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The highest energy particles
can be observed by human being is from SKY

• Frontiers of human knowledge: 

Cosmology, Astronomy, and Physics

• The combination of cosmology, astrophysics, and particle 

physics → cosmology & particle astrophysics

CosPA –- by Pauchy Hwang

• Better understanding of the universe:

from most small to most big → connecting quarks to the 

cosmos

• New physics from cosmic photons and neutrinos:

Lorentz violation



Triumphs of Einstein’s Relativity

• One of the foundations of modern physics.

• Proved to be valid at very high precision.

Lorentz Invariance,  the basic theoretical 
foundation of relativity, states that 

the equations describing the laws of physics have the same 
form in all admissible reference frames.

So is there any reason that we seek for 

Lorentz Violation ?



LV as Window on the Nature of Space-Time

• The typical scale of quantum gravity is Planck 
scale

Lorentz Violation  could be a relic probe for 

the nature of space-time & quantum gravity



Many possible ways for Lorentz violation

– spacetime foam [Ellis et al.’08, PLB]

– loop gravity [Alfaro et al.’00, PRL]

– backgrounds in general gravity [Ni’75, PRL; Yan’83, TP,]

– vacuum condensate of antisymmetric tensor fields in 
string theory [Kostelecky & Samuel’89 & ’91, PRL]

– double special relativity [Amelino-Camelia’02, Nature 
& ’02 IJMPD]





A New Theory: the replacement of basic principle 
in Special Relativity

• Principle of Relativity: the equations describing 
the laws of physics have the same form in all 
admissible frames of reference. 

• Principle of physical invariance : 

the equations describing the laws of physics have 

the same form in all admissible mathematical 
manifolds. 

Zhou Lingli and B.-Q. Ma, MPLA 25 (2010) 2489,  arXiv:1009.1331; 

CPC 35 (2011) 987,  arXiV: 1109.6387



A new theory of Lorentz violation

• a replacement of the common derivative operators by 
covariant co-derivative ones

• The effective minimal Standard Model 

• A new standard model with supplementary terms

Zhou Lingli and B.-Q. Ma, MPLA 25 (2010) 2489, arXiv:1009.1331 ;   CPC 35 (2011) 987, arXiv: 1109.6387



Where to find Lorentz violation? 

• Many theories predict new physics beyond conventional 

knowledge, so which one is correct?

Any theory should be tested by experiments! 

• Where to do the experiments? 

the effect is too tiny to be detected on Earth 

• Looking up at the Sky again:

Cosmic photons from gamma ray bursts: 10~100 GeV or higher 

Cosmic neutrinos with much higher energy: ~TeV-PeV



LV from energetic photons of GRBs

Z.Xiao and B.-Q.Ma, PRD 80 (2009) 116005, arXiv:0909.4927

L.Shao, Z.Xiao and B.-Q.Ma, APP 33 (2010) 312, arXiv:0911.2276

S.Zhang, B.-Q.Ma, APP 61 (2015) 108, arXiv:1406:4568

H.Xu, B.-Q.Ma, APP 82 (2016) 72, arXiv: 1607.03203

H.Xu, B.-Q.Ma, PLB 760 (2016) 602, arXiv: :1607.08043

H.Xu, B.-Q.Ma, JCAP 1801 (2018) 050, arXiv: 1801.08084

Y.Liu, B.-Q.Ma, EPJC 78 (2018) 825, arXiv: 1810.00636

……



Modified photon dispersion relation from LV

See also, e.g.,
Jacobson et al.’06, Ann. Phys.
Kostelecky & Mewes’09, PRD
Mattingly’05, Living Rev. Rel.
Amelino-Camelia & Smonlin’09, PRD

Z.Xiao and B.-Q.Ma, PRD 80 (09) 116005, arXiv:0909.4927



Gammy-ray Bursts (GRBs)

• the most energetic astrophysical process except the 
Big Bang

• 2 types [Piran’05, Rev. Mod. Phys.]
– long GRBs: duration > 2 s; collapses of massive rapidly 

rotating stars
– short GRBs: duration < 2 s; coalescence of two neutron 

stars or a neutron star and a black hole

• use GRBs to test LV [Amelino-Camelia et al.’98, 
Nature]



Formulas in our analysis of LV parameter

• L.Shao, Z.Xiao and B.-Q.Ma, APP 33 (2010) 312, arXiv:0911.2276

• S.Zhang, B.-Q.Ma, APP 61 (2015) 108, arXiv:1406.4568

• H.Xu, B.-Q.Ma, APP 82 (2016) 72, arXiv: 1607.03203

• H.Xu, B.-Q.Ma, Phys.Lett.B 760 (2016) 602

• H.Xu, B.-Q.Ma, JCAP 1801 (2018) 050



Time lag by LV effect

• expansion universe [Jacob & Piran’08, JCAP]



Time-lag by GRB



Fermi instruments

~ 300 GeV

trigger photons ~ 0.1 MeV



Lag determinations

GRB080916C -- Abdo et al.’09, Science



GRB090510
Abdo et al.’09, Nature

31 GeV

Time lags are 
affected both 
artificially and 
instrumentally



Four Fermi observations

the arrival of the highest energy photon to GBM trigger

L.Shao, Z.Xiao and B.-Q.Ma, APP 33 (2010) 312



Separation of astrophysical time lags from LV delay

• imperfect knowledge of radiation mechanism of 
GRBs

• a survey of GRBs at different redshifts
– the time lag induced by LV accumulates with 

propagation distance

– the intrinsic source induced time lag is likely to be a 
distance independent quantity

• A robust survey [Ellis et al.’06 & 08, Astropart. 
Phys.]



An intuitive way to perform analysis

L.Shao, Z.Xiao and B.-Q.Ma, APP 33 (2010) 312



Linear fits
Quadratic fits

L.Shao, Z.Xiao and B.-Q.Ma, APP 33 (2010) 312



further development

S.Zhang, B.-Q.Ma, APP 61 (2015) 108, arXiv:1406:4568



Added data

S.Zhang, B.-Q.Ma, APP 61 (2015) 108, arXiv:1406:4568



further development

Linear fits

S.Zhang, B.-Q.Ma, APP 61 (2015) 108, arXiv:1406:4568



Benchmark of low energy photons:
trigger or peak? 

• L.Shao, Z.Xiao and B.-Q.Ma, APP 33 (2010) 312, arXiv:0911.2276

• S.Zhang, B.-Q.Ma, APP 61 (2015) 108, arXiv:1406.4568

Trigger: 

The peak of low energy photons: 

• H.Xu, B.-Q.Ma, APP 82 (2016) 72, arXiv: 1607.03203

• H.Xu, B.-Q.Ma, Phys.Lett.B 760 (2016) 602

• Y.Liu, B.-Q.Ma, EPJC 78 (2018) 825, arXiv: 1810.00636



Benchmark of low energy photons:
trigger or peak? 

• H.Xu, B.-Q.Ma, APP 82 (2016) 72, arXiv: 1607.03203

• H.Xu, B.-Q.Ma, Phys.Lett.B 760 (2016) 602



New Analysis of Data

• H.Xu, B.-Q.Ma, APP 82 (2016) 72, arXiv: 1607.03203



New Results

• H.Xu, B.-Q.Ma, APP 82 (2016) 72, arXiv: 1607.03203



New GRB: 160509A

• H.Xu, B.-Q.Ma, Phys.Lett.B 760 (2016) 602



New GRB: 160509A

• H.Xu, B.-Q.Ma, Phys.Lett.B 760 (2016) 602



New GRB: 160509A

• H.Xu, B.-Q.Ma, Phys.Lett.B 760 (2016) 602



New GRB: 160509A

• H.Xu, B.-Q.Ma, Phys.Lett.B 760 (2016) 602



New GRB: 160509A

• H.Xu, B.-Q.Ma, Phys.Lett.B 760 (2016) 602



new development

H.Xu, B.-Q.Ma, JCAP 1801 (2018) 050

• A general analysis on the data of 25 bright GRBs

• Allow a completed scan over all possibilities without bias 

• The regularity exists at a significance of 3-5 σ



new development
H.Xu, B.-Q.Ma, JCAP 1801 (2018) 050



new development
H.Xu, B.-Q.Ma, JCAP 1801 (2018) 050



Two options for light speed variation

S.Zhang, B.-Q.Ma, APP 61 (2015) 108, arXiv:1406:4568

The exact parameter for quantum gravity or Lorentz violation should be 

determined from experimental evidence rather than a priori 

assumption. 

 A consequence of the matter effect in space: 

cosmic medium. 

 An observation of the Lorentz violation effect at 



From photons to neutrinos

H.Xu, B.-Q.Ma, JCAP 1801 (2018) 050



IceCube Neutrino Observatory

冰立方中微子天文台



Advantages: from photons to neutrinos

• Energy difference: photon<100GeV, neutrino= TeV->PeV

• Time difference: photon=a few seconds

neutrino=a few hundred seconds -> months 

• Intrinsic time difference: can be safely neglected.

• U. Jacob, T. Piran, Nat.Phys.3 (2007) 87

• Y. Huang, B.-Q. Ma, Comms.Phys.1 (2018) 62



IceCube Neutrinos
—results reported by IceCube

• IceCube, Astrophys.J. 843 (2017) 2292

• Y. Huang, B.-Q. Ma, Comms.Phys.1 (2018) 62

• 9 years data taking: energies>30 TeV + 4 events of PeV

• Associated GRBs: narrow time window=within -100->300 seconds, 

some neutrinos compatible with backgrounds

• Small flux to rule out fireball models.



Extension of Time Window to Days

H.Xu, B.-Q.Ma, JCAP 1801 (2018) 050



Reanalysis of TeV Events

H.Xu, B.-Q.Ma, JCAP 1801 (2018) 050



Reanalysis of TeV Events

H.Xu, B.-Q.Ma, JCAP 1801 (2018) 050



First Analysis of PeV Events

H.Xu, B.-Q.Ma, JCAP 1801 (2018) 050



Association of IceCube Neutrinos with GRBs
Y. Huang, B.-Q. Ma, Comms.Phys.1 (2018) 62



CPT Violation from Cosmic Neutrinos:
Difference properties between neutrinos and antineutrinos.

Y. Huang, B.-Q. Ma, Comms.Phys.1 (2018) 62

https://astronomycommunity.nature.com/users/179714-bo-qiang-
ma/posts/39327-cpt-violation-from-cosmic-neutrinos



CPT Violation from Cosmic Neutrinos:

• We find that different neutrino/antineutrino propagation 

properties can be described with both Lorentz invariance 

and CPT symmetry violation.

• A viable way on testing the CPT symmetry violation between 

neutrinos and antineutrinos is suggested.



CPT Violation from Cosmic Neutrinos:

• Previous association of 60 TeV to 2 PeV IceCube neutrinos with 

GRBs indicates Lorentz invariance and CPT symmetry violation.

• We find that another 12 northern hemisphere track events satisfy 

the same regularity at a lower energy scale around 1 TeV. 

• Such a consistency over four orders of magnitude in energy 

provides a strong support of the revealed regularity.

Y. Huang, H.Li, B.-Q. Ma, PRD 99 (2019) 123018



IceCube Neutrinos near 1 TeV & GRBs 
Y. Huang, H.Li, B.-Q. Ma, PRD 99 (2019) 123018



IceCube Neutrinos near 1 TeV & GRBs 

Y. Huang, H.Li, B.-Q. Ma, PRD 99 (2019) 123018



12 IceCube neutrinos near 1 TeV
as new support to the TeV+PeV regularity

TeV + PeV + near-TeV neutrinos (r=0.99)

Y. Huang, H.Li, B.-Q. Ma, PRD 99 (2019) 123018



Summary: ultrahigh energy cosmic neutrinos

• We first associate all 4 IceCube events of PeV
neutrinos with gamma-ray bursts (GRBs).

• We unveil a regularity of these energetic neutrinos 
indicting Lorentz violation.

• We find different propagation properties between 
neutrinos and antineutrinos.

• The result indicates the CPT violation between 
neutrinos and antineutrinos. 



CPT Violation from Cosmic Neutrinos:
Difference properties between neutrinos and antineutrinos.

Y. Huang, B.-Q. Ma, Comms.Phys.1 (2018) 62

https://astronomycommunity.nature.com/users/179714-bo-qiang-
ma/posts/39327-cpt-violation-from-cosmic-neutrinos
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