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The highest energy particles

can be observed by human being are from SKY

Frontiers of human knowledge:
Cosmology, Astronomy, and Physics
» AstroParticle Physics

« Particles from the Sky:
Ultra-high energy comic rays (UHECRS) : 102%eV or higher
Cosmic photons from gamma ray bursts: 10~100 GeV or higher to multi-TeV

Cosmic neutrinos with much higher energy: ~TeV to PeV

New physics from cosmic photons and neutrinos:
Lorentz violation
CPT violation
Axion



New Physics Beyond Relativity: Lorentz Invariance Violation
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Searching for Lorentz Violation from Light-Speed Variation
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Phenomenological Studies on Light-Speed Variation
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LHAASO discoveries set strong constraints on superluminal Lorentz violation
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Theoretical Studies on Lorentz Violation of Photons and Neutrinos
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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



Modified photon dispersion relation from LV
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he/G ~ 1.22 x 10" GeV/c?

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

See also, e.qg.,

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



Gammy-ray Bursts (GRBs) [ N

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

Long distance from detector:
2~2.15 forlong GRBs, several billion light-years
2=0.5 for short GRBs

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



Time-lag by GRB
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Model independent LV photon dispersion relation
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n=1or?2 » linear and quadratic energy dependence

s=1 subluminal case; s=-1 superluminal case
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See also, e.qg.,
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Strong constraint from short GRB090510
& Fermi-LAT data

Abdo et al. (Fermi), Nature 462 (2009) 331
a lower limit of 1.2Epjanck

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

M ~17.72% 10" GeV  6.32Mp,

Vasileiou et al., PRD 87 (2013) 122001

Eqg1 > 7.6 times the Planck energy (Ep)

From Fermi Nature paper: we simply assume that it (high-energy photon) was emitted
sometime during the relevant lower-energy emission episode.



Lorentz Violation

from energetic photons (multi-GeV) of GRBs
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Formulas in our analysis of LV parameter

linear and quadratic energy dependence
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Time lag by LV effect

* Expansion universe [jacob & piran'08, JCAP]
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Ho ~ 71 km s ! Mpc?

New derivation from Finsler geometry:
J. Zhu, B.-Q. Ma, PRD 12 (2022) 124069.




Lag determinations
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Four Fermi observations around 2010

the arrival of the highest energy photon to GBM trigger

A\

GRBs z E (GeV) Atops (s) Maqer (GeV/c?) Maaq (GeV/c?)
080916C [19]  4.35 [21] 13.22 16.54 1.5 x 101% 9.7 x 10°
090510 [20]  0.903 [22] 31 0.829 1.7 x 10 3.4 x 10%
0909028 [23]  1.822 [24] 33.4 82 3.7 % 107 5.9 x 10°
090926A [25] 2.1062 [26] 19.6 26 7.8 x 10%7 6.8 x 10°

N v
At{:}bs — AtL\f

ﬂf{Q@er ~ (49:|:81) X 1018 GeV
ﬂf{QG’Q ~ (14 + 13) X 1010 GeV

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

* asurvey 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 su rvey [EIIis et al’06 & 08, Astropart. Phys.]



the Alcobs/(l T Z)'Kn pIOt
An intuitive way to perform analysis
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Discussions
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S.Zhang, B.-Q.Ma, APP 61 (2015) 108, arXiv:1406:4568

further development around 2015

Astroparticle Physics 61 (2015) 108-112
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S.Zhang, B.-Q.Ma, APP 61 (2015) 108, arXiv:1406:4568

Added data

Table 1: The data of the GRBs with high energy photons and known redshifts.

GRB z fobs (5)  Eobs (GeV)  Eip (GeV) Evv %z (s) K
(x 107 GeV) (x10'% 5. GeV)
080916C(1) 435+0.15 16.545 12.4 66.3 13.9+ 1.7 3.092 4.30
090926A 2.1071 £ 0.0001 24.835 19.5 60.6 7.8 +0.8 7.993 6.23
1004 14A 1.368 33.365 297 70.3 5.8+0.6 14.090 8.22
130427A¢ 0.3399 +£ 0.0002 18.644 72.6 07.3 6.0+0.7 13.915 8.32
090902B 1.822 81.746 39.9 112.6 42 +0.5 28.967 12.24
090510 0.903 £ 0.003 0.828 299 56.9 155+ 17 0.435 6.75
080916C(2) 435+£0.15 40.509 27.4 146.6 126 £ 1.4 7.572 9.51
11.671 11.9 33.6 §8+£1.0 1.136 3.65
14.166 14.2 40.1 8§7+1.0 5.020 4.36
090902Bs 1.822 26.168 18.1 51.1 6.0+0.7 9.273 5.55
42.374 12.7 35.8 26+0.3 15.016 3.90
45.608 15.4 43.5 29+0.3 16.162 4.72

“The data of this GRB are from the Pass 7 LAT reconstruction. The references for the redshifts of the GRBs
are [18](GRB 080916C), [22](GRB 090510), [21](GRB 090902B), [19](GRB 090926A), [20](GRB 100414A), and
[I7](GRB 130427A). tos 1s the arrival time after the onset of the GRBs, Eqpg 1s the measured energy of the photon, Ej,
1s the intrinsic energy at the source of the GRBs, and Epy; 1s the Lorentz violation parameter of the linear LV model
without considering the intrinsic time lag. The standard errors of Epy ’s are calculated with the consideration of the
energy resolution of LAT [25] and the uncertainties of the cosmological parameters and the redshifts. K is the Lorentz
violation factor with a unit as (s - GeV)
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further development
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Benchmark of low energy photons:
trigger or peak?

Trigger:

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

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?

GLAST Burst Monitor - Trigger 243216766 - 2008, Sep 16, 00:12:48.81 UT
GLC_Tool Version Li GLAST 2008280 _DOGS00_VCUI_GTRIC.0.00
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 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, APP 82 (2016) 72, arXiv: 1607.03203

New Analysis of Data

Table 1: The data of high energy photon events from GRBs with known redshifts.

GRB Z Thigh (S)  fiow (8)  Egps (GeV) Esource (GeV) ﬂir—f; (s) Ky

(x10"™ 5. GeV)

080916C(1) 4.35+0.15 16.545 5.984 12.4 66.3 1.974 446 +£045

080916C(2) 435+0.15 40.509  5.984 274 146.6 6.453 0.86 +£0.99

090510 0.903 + 0.003 0.828  —-0.032 29.9 56.9 0.452 721 +£0.73

090902B 1.822 81.746  9.768 39.9 112.6 25.506 129+ 1.3

11.671 11.9 33.6 0.674 3.84 +£0.39

14.166 14.2 40.1 1.559 458 £ 047

090902Bs 1.822 26.168  9.768 18.1 51.1 5.812 5.84 +£0.59

42.374 12.7 35.8 11.554 410+ 042

45.608 154 43.5 12.700 497 £0.51

090926A 2.1071 £ 0.0001  24.835  4.320 19.5 60.6 6.603 6.53 £ 0.66

100414A 1.368 33.365  0.288 29.7 70.3 13.968 8.70 + 0.88

130427A 0.3399 £ 0.0002 18.644  0.544 72.6 97.3 13.509 0.02 £0091

1406198 2,67 +0.37 0.613 0.096 22.7 83.5 0.141 7.96 +0.82
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H.Xu, B.-Q.Ma, APP 82 (2016) 72, arXiv: 1607.03203

New Results
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New GRB: 160509A

Physics Letters B 760 (2016) 602-604
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Light speed variation from gamma ray burst GRB 160509A @cmmk
Haowei Xu®, Bo-Qiang Ma &:b.c.d

ABSTRACT

It is postulated in Einstein’s relativity that the speed of light in vacuum is a constant for all observers.
However, the effect of quantum gravity could bring an energy dependence of light speed. Even a tiny
speed variation, when amplified by the cosmological distance, may be revealed by the observed time
lags between photons with different energies from astrophysical sources. From the newly detected long

gamma ray burst GRB 160509A, we find evidence to support the prediction for a linear form modification
of light speed in cosmological space.



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

New GRB: 160509A
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Figure 1: Light curves of the two brightest trigger detectors combined (GBM Nal-n0 and Nal-n3, 8 ~ 260 keV) for
GRB 160509A. In the left panel (a), photon events are binned in 1 second intervals. In the right panel (b), photon
events are binned in 0.064 seconds intervals to determine the peak of the main pulse as Tpeax = 13.920's.

Table 1: Photons with energy higher than 1 GeV from GRB 160509A

Eops | GeV tarri / S (RA, Dec)
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e H.Xu, B.-Q.Ma, Phys.Lett.B 760 (2016) 602

New GRB: 160509A

Table 2: Data of high energy photon event from GRB 160509A

GRB
160509A

-
A

1.17

Thigh (s) Now (s) Eobs (GeV) Esource (GeV) ﬁITTcﬂ:; (s)
76506 13.920 51.9 1126 28,812

K (<108 5. GeV)

14.2

Data of GRB 160509A. #,g and 710 denote the arrival time of the high energy photon event and the peak time of
the main pulse of low energy photons respectively, with the trigger time of GBM as the zero point. Eqps and Egoypee
are the energy measured by Fermi LAT and the intrinsic energy at the source of GRBs, with Eource = (1 + 2) Eps.
K 1s the Lorentz violation factor with a unit of (s - GeV) forn = 1.
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New GRB: 160509A

we find evidence

to support the prediction for a linear form modification of light speed

WE)=c(l —E/ELy)

Eiy = 3.60x 10" GeV

ABSTRACT

It is postulated in Einstein’s relativity that the speed of light in vacuum is a constant for all observers.
However, the effect of quantum gravity could bring an energy dependence of light speed. Even a tiny
speed variation, when amplified by the cosmological distance, may be revealed by the observed time
lags between photons with different energies from astrophysical sources. From the newly detected long
gamma ray burst GRB 160509A, we find evidence to support the prediction for a linear form modification
of light speed in cosmological space.
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Regularity of high energy photon
events from gamma ray bursts

Haowei Xu“ and Bo-Qiang Ma®"=4!

* 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 ¢
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In conclusion. we use a general method to analyze the data of 25 bright GRDBs detected
by FGST. The results suggest that for photons with energy higher than 40 GeV, the regularity
of high energy photon events from different GRBs exists at a significance of 3-5 ¢ with
Frv = 3.6 x 1017 GeV determined by the GRB data.
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New GRBS: 2010204, 2010208, 201021¢

® Work by Xu&Ma

® 160509A by Xu&Ma
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New GRBS: 2010204, 2010208, 201021¢

Physics Letters B 820 (2021) 136518
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PHYSICS LETTERS B

Physics Letters B
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Pre-burst events of gamma-ray bursts with light speed variation N

Jie Zhu?, Bo-Qiang Ma a,b,c,*

* Direct evidence for pre-burst stage of GRBs
e Support of light speed variation at £y = 3.60 x 107 GeV
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Pre-burst of GRBs from machine learning

Journal of High Energy Astrophysics 32 (2021) 78-86
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ASTROPHYSICS
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Novel pre-burst stage of gamma-ray bursts from machine learning

Yingtian Chen®", Bo-Qiang Ma®¢:d.¢:*

e Strong support for pre-burst stage of GRBs
e Support of light speed variation at £y = 3.60 x 107 GeV
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Pre-burst of GRBs from machine learning

Classification B Pre-burst stage (E,,>20 GeV)
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Strong support for pre-burst stage of GRBs
Support of light speed variation at Ey = 3.60 x 107 GeV
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K-means classification method

. The dimension NV is set as N = 2 because our coordinate axis system is 2-dimensional.

. Since the simplest case of the K-means method 1s K=2, we set K=2 to illustrate the efficiency and enlighten-
ment of the analysis.

. Instead of calculating the average coordinate of subset ¥, in each iteration as u;, we compute the linear fitting

line 7 = ki + b; as u; of ¥y, and {uf, ul, - -+ , uf. } are K random lines.

. We use the Euclidean distance function between a point z(k, 7) and the line u; as d(z, u; ):

d(z,u;) = (ki — 7 + bl (10)
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4-cases of classification
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Results corresponding to classifications A&B
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Figure 10: The S(Eryv) plots of 3 situations. (a) is the original plot of the unclassified situation; (b) is the plot of the
pre-burst stage in classification A; (c) 1s the plot of the middle-cluster in classification B.
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Results corresponding to classifications C&D
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Figure 12: The S Eyy, ) plots of the lower-clusters of classifications C and D.



Newly observed GRB221009A
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» Triggered by Fermi and Swift
» Very bright GRB with very short distance
z=0.1505 (2.4 billion light years)

» LHAASO observation: 64000 high energy events with energies larger
than 200 GeV including photons with energy larger than 10 TeV.

202210 H9H, LHAASOH 55 & BRAMN3E 2 HH 10TeVHI Y6 F 341

LHAASO, Science 380 (2023) 1390, June 8, 2023, arXiv:2306.06372
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—e— Original spectrum
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18 TeV attenuation
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» Within standard model, extragalactic background light
(EBL) could absorb cosmic photons severely and the
flux is too weak to be observed.

» We suggest that Lorentz invariance violation induced
threshold anomaly of 1 —e¢¢* process provides a
candidate to explain the LHAASO observation of 18
TeV event.

H. Li and B.-Q. Ma, arXiv:2210.06338, APP 148 (2023) 102831
See also, H. Li and B.-Q. Ma, arXiv:2210.05563, EPJC 83 (2023) 192
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H. Li and B.-Q. Ma, arXiv:2210.06338, APP 148 (2023) 102831
See also:

H. Li and B.-Q. Ma, arXiv:2210.05563, EPJC 83 (2023) 192

H. Li and B.-Q. Ma, arXiv:2306.02962 , JCAP 10 (2023) 061

H. Li and B.-Q. Ma, arXiv:2307.14256, Mod.Phys.Lett.A 39 (2024) 04



,\é%?% Summary: cosmic photons

We analyse the data of the energetic photons from the
gamma-ray bursts (GRBs).

We unveil a surprising regularity behind the data of
these energetic photons.

We find events to support the energy dependence of
the light speed.

The scenario is supported by new GRB 160509A and
also previous AGNSs.

A machine learning method also supports the above
conclusion.






