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• SM & GR: the best theories describing the 4-fundamental Forces. 
• No conflict with predictions from either of them. 
• They are fundamentally different.
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Gravity Electromagnetism

Strong forceWeak force
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New Physics involves new features, such as: 
Higher Dimensions of s-t 
Brane World scenarios 
Noncomutative geometries 
… 
The law of relativity might not hold exactly at all  
energy scales Lorentz Invariance Violation (LIV)

…  LI may not be an exact symmetry of Nature 

Quantum Theory of Gravity?

String Theory Loop Quantum Gravity 

?…
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Generic LIV dispersion relation

E2 � p2 ± ✏A2 = m2, A = {E, p}

A general modification to the dispersion relation would 
rather involve a general function of energy and momentum✏ ! ✏(A)

The dispersion relation:

E � m,

 6

✏(A)A2 = ✏(0)A2 + ✏0(0)A(2+1) +
✏00(0)

2!
A(2+2) +

✏000(0)

3!
A(2+3) + . . .
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LIV negligible at the 
lower standard energies  

n � 1

it is not necessarily bound to a particular LIV-model, which allows 
to generalize to some point the search of LIV-signatures.  

E2 � p2 ± �nA
n+2 = m2, �n = ✏(n)/Mn = 1/(E(n)

LIV )
n
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it is not necessarily bound to a particular LIV-model, which allows 
to generalize to some point the search of LIV-signatures.  

n=2

A general modification to the dispersion relation would 
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LIV limits by  γ-rays 
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LIV limits by  γ-rays 
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superluminal 

subluminal 
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LIV limits by  γ-rays 
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LIV limits by  γ-rays 
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Time energy dependent delay

The corresponding differential relation between time and redshift is

;



Time energy dependent delay

A particle with velocity u travels an 
elementary distance:

The corresponding differential relation between time and redshift is

;

 Two particles with velocities 
differing by ∆u
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LIV - energy dependence  group  
velocity 



Time energy dependent delay

Let be  u, a particle velocity

The corresponding differential relation between time and redshift
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Time energy dependent delay

Let be  u, a particle velocity

The corresponding differential relation between time and redshift

;

 ∆u : two particles with 
velocities differing by

LIV - energy dependence  group  
velocity 

�t = H
�1
0

 
�E

E
(n)
LIV

!2 Z z

0

(1 + z)dz

h(z)
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Time energy dependent delay

Spain  
2	Telescopes
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Time energy dependent delay

 The potential of the HAWC observatory,  
based on the reference scenarios

Lukas Nellen et al. 
HAWC- ICRC’15



Time energy dependent delay

Lukas Nellen et all 
HAWC- ICRC’15
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Above this energy threshold, 
the decay rate is quite efficient 
that photons should not arrive 

at Earth from astrophysical 
distances

E(n)
LIV > E�

"
E2

� � 4m2
e�

4m2
e�

#1/n
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If you observe VHE gamma-rays, 
 the LIV process is restricted!!

H. Martinez and A. Lorenzana  
Phys.Rev. D95 (2017) 6, 063001

Photon decay

H. Martinez and A. Pérez-Lorenzana  
J.Phys.Conf.Ser. 761 (2016) 012035
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ELIV excluded region due to  γ → e+e−  
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ELIV excluded region due to  γ → e+e−  

HEGRA Collaboration. 
 The Astrophysical Journal, 

614:897–913, 2004 

HESS Collaboration, 
Astron. Astrophys, 449, 223 

(2007) 

SNR RX J1713.7.3946

CRAB

n=1

H. Martinez and A. Pérez-Lorenzana  
Phys.Rev. D95 (2017) 6, 063001
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HEGRA Collaboration. 
 The Astrophysical Journal, 

614:897–913, 2004 

HESS Collaboration, 
Astron. Astrophys, 449, 223 

(2007) 

SNR RX J1713.7.3946

CRAB

n=2

H. Martinez and A. Pérez-Lorenzana  
Phys.Rev. D95 (2017) 6, 063001
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H. Martinez et al. 
HAWC-ICRC-2017-35
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ELIV potential limits from HAWC  
for n=1 (left), n=2 (right)  and energy unc. of 25%.  

H. Martinez et al. 
HAWC-ICRC-2017-35
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ELIV potential limits from HAWC  
n=2 and energy unc. of 25%.  

Photon 
decay

Time 
Energy 

Dependent
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Cerro Vecar, province of Salta, Argentina. 

4000 units 

1000 units 
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Searching LIV signatures with SGSO
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The higher the 
observed gamma-
ray energy is, the 

stringent the limit!
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Fig. 1 
LIV energy scale limits from superluminal searches including a potential reference of SGSO by 

measuring RXJ1713.7-3946 photons at 80 TeV and 100 TeV and the absence of photon decay into 
electron-positron pairs.

Searching LIV signatures with SGSO
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The threshold equation

Critical point

Background:

!39

Pair Production 
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�V HE �BKG ! e+e�
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⇤n > 0

⇤n = 0

⇤n < 0 Threshold-shifts

LI scenario

+2nd Threshold

H. Martínez-Huerta, A. Pérez-Lorenzana.  
Phys. Rev. D 95, 063001 (2017)

LI
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<latexit sha1_base64="5pYEwx+6J5HrN8UiKLhttBsoB5I=">AAACF3icbVBNSwMxFMz6bf2qevQSLIIgll0p6FEUUfCiYGuhreVtfN2GJrtLklXKsj9E/4yeRMWLR/+NaV1Bq3MI897Mg8z4seDauO6HMzY+MTk1PTNbmJtfWFwqLq/UdJQohlUWiUjVfdAoeIhVw43AeqwQpC/w0u8dDvTLG1SaR+GF6cfYkhCEvMMZGLtqFyvNAKSEdlo7Ocpok36PB6fHdlQ86BpQKrqleJVuZYN3O6PtYsktu0PQv8TLSYnkOGsX35rXEUskhoYJ0LrhubFppaAMZwKzQjPRGAPrQYANS0OQqFvpMF1GNzqRoqaLdDj/9KYgte5L33okmK4e1QbL/7RGYjp7rZSHcWIwZNZitU4iqInooCR6zRUyI/qWAFPc/pKyLihgxlZZsPG90bB/SW2n7Lll77xS2j/Ii5gha2SdbBKP7JJ9ckLOSJUwck8eyQt5de6cB+fJef6yjjn5zSr5Bef9E9BHnvo=</latexit><latexit sha1_base64="5pYEwx+6J5HrN8UiKLhttBsoB5I=">AAACF3icbVBNSwMxFMz6bf2qevQSLIIgll0p6FEUUfCiYGuhreVtfN2GJrtLklXKsj9E/4yeRMWLR/+NaV1Bq3MI897Mg8z4seDauO6HMzY+MTk1PTNbmJtfWFwqLq/UdJQohlUWiUjVfdAoeIhVw43AeqwQpC/w0u8dDvTLG1SaR+GF6cfYkhCEvMMZGLtqFyvNAKSEdlo7Ocpok36PB6fHdlQ86BpQKrqleJVuZYN3O6PtYsktu0PQv8TLSYnkOGsX35rXEUskhoYJ0LrhubFppaAMZwKzQjPRGAPrQYANS0OQqFvpMF1GNzqRoqaLdDj/9KYgte5L33okmK4e1QbL/7RGYjp7rZSHcWIwZNZitU4iqInooCR6zRUyI/qWAFPc/pKyLihgxlZZsPG90bB/SW2n7Lll77xS2j/Ii5gha2SdbBKP7JJ9ckLOSJUwck8eyQt5de6cB+fJef6yjjn5zSr5Bef9E9BHnvo=</latexit><latexit sha1_base64="5pYEwx+6J5HrN8UiKLhttBsoB5I=">AAACF3icbVBNSwMxFMz6bf2qevQSLIIgll0p6FEUUfCiYGuhreVtfN2GJrtLklXKsj9E/4yeRMWLR/+NaV1Bq3MI897Mg8z4seDauO6HMzY+MTk1PTNbmJtfWFwqLq/UdJQohlUWiUjVfdAoeIhVw43AeqwQpC/w0u8dDvTLG1SaR+GF6cfYkhCEvMMZGLtqFyvNAKSEdlo7Ocpok36PB6fHdlQ86BpQKrqleJVuZYN3O6PtYsktu0PQv8TLSYnkOGsX35rXEUskhoYJ0LrhubFppaAMZwKzQjPRGAPrQYANS0OQqFvpMF1GNzqRoqaLdDj/9KYgte5L33okmK4e1QbL/7RGYjp7rZSHcWIwZNZitU4iqInooCR6zRUyI/qWAFPc/pKyLihgxlZZsPG90bB/SW2n7Lll77xS2j/Ii5gha2SdbBKP7JJ9ckLOSJUwck8eyQt5de6cB+fJef6yjjn5zSr5Bef9E9BHnvo=</latexit><latexit sha1_base64="5pYEwx+6J5HrN8UiKLhttBsoB5I=">AAACF3icbVBNSwMxFMz6bf2qevQSLIIgll0p6FEUUfCiYGuhreVtfN2GJrtLklXKsj9E/4yeRMWLR/+NaV1Bq3MI897Mg8z4seDauO6HMzY+MTk1PTNbmJtfWFwqLq/UdJQohlUWiUjVfdAoeIhVw43AeqwQpC/w0u8dDvTLG1SaR+GF6cfYkhCEvMMZGLtqFyvNAKSEdlo7Ocpok36PB6fHdlQ86BpQKrqleJVuZYN3O6PtYsktu0PQv8TLSYnkOGsX35rXEUskhoYJ0LrhubFppaAMZwKzQjPRGAPrQYANS0OQqFvpMF1GNzqRoqaLdDj/9KYgte5L33okmK4e1QbL/7RGYjp7rZSHcWIwZNZitU4iqInooCR6zRUyI/qWAFPc/pKyLihgxlZZsPG90bB/SW2n7Lll77xS2j/Ii5gha2SdbBKP7JJ9ckLOSJUwck8eyQt5de6cB+fJef6yjjn5zSr5Bef9E9BHnvo=</latexit>
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Allowed region 
change with the 

LIV parameter and 
the Energy
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<latexit sha1_base64="5pYEwx+6J5HrN8UiKLhttBsoB5I=">AAACF3icbVBNSwMxFMz6bf2qevQSLIIgll0p6FEUUfCiYGuhreVtfN2GJrtLklXKsj9E/4yeRMWLR/+NaV1Bq3MI897Mg8z4seDauO6HMzY+MTk1PTNbmJtfWFwqLq/UdJQohlUWiUjVfdAoeIhVw43AeqwQpC/w0u8dDvTLG1SaR+GF6cfYkhCEvMMZGLtqFyvNAKSEdlo7Ocpok36PB6fHdlQ86BpQKrqleJVuZYN3O6PtYsktu0PQv8TLSYnkOGsX35rXEUskhoYJ0LrhubFppaAMZwKzQjPRGAPrQYANS0OQqFvpMF1GNzqRoqaLdDj/9KYgte5L33okmK4e1QbL/7RGYjp7rZSHcWIwZNZitU4iqInooCR6zRUyI/qWAFPc/pKyLihgxlZZsPG90bB/SW2n7Lll77xS2j/Ii5gha2SdbBKP7JJ9ckLOSJUwck8eyQt5de6cB+fJef6yjjn5zSr5Bef9E9BHnvo=</latexit><latexit sha1_base64="5pYEwx+6J5HrN8UiKLhttBsoB5I=">AAACF3icbVBNSwMxFMz6bf2qevQSLIIgll0p6FEUUfCiYGuhreVtfN2GJrtLklXKsj9E/4yeRMWLR/+NaV1Bq3MI897Mg8z4seDauO6HMzY+MTk1PTNbmJtfWFwqLq/UdJQohlUWiUjVfdAoeIhVw43AeqwQpC/w0u8dDvTLG1SaR+GF6cfYkhCEvMMZGLtqFyvNAKSEdlo7Ocpok36PB6fHdlQ86BpQKrqleJVuZYN3O6PtYsktu0PQv8TLSYnkOGsX35rXEUskhoYJ0LrhubFppaAMZwKzQjPRGAPrQYANS0OQqFvpMF1GNzqRoqaLdDj/9KYgte5L33okmK4e1QbL/7RGYjp7rZSHcWIwZNZitU4iqInooCR6zRUyI/qWAFPc/pKyLihgxlZZsPG90bB/SW2n7Lll77xS2j/Ii5gha2SdbBKP7JJ9ckLOSJUwck8eyQt5de6cB+fJef6yjjn5zSr5Bef9E9BHnvo=</latexit><latexit sha1_base64="5pYEwx+6J5HrN8UiKLhttBsoB5I=">AAACF3icbVBNSwMxFMz6bf2qevQSLIIgll0p6FEUUfCiYGuhreVtfN2GJrtLklXKsj9E/4yeRMWLR/+NaV1Bq3MI897Mg8z4seDauO6HMzY+MTk1PTNbmJtfWFwqLq/UdJQohlUWiUjVfdAoeIhVw43AeqwQpC/w0u8dDvTLG1SaR+GF6cfYkhCEvMMZGLtqFyvNAKSEdlo7Ocpok36PB6fHdlQ86BpQKrqleJVuZYN3O6PtYsktu0PQv8TLSYnkOGsX35rXEUskhoYJ0LrhubFppaAMZwKzQjPRGAPrQYANS0OQqFvpMF1GNzqRoqaLdDj/9KYgte5L33okmK4e1QbL/7RGYjp7rZSHcWIwZNZitU4iqInooCR6zRUyI/qWAFPc/pKyLihgxlZZsPG90bB/SW2n7Lll77xS2j/Ii5gha2SdbBKP7JJ9ckLOSJUwck8eyQt5de6cB+fJef6yjjn5zSr5Bef9E9BHnvo=</latexit><latexit sha1_base64="5pYEwx+6J5HrN8UiKLhttBsoB5I=">AAACF3icbVBNSwMxFMz6bf2qevQSLIIgll0p6FEUUfCiYGuhreVtfN2GJrtLklXKsj9E/4yeRMWLR/+NaV1Bq3MI897Mg8z4seDauO6HMzY+MTk1PTNbmJtfWFwqLq/UdJQohlUWiUjVfdAoeIhVw43AeqwQpC/w0u8dDvTLG1SaR+GF6cfYkhCEvMMZGLtqFyvNAKSEdlo7Ocpok36PB6fHdlQ86BpQKrqleJVuZYN3O6PtYsktu0PQv8TLSYnkOGsX35rXEUskhoYJ0LrhubFppaAMZwKzQjPRGAPrQYANS0OQqFvpMF1GNzqRoqaLdDj/9KYgte5L33okmK4e1QbL/7RGYjp7rZSHcWIwZNZitU4iqInooCR6zRUyI/qWAFPc/pKyLihgxlZZsPG90bB/SW2n7Lll77xS2j/Ii5gha2SdbBKP7JJ9ckLOSJUwck8eyQt5de6cB+fJef6yjjn5zSr5Bef9E9BHnvo=</latexit>
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The 
distance 
element  

Density of 
BKG 

photons  

Pair Production 
cross section  

Breit & Wheeler 
1934; Heitler 1960 

De Angelis, Alessandro et al.  
Mon.Not.Roy.Astron.Soc.  

432 (2013) 3245-3249

BKG

⇥
Z 1

�1
d(cos ✓)

1� cos ✓

2
�(E� , ✏, z, cos ✓)

<latexit sha1_base64="Z9H5a2auCHtr6Cuq8apZ9/wLoU8="></latexit><latexit sha1_base64="Z9H5a2auCHtr6Cuq8apZ9/wLoU8="></latexit><latexit sha1_base64="Z9H5a2auCHtr6Cuq8apZ9/wLoU8="></latexit><latexit sha1_base64="Z9H5a2auCHtr6Cuq8apZ9/wLoU8="></latexit>

⌧�(E� , z, n) =

Z z

0
dz

c

H0(1 + z)
p
⌦⇤ + ⌦M (1 + z)3

<latexit sha1_base64="fYplCkLOhwP19BtlxHtUaUlbpqg="></latexit><latexit sha1_base64="fYplCkLOhwP19BtlxHtUaUlbpqg="></latexit><latexit sha1_base64="fYplCkLOhwP19BtlxHtUaUlbpqg="></latexit><latexit sha1_base64="fYplCkLOhwP19BtlxHtUaUlbpqg="></latexit>

⇥
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<latexit sha1_base64="7XHIHPtPVPQIPNwaBpLisYNLOL0=">AAACLHicbVBLSwMxGMz6tr6qHr0Ei6AgZVcEPYpe9FbBPqBbSzb9tg0mu0vyrVCX/Uv6RzzqQUS9+TtMawVtndNkZgLfTJBIYdB1X5yp6ZnZufmFxcLS8srqWnF9o2biVHOo8ljGuhEwA1JEUEWBEhqJBqYCCfXg5mzg129BGxFHV9hPoKVYNxKh4Ayt1C5e+CgUGOqLCNuZD4kR0uoZ9vL8OrNqiP2cdn4M6lNr+l2mFMt3f9T9u71CoV0suWV3CDpJvBEpkREq7eKj34l5qiBCLpkxTc9NsJUxjYJLyAt+aiBh/IZ1oWlpxOydrWxYOac7Yawp9oAO37+zGVPG9FVgM4phz4x7A/E/r5lieNzKRJSkCBG3EeuFqaQY08FytCM0cJR9SxjXwl5JeY9pxtHuO6jvjZedJLWDsueWvcvD0snpaIgFskW2yS7xyBE5IeekQqqEkwfyTN7Jh3PvPDmvztt3dMoZ/dkkf+B8fgH7tqkW</latexit><latexit sha1_base64="7XHIHPtPVPQIPNwaBpLisYNLOL0=">AAACLHicbVBLSwMxGMz6tr6qHr0Ei6AgZVcEPYpe9FbBPqBbSzb9tg0mu0vyrVCX/Uv6RzzqQUS9+TtMawVtndNkZgLfTJBIYdB1X5yp6ZnZufmFxcLS8srqWnF9o2biVHOo8ljGuhEwA1JEUEWBEhqJBqYCCfXg5mzg129BGxFHV9hPoKVYNxKh4Ayt1C5e+CgUGOqLCNuZD4kR0uoZ9vL8OrNqiP2cdn4M6lNr+l2mFMt3f9T9u71CoV0suWV3CDpJvBEpkREq7eKj34l5qiBCLpkxTc9NsJUxjYJLyAt+aiBh/IZ1oWlpxOydrWxYOac7Yawp9oAO37+zGVPG9FVgM4phz4x7A/E/r5lieNzKRJSkCBG3EeuFqaQY08FytCM0cJR9SxjXwl5JeY9pxtHuO6jvjZedJLWDsueWvcvD0snpaIgFskW2yS7xyBE5IeekQqqEkwfyTN7Jh3PvPDmvztt3dMoZ/dkkf+B8fgH7tqkW</latexit><latexit sha1_base64="7XHIHPtPVPQIPNwaBpLisYNLOL0=">AAACLHicbVBLSwMxGMz6tr6qHr0Ei6AgZVcEPYpe9FbBPqBbSzb9tg0mu0vyrVCX/Uv6RzzqQUS9+TtMawVtndNkZgLfTJBIYdB1X5yp6ZnZufmFxcLS8srqWnF9o2biVHOo8ljGuhEwA1JEUEWBEhqJBqYCCfXg5mzg129BGxFHV9hPoKVYNxKh4Ayt1C5e+CgUGOqLCNuZD4kR0uoZ9vL8OrNqiP2cdn4M6lNr+l2mFMt3f9T9u71CoV0suWV3CDpJvBEpkREq7eKj34l5qiBCLpkxTc9NsJUxjYJLyAt+aiBh/IZ1oWlpxOydrWxYOac7Yawp9oAO37+zGVPG9FVgM4phz4x7A/E/r5lieNzKRJSkCBG3EeuFqaQY08FytCM0cJR9SxjXwl5JeY9pxtHuO6jvjZedJLWDsueWvcvD0snpaIgFskW2yS7xyBE5IeekQqqEkwfyTN7Jh3PvPDmvztt3dMoZ/dkkf+B8fgH7tqkW</latexit><latexit sha1_base64="7XHIHPtPVPQIPNwaBpLisYNLOL0=">AAACLHicbVBLSwMxGMz6tr6qHr0Ei6AgZVcEPYpe9FbBPqBbSzb9tg0mu0vyrVCX/Uv6RzzqQUS9+TtMawVtndNkZgLfTJBIYdB1X5yp6ZnZufmFxcLS8srqWnF9o2biVHOo8ljGuhEwA1JEUEWBEhqJBqYCCfXg5mzg129BGxFHV9hPoKVYNxKh4Ayt1C5e+CgUGOqLCNuZD4kR0uoZ9vL8OrNqiP2cdn4M6lNr+l2mFMt3f9T9u71CoV0suWV3CDpJvBEpkREq7eKj34l5qiBCLpkxTc9NsJUxjYJLyAt+aiBh/IZ1oWlpxOydrWxYOac7Yawp9oAO37+zGVPG9FVgM4phz4x7A/E/r5lieNzKRJSkCBG3EeuFqaQY08FytCM0cJR9SxjXwl5JeY9pxtHuO6jvjZedJLWDsueWvcvD0snpaIgFskW2yS7xyBE5IeekQqqEkwfyTN7Jh3PvPDmvztt3dMoZ/dkkf+B8fgH7tqkW</latexit>
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LIV
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⇥
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d✏ n�(✏, z)
<latexit sha1_base64="vCxLtyY80zebzXobUx2o6yJco+g="></latexit><latexit sha1_base64="vCxLtyY80zebzXobUx2o6yJco+g="></latexit><latexit sha1_base64="vCxLtyY80zebzXobUx2o6yJco+g="></latexit><latexit sha1_base64="vCxLtyY80zebzXobUx2o6yJco+g="></latexit>

⇥
Z 1
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<latexit sha1_base64="Z9H5a2auCHtr6Cuq8apZ9/wLoU8="></latexit><latexit sha1_base64="Z9H5a2auCHtr6Cuq8apZ9/wLoU8="></latexit><latexit sha1_base64="Z9H5a2auCHtr6Cuq8apZ9/wLoU8="></latexit><latexit sha1_base64="Z9H5a2auCHtr6Cuq8apZ9/wLoU8="></latexit>
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Z z

0
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c
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p

⌦⇤ + ⌦M (1 + z)3
<latexit sha1_base64="UKi8HNcP0NzIRPSUJE7ovM3OfTY="></latexit><latexit sha1_base64="UKi8HNcP0NzIRPSUJE7ovM3OfTY="></latexit><latexit sha1_base64="UKi8HNcP0NzIRPSUJE7ovM3OfTY="></latexit><latexit sha1_base64="UKi8HNcP0NzIRPSUJE7ovM3OfTY="></latexit>

Lang, Martinez & De Souza 
ApJ 853, no.1, 23 (2018) 
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 = 0γδ
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 = -10,2γδ

-2 eV
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 = -10,2γδ

-2 eV
-56

 = -10,2γδ

n = 2

More photons!!

⌧�(E� , z, n, E
(n)
LIV ) =
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0
dz

c

H0(1 + z)
p

⌦⇤ + ⌦M (1 + z)3
<latexit sha1_base64="L+1F0oc+AvAjSEogDFvWfMZATJk="></latexit><latexit sha1_base64="L+1F0oc+AvAjSEogDFvWfMZATJk="></latexit><latexit sha1_base64="L+1F0oc+AvAjSEogDFvWfMZATJk="></latexit><latexit sha1_base64="L+1F0oc+AvAjSEogDFvWfMZATJk="></latexit>
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<latexit sha1_base64="Z9H5a2auCHtr6Cuq8apZ9/wLoU8="></latexit><latexit sha1_base64="Z9H5a2auCHtr6Cuq8apZ9/wLoU8="></latexit><latexit sha1_base64="Z9H5a2auCHtr6Cuq8apZ9/wLoU8="></latexit><latexit sha1_base64="Z9H5a2auCHtr6Cuq8apZ9/wLoU8="></latexit>

⇥
Z 1
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<latexit sha1_base64="vCxLtyY80zebzXobUx2o6yJco+g="></latexit><latexit sha1_base64="vCxLtyY80zebzXobUx2o6yJco+g="></latexit><latexit sha1_base64="vCxLtyY80zebzXobUx2o6yJco+g="></latexit><latexit sha1_base64="vCxLtyY80zebzXobUx2o6yJco+g="></latexit>

Lang, Martinez & De Souza 
ApJ 853, no.1, 23 (2018) 
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BKG density  
EBL-photons  

EBL: Gilmore & Ramirez-Ruiz (2010)

⌧�(E� , z, n, E
(n)
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0
dz

c

H0(1 + z)
p

⌦⇤ + ⌦M (1 + z)3
<latexit sha1_base64="L+1F0oc+AvAjSEogDFvWfMZATJk="></latexit><latexit sha1_base64="L+1F0oc+AvAjSEogDFvWfMZATJk="></latexit><latexit sha1_base64="L+1F0oc+AvAjSEogDFvWfMZATJk="></latexit><latexit sha1_base64="L+1F0oc+AvAjSEogDFvWfMZATJk="></latexit>
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�(E� , ✏, z, cos ✓)

<latexit sha1_base64="Z9H5a2auCHtr6Cuq8apZ9/wLoU8="></latexit><latexit sha1_base64="Z9H5a2auCHtr6Cuq8apZ9/wLoU8="></latexit><latexit sha1_base64="Z9H5a2auCHtr6Cuq8apZ9/wLoU8="></latexit><latexit sha1_base64="Z9H5a2auCHtr6Cuq8apZ9/wLoU8="></latexit>
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<latexit sha1_base64="vCxLtyY80zebzXobUx2o6yJco+g="></latexit><latexit sha1_base64="vCxLtyY80zebzXobUx2o6yJco+g="></latexit><latexit sha1_base64="vCxLtyY80zebzXobUx2o6yJco+g="></latexit><latexit sha1_base64="vCxLtyY80zebzXobUx2o6yJco+g="></latexit>

Lang, Martinez & De Souza 
ApJ 853, no.1, 23 (2018) 
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BKG density 
 CMB-photons  

⌧�(E� , z, n, E
(n)
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0
dz

c

H0(1 + z)
p

⌦⇤ + ⌦M (1 + z)3
<latexit sha1_base64="L+1F0oc+AvAjSEogDFvWfMZATJk="></latexit><latexit sha1_base64="L+1F0oc+AvAjSEogDFvWfMZATJk="></latexit><latexit sha1_base64="L+1F0oc+AvAjSEogDFvWfMZATJk="></latexit><latexit sha1_base64="L+1F0oc+AvAjSEogDFvWfMZATJk="></latexit>
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Data from Gervasi el al. 
(2008)  
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EBL-Attenuation + LIV
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The intensity  of the  
LIV effect depends on  

‣ E𝜸 : 
The energy of the 𝜸-ray 

‣ ELIV:  
The LIV energy scale 

‣ z:  
The distance of the source.  
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Namibia  
5	Telescopes
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Cherenkov Telescope Array

Slide	by	Werner	Hofmann

13

99	Telescopes	
• 4	LST	
• 25	MST	
• 70	SSTs
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large	4.5	km2	array	of

Energy	range		 
20	GeV	-	300	TeV
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CTA Consortium

Slide	by	Werner	Hofmann

August 2018

31	Contries	
92	Parties	
202	Institutes	
1466	members	(513	FTE)
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México

• 7 Scientist 
- Ruben Alfaro
- Alejandro Lara
- William Lee
- Maria Magdalena
- Lukas Nellen
- Andrés Sandoval
- Gagik Tovmassian

• 2 Engineers
- Fernando Garfias
- Arturo Iriarte

UNAM
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Brazil

  

4

CTA Brazil
       CTA - SP - MST

● IFSC- USP

– Prof. Vitor de Souza 

– Profa. Manuela Vecchi

– Profa. Cibelle Celestino

– Dr. Humberto Huerta

– Dr. Aion Viana

– Edyvania Martins

– Rodrigo Lang

– Luan Arbeletche

– Andres Delgado

– Rodrigo Guedes Lang

– Danielle Kaori

● IF-USP

– Prof. Edivaldo Moura

– Douglas Pimentel

● UFABC

– Prof. Marcelo Leigui

– Raquel de Almeida

● UFSCar

– Dr. Gustavo Rojas

● UFPR

– Prof. Rita de Cássia

● EEL / USP

– Prof. Fernando Catalani

– Prof. Carlos Todero

● SAIFR / IFT - UNESP

– Dr. Fabio Iocco

– Dr Ekaterina Karukes

– Maria Benito

CTA - SP - SST

● IAG – USP

– Profa. Elisabete dal Pino

– Prof. Rodrigo Nemmen

– Dr. Rafael Batistai

– Dr. Chandra Singh

– Dr. Grzegorz Kowal

– Dr. Reinaldo Lima

– Dr. Paramita Barai

– Dr. Luis Kadowki

– Dr. Claudio Melioli

– Dr. Juan Ramirez

– Tania Torrejon

– Renato Gimenes

– Pankaj Kushwaha

– Saib Hussain

– Carlos Fermino

– Raniere Menezes

– William Bohórquez

– Lucas Santos

● UNICSul

– Prof. Anderson Caproni

● EACH / USP

– Prof. Diego Falceta-Gonçalves

– Mohammad Ali

        CTA - Rio

● CBPF

– Prof. UIisses de 
Almeida

– Prof. Ronald Shellard

– Bruno Arsioli

– Bernardo Fraga

– Rodrigo Cardoso

– Amanda Carvalho

12 Instituions

25 Scientists

16 Students

5 Technicians

Slide	by	V.	De	Souza
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The Array Locations

Capturing the particle showers from a gamma ray that hits the Earth’s atmosphere is 
like the classic scenario of  “looking for a needle in the haystack.”

image credit: 
Gabriel Pérez Diaz, IAC

 Array Coordinates 
Latitude: 24o 41’ 0.34” South
Longitude: 70o 18’ 58.84” West

 Array Coordinates 
Longitude: 17o 53’ 31.218” West
Latitude: 28o 45‘ 43.7904” North

area covered 
by the array of 
telescopes

area covered by the 
array of telescopes

 CTA North 
 Spain, La Palma 

 CTA South 
 Chile, Paranal 

~ 5 km 2

~ 0.5 km 2

Two Eyes on the Turbulent Universe

The southern hemisphere site is less than 10 km southeast of the Eu-
ropean Southern Observatory’s (ESO’s) existing Paranal Observatory 
in the Atacama Desert in Chile, which is considered one of the driest 
and most isolated regions on earth – a dark paradise for stargazers. 
The southern hemisphere array will span the entire energy range of 
CTA, covering gamma-ray energies from 20 GeV to more than 300 TeV 
with 99 telescopes spread over 4 square kilometres.

Southern Hemisphere Site

The Array Locations

CTA’s northern hemisphere site is located on the existing site of the 
Instituto de Astrofisica de Canarias’ (IAC’s) Observatorio del Roque 
de los Muchachos on the island of La Palma, a Spanish island in the 
Canary Islands. At 2,200 metres altitude and nestled on a plateau 
below the rim of an extinct volcanic crater, the site currently hosts 
the two MAGIC Cherenkov telescopes. The northern hemisphere array 
will be composed of 19 telescopes and will focus on CTA’s low- and 
mid-energy ranges from 20 GeV to 20 TeV.

Northern Hemisphere Site

In fact, the expectation for the rate of gamma rays is only 
one per metre squared per year from a bright source, or 
one per metre squared per century from a faint source. 
To improve its ability to detect gamma rays, CTA will split 
more than 100 telescopes between two array locations – 
one in the northern hemisphere and one in the southern 
hemisphere to explore the entire sky.

     At the heart of a
galaxy billions of  
    light years away,
 a supermassive    
        black hole,
   having a mass
     a billion times
  that of the Sun,
         accumulates a
      very hot disk
            of material
                    and gas...

16 1716
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The γ-ray horizon

  

28

1 pc = 3 x 1016 m

CB

Slide	by	V.	De	Souza
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EBL-Attenuation + LIV

 56humbertomh@ifsc.usp.br F. Gate et al (CTA Consortium) ICRC’17  
arXiv:1709.04185
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LIV TeV Horizon
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There are ~111  
measured energy 

spectra  in the  
TeVCat ! 

…Why use only one source?
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LIV TeV Horizon
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There are ~111  
measured energy 

spectra  in the  
TeVCat ! 

PRELIMINARY

…Why use only one source?

PRELIMINARY

 
Lang, Martínez and De Souza 

arXiv:1810.13215 
 Submitted
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LIV TeV Horizon
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PRELIMINARY

There are ~111  
measured energy 

spectra  in the  
TeVCat ! 

…Why use only one source?

 
Lang, Martínez and De Souza 

arXiv:1810.13215 
 Submitted
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LIV TeV Horizon
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only 18 spectra from 6 
sources  

have the potential to 
show LIV effects 
(constrain LIV)

PRELIMINARY

There are ~111  
measured energy 

spectra  in the  
TeVCat ! 

…Why use only one source?

 
Lang, Martínez and De Souza 

arXiv:1810.13215 
 Submitted
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New best LIV limits!
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‣ Choices of the EBL models


‣ Model of the intrinsic spectrum


‣ Energy resolution


‣ Selection of spectraSelection 
of energy bins to be used in the 
calculation of the intrinsic 
energy spectra
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‣ Choices of the EBL models


‣ Model of the intrinsic spectrum


‣ Energy resolution


‣ Selection of spectraSelection 
of energy bins to be used in the 
calculation of the intrinsic 
energy spectra
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LIV limits : γ-rays 

superluminal 

subluminal 

PRELIMINARY



LIV limits : γ-rays 
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LIV limits : γ-rays 

Stay tuned…

Pair 
production 

shift 
threshold

Time 
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dependent 
delay

Photon 
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Dependent 
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Conclusions  and  remarks I
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❖ Astroparticle physics has recently reached the status of precision 
science due to the construction of new observatories, operating 
innovative technologies and the detection of large numbers of events and 
sources.  

➡ The precise measurements of cosmic and gamma rays can be used as 
test for fundamental physics, such as the Lorentz invariance violation.  
  

❖ We have established the best limits to the LIV energy scale to the 
superluminal and subliminal regime.  

❖ We developed a new analysis procedures for searching LIV 
signatures using multiple TeV measured energy spectra.  

❖ We are studying the potential to test / constrain LIV signatures with 
HAWC, SGSO and CTA 
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Index

I. Lorentz invariance violation (LIV) 

II. Limits: TeV γ-rays 

i. Time Energy Dependent delay 

ii. Photon Decay 

iii. Pair production threshold shifts 

III. UHECR 

i. GZK-photons + LIV 

ii. Limits
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GZK photons + LIV
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𝜸GZK

𝜸GZK

𝜸GZK
𝜸GZK

𝜸GZK

𝜸GZK

Lang, Martinez & De Souza 
ApJ 853, no.1, 23 (2018) 
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Model of  UHECR Sources
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Model of  UHECR Sources
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Models of Source Distribution  

Redshift
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Models of Source Distribution  

Redshift

0 2 4 6 8
W

e
ig

h
t 
[a

rb
. 
u
n
its

]
1−10

1

10

210

310

1R

2R

3R

4R

5R

(Settimo & Domenico 2015; Batista et al. 2016) 

CRPropa3/EleCA

Lang, Martinez & De Souza 
ApJ 853, no.1, 23 (2018) 
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Integral flux of  GZK photons + LIV
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Different LIV coefficients result in a shift up an down 

… for each source model … for each source evolution model

Lang, Martinez & De Souza 
ApJ 853, no.1, 23 (2018) 
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Index

I. Lorentz invariance violation (LIV) 

II. Limits: TeV γ-rays 

i. Time Energy Dependent delay 

ii. Photon Decay 

iii. Pair production threshold shifts 

III. UHECR 

i. GZK-photons + LIV 

ii. Limits
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GZK photon flux + LIV

Lang, Martinez & De Souza 
ApJ 853, no.1, 23 (2018) 
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GZK photon flux + LIV

Model C3R5 was 
shown to (best) 

describe the 
energy spectrum, 
composition, and 
arrival direction of 

UHECR* 

*M. Unger et al 2015,

 Phys. Rev. D, 92, 123001 
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LIV limits
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LIV limits
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Conclusions  and  remarks II
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❖ We studied the effect of possible LIV in the propagation of 
photons in the universe.  

❖ The mean-free path of the pair production  interaction was calculated 
considering LIV effects.  

❖ We found that even moderate LIV coefficients introduce a significant 
change in the mean-free path of the interaction.  

❖ The GZK photon flux including LIV was obtained for different 
source models and source distribution models. 

❖ Limits to the LIV coefficient were established based on source models 
compatible with the most updated data of UHECR. 

‣ The limits presented here are several orders of magnitude more restrictive 
than previous calculations based on the arrival time of TeV photons; 
however, the comparison is not straightforward due to different 
systematics of the measurements and energy of the photons. 

mailto:humbertomh@ifsc.usp.br


Thanks!  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