟔. 𝟏 × 𝟏𝟎𝟏𝟎

II. Crab Pulsar LIV Analysis

𝑬𝑸𝑮,𝟏

𝑮𝒆𝑽

𝑬𝑸𝑮,𝟐

𝑮𝒆𝑽
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Ahnen et al. 2017

Ahnen et al. 2017

This work

This work
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III. Conclusions

• Spectral analysis:

o Results marginally compatible with Ansoldi et al. 2016

• LIV analysis:

o Asymmetry of the pulse shape

o Results compatible with Ahnen et al. 2017

• General outlook:

o Plan observations to improve the sensitivity 

o Upcoming CTAO

o Joint LIV analysis: LIVelihood 

03.09.2026
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II. Crab Pulsar LIV Analysis

Fitting both ON and OFF regions

Individual event PDF depends on: 
 (fitted) background spectral energy distribution h(E’) and PDF of the signal S(E’, Φ’|λn;ν)

Uses signal normalization gk (which depends on all nuisance parameters!) and background norm bk/τ

Ahnen et al. 2017 

03.09.2026
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II. Crab Pulsar LIV Analysis

PDF of the signal:

With 𝜞P2: pulsar spectrum & FP2: pulsar phaseogram model. 

Ahnen et al. 2017 
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𝜎2 = 𝜎1 ∙ 1 + 𝑎

Asymmetry parameter

➢ Asymmetric Lorentzian 

II. Crab Pulsar LIV Analysis

𝑓 𝑥 =

𝐴

𝜋

𝜎1

𝑥 − 𝑥0
2 + 𝜎1

2 + 𝐶, 𝑥 < 𝑥0

𝐴

𝜋

𝜎2

𝑥 − 𝑥0
2 + 𝜎2

2

𝜎2

𝜎1
1 +

𝜋𝜎1𝐶

𝐴
, 𝑥 > 𝑥0
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