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Theory — Phenomenology — Experiment

+Particle physics
+Eftective Field Theories

+Standard Model Extension

Data Analysis (cosmic,gamma-ray;..)

+Programing (python, Gammapy...)
+Iield experience (HAWC/ Auger)

+Double Special Relativity
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Course Overview

Module 1: Introduction to Lorentz Symmetry and Violation

1.1 Lorentz Symmetry Recap
+ A briet review of Lorentz symmetry in the context of special relativity
+ Key principles, transformations, and their significance
+ Four-Vectors
+ Dispersion Relation | [—=2 | 2—2]
1.2 Motivation for Lorentz Invariance Violation

+ Motivations for exploring violations

+ Modified Dispersion Relation | 2—2|
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Course Overview

Module 2: Theoretical Frameworks for Lorentz Symmetry Violation

2.1 Standard Model Extension (SME)

+ Introduction to the Standard Model Extension as a framework for incorporating

Lorentz symmetry violation

+ Parameters, implications and comparison with MDR

humberto.martinezhuerta@udem.edu 5



mailto:humberto.martinezhuerta@udem.edu

Course Overview

Module 3: Phenomenological Implications and Experimental Constraints

3.1 Observable Effects

+ Discussion on observable eftects of Lorentz symmetry violation in ditferent physical

phenomena
3.2 Experimental Tests:
+ Rewview of experimental methods for testing Lorentz symmetry violation and their
implications
3.2 Gurrent Constraints
+ Overview ot the current bounds on Lorentz symmetry violation from various experiments

+ (Comparison with theoretical predictions

3.3 Hands-on block
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Course Overview

Module 1: Introduction to Lorentz Symmetry and Violation

1.1 Lorentz Symmetry Recap
+ A briet review of Lorentz symmetry in the context ot special relativity
+ Key principles, transtormations, and their significance
+ Four-Vectors
+ Dispersion Relation [1—2 | 2—2]
1.2 Motivation for Lorentz Symmetry Violation
+ Motivations for exploring violations

+ Overview ot scenarios where Lorentz symmetry might be broken

+ Modified Dispersion Relation | 1—=2 | 2—2]
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Symmetries

Invariant under?




Symmetries

Invariant under rotations:

90° (7£/2)

Invariant under lett-right
reverse

Invariant under rotations

.
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Symmetries

Invariant under rotations

cospy —siny 0

Invariant under translation

0 e e
0 0 1

X -> X+ OX



Symmetries

Invariante ante rotaciones

—

p'.] [cos®@ -smn@ 0] [p,

Invariante ante translaciones

p,|=|sm@ cosO® O|elp — e
FAES S S

X -> X+ OX



Symmetries
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0,1, 1,23, 5,8, 13, 21, 34, 55, 89, 144...

O0+1=]
1+ 1=2
2+ =3
3J+2=5
S5+3=8§
8+5=13
13 +8=2]
21 +13=34
34+2]1=55
55§+34 =89
89 +55= 144
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Space

' What is constant? |

ﬁoﬁ (Fundamental Physics)
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Space

h2 =x2+y2

' We like constants!! ' r2 =x2+y2+z2

ﬁoﬁ (Fundamental Physics)
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Space

2 =y2 2
We like constants!! h X +y

(physical constants) 2 =X2+4y2422

T

ﬁoﬁ (Fundamental Physics)
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Space

2 =y24y2
We like constants!! hz=x +y
(physical constants) r2 =x2+y2.|.z2

T ———————————————————

Constants

physical quantities conserved

sin? @ + cos®’ 0 =1

Linear Momentum
P? = p3 +p. + ps
Angular Momentum

2 12 2 2
Energy

b

Same language!

Fundamental!
QDQ (Fundamental Physics)
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Space-time: v<<c

» N

3D

Z-coordinate

> Y

Xecoordinat

Y-coordinate

We can use them to move on reference
frames

z 7 Same origin
at t=t'=0

J

V<<C

Galilean transformations
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Space-time: v<<c

z 7 Same origin
at t=t'=0
YoV
O
Z
aD 1
x!
? v<<C
Z-coordinate
X-coordinat | Galilean transformations
Y-coordinate =t
X X'= ?+X
y'=y
Z'=Z
We can use them to move on reference
frames d=+/-Vit
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Space-time: v<<c

z Z Same origin
at t=t'=0
YoV
O
Z
s3p 1
-~ X’
* V<<C
Z-coordinate
X-coordinat: | Galilean transformations
Y-coordinate
X t/ 1 0 0 0]t
| |-V 1 0 0=
v1 | 0 0 1 0]y
2! 0 0 0 1] [z

We can use them to move on reference
frames #

|
o~

o Same language!



Space-time: v~c

1Ct

c=speed of light
CONSTANT
for all inertial frames

> cosh’z —sinh®>z =1

Z-coordinate
/(—coordinat'
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oy =By 0 0] [et
By v 00
0 0 1 0 Y
-0 0 0 1 z
1 V
Y = B=—

Same Language: Fundamental!



Four-vectors

A Lorentz transformation is a four-dimensional transformation
Xt = A", X, E
- prC
satisfied by  four-vectors x¥, where A#  is a so-called Lorentz tensor A-rmomentum P —_ )
pP,cC
)
Position p;;c
[ ] i ) 2 2
ct yct — Byx B= |P|” = (moc)
C
X | = |=Byet+yx 1 %
= _ 2 ’ 2
y y V= V2 |P|” = 1, PP = 2 Py — P
=t 1 - ‘
N L2 J ¢’ , E?
= (mypc)” = 5 P

)

2 2 2
= E° = p"C2 - m(‘jc4 1
J

pPC




Four-vectors

A Lorentz transformation is a four-dimensional transformation
Xt = A", X, E
- | p.C E
- Vv -
satisfied by all four-vectors x¥, where A#  is a so-called Lorentz tensor Mormenturm P — = |
P,cC pc

Position
ct yct —ﬁyx ﬂ =X |P|“2 — (mo(');Z
C
X — —ﬂYCt'l" Yx _ | 2 . E?. ’ _ : E2 ,
y y r=T— PP =nuprr =SBy
4 Z L - 2 +9
. | e ' C 9 E~ 9
= (mpc)” = — —p° E
=
i . 5 9 5 4 1 € _ Photon
=|E° = p°c®+ mye
\ d ! J tachyon?
P
2 2 2
E—p°=m

Dispersion Relation



P, = P.+ Py

|P‘2: PHpPY — 2
N P8 P —FE2 —p’ =m




P, = P.+ Py

|P‘2: PHpPY — 2
N P8 P —FE2 —p’ =m




P, = P.+ Py

|P‘2: PHpPY — 2
N P8 P —FE2 —p’ =m




P, = P.+ Py

|P‘2: PHpPY — 2
N P8 P —FE2 —p’ =m
















(AR T AV

m_ =0.1396 GeV
m, =0.1057 GeV

mv:O

E, =

E =

Vv

2
ma—l—mc

2m,,



n+_)u++vu

m_=0.1396 GeV
m, = 0.1057 GeV
m,, = 0
m’ +m’
E = £ =0.1098 GeV
H 2m_
I’}’l72r — m
E = £ =0.0298 GeV
2m

p, = p, = E, =0.0298 GeV

Lt
m.=0.1057 GeV

u

— €

+ Ve

m. = 0.000511GeV
m, = 0

De

mi—l—m

2m,



(AR T AV

m_=0.1396 GeV
m, = 0.1057 GeV

mv:O

mft + m?
E = £ =0.1098 GeV
U 2m

2 2
m —m
E, = T £ —0.0298 GeV
2m

T

p, =p, = E,=0.0298 GeV

e > e +vy
me = 0.000511GeV

m~ = 0

LW — e’ + 1,

m, = 0.1057 GeV

me = 0.000511GeV

m, = 0

m2 + m?2
E 4+ = H = —=0.0529 GeV
2m,,

m2 —m2

E, = —*t © =0.0529 GeV
2m,

pe:pl/:EV’\/53MeV

2 2 2
ma"l_mc_md

2m,,

Fre =



U+,

m, = 0.1396 GeV
m, = 0.1057 GeV

mv:O

mft + m?
E = £ =0.1098 GeV
H 2m

2 2
m_—m
E,=——F=0.0298 GeV
2m

T

p, = p, = E, =0.0298 GeV

U — e’ + s e ->e t+vy

m =0.1057 GeV me = 0.000511GeV
u
m. = 0.000511GeV my =0
m, = 0
2 2
B = MM 0520 Gev B, —
2m,,
m2 — m2 | —
B, = " _ 70529 GeV y =
2mu
Pe = Py = £, ~ 23 MeV Pe =




e e +y

P;=P,—P.

PS, = (P, —P,)?=m>+0-2P.P,
mZ, = (P2 — P,))?> =m2+0—2P.P,

0=2P.P,=2E.FE, —2p.E,cos =2FE,(F, — pecos0)



e > e +vy

P;=FP, — P.

R

Youscannot use it!:None of us can!

P, = (P°—P,)°=m>+0-2P.P, -
Y — € €

mZ, = (P? — P,)* =m2 +0—2P,P,

0=2P.P,=2E.FE, —2p.E,cos =2FE,(F, — pecos0)

E, =0
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(Pa+Pb)2:(Pc+Pd)2

P? + P? +2P,P, = (P. + P,)*

What would be the minimum energy Ea to produce ¢ and d?

* ok
mg + mg + 2E,E, — 2p,pp cos — (mc + md)2 | pc ] pd — O
m> +mi + 2E,E(1 Palb os 0) = (m+ md)2 B >>m
EaEb
(Me + mg)* — ms — mg cos 0 =—1 (M +mg)? —m2 — m%

E, .
th 2 2F,(1 — cos6) 4B,



PY ->AT S p+nw

cos 0 =-—1
270k, T E,, = 635x10™ eV
YGZK pion mp — 0.938 Gev
YGZK A
0 proton ma = 1.232 GeV
A
A YGZK
pion 2
A e Ma |
YGZK
p'onm E _ (me+mg)? —m; —m;
p o 4E),

2 2
_ 12320938 . iy

B 4><(O.635><10_12)
=25%x10% eV




py —>At > p+r’

E _ (mc—l—md)Q—mg—m%

p 4 F;

2 2
4><(O.635><10_12)

=25%10% eV

E,, = 270k,T = 635x107* eV

TMA — 1.232 GeV

YGZK QI1oN
YGZK

A _

. 0
pion .
proton o
b

A q
A : YGZK E
pIon %,
O
GZK -
A s 0

on YGZK ™ 1036 - — = Galactic contribution
p KG electron-poor (EPOS-LHC/QGSJETII04)
YGZK 18.0 18.5 19.0 195  20.0

logio(E/eV)




1 AU 1 pc Tkpc 1 Mpc

Neutronstar  Katera, K: Qlinto AV. 2011

1015

What if... there are sources that we do not

-------------------------- understand or know

1070 |- 5 -
oo, HILLAS |
O\ PLOT What if... we do not understand the
105 - T, S - : ,
«—OT ’090’;’2 * acceleration mechanisms
B(G) ] 0,90 g
0 f_B @ _ .
° What if... there are some unknown
o propagation effects ... will there be

Re 1AU

" IGM
shocks
]O-]O | 1 | 1 | 1 | 1 |

10° 1010 1015 1020 1025
R (cm)

some mechanism that bypasses the

threshold?




Lorentz Invariance

Space - Time symmetry
Fundamental symmetry in Physics

Lorentz scalars are invariants

p,up” — _(mc)2 E? — p2 = m
1 % 1 2 2
Z HVFM — 5 (E — B )

If Lorentz invariant, there is CPT

...wlill there be some mechanism that bypasses the threshold”

But, LI may not be an exact symmetry of Nature

Like any other fundamental principle

exploring the limits of validity of LI has been

an essential motivation for theoretical and

experimental research

Paradigms:
-V<C
-x<compton length
-Universal Time

>>>>>>



LIV

I THERE ARE 4 MAJOR WAYS l
2 TWO CUHARGES ATTRACLT
THAT TUINGS INTERACT: R PEPRL CACH OTEE.

IF YOU HAVE ANY
MASS AT ALL, THINGS
GET ATTRACTED.

General
Relativity GRAVITY

(TS LIKE ELECTRO-
STATIC FORCES, BUT
MUCH, MUCH WEAKER,

J
! %(. - .>0\.

WEAK FORCE STRONG FORCE

Standard
Model

e SM & GR: the best theories describing the 4-fundamental Forces.
e No conflict with predictions from either of them.
They are fundamentally different.
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Theory of everything?

General
relativity
(gravitation)

Quantum
mechanics

Special
relativity

Classical
mechanics

JORGE CHAM D 2012




LIV

JORGE CHAM D 2012

-

Theory of everything”

General
relativity
(gravitation)

Quantum
mechanics

Special
relativity

Classical
mechanics

| Quntm Thory of rlt’7

String Theory/ Loop Quantum Gravity

New Physics involves new features, such as:
J Higher dimensions of space and time

...
[ The law of relativity might not hold exactly at all

energy scales: SME, Effective-Theories,...

. LI may not be an exact symmetry of Nature

>

Lorentz Invariance Violation (LIV)

< Like any other fundamental principle
exploring the limits of validity of LI has been

an essential motivation for theoretical and
experimental research
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Fifth dimension Four-dimensional 3-brane
space-time



Fifth dimension Four-dimensional Plank <cale! 3-brane
space-time AR Seale:




Bt L

Y —eTe

Crt

‘new physics?




If LI e Photon

tachyon?

P

If LIV?

Plank scale!
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ASUME A
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LIV: Introduction

Theory . Phenomenology - Experiment




Introduction

Theory . Phenomenology - Experiment

c#3x10° m/s
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Introduction

Theory . Phenomenology - Experiment

c#3x10° m/s
C/ — (1 ::5)6
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Introduction

Theory . Phenomenology - Experiment

c;é 3 x 10° m/s
— (1£0)c

JAVAVA
R
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Fundamental Energy Scale EQG  bp s By



Introduction

Theory . Phenomenology - Experiment

c;é 3 x 10° m/s
— (1£0)c

JAVAVA
R
NSO

Fundamental Energy Scale EQG  bp s By

_ E _
C/ = |1+ ( ) T ...| C
/ Errv ]
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Introduction

Theory . Phenomenology - Experiment

c#3x10° m/s
C/ — (1 ::5)6

JAVAVAVA
VNA%AVAW

&Y -
Fundamental Energy Scale Eog :Ep;: Ernrv
i s i ] E 12
¢ = 1::f( W)I---C - EJQ—p2 1::f< ! )::...
i Eryv ] Y Y _ ELIV _
2 .2 2
E°—p°+ €A A=p
// /11
()42 = (0)42 1 €04+ 4 S0 gee | ) g
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Introduction

Theory . Phenomenology - Experiment

c#3x10° m/s
C/ — (1 ::5)6

JAVAVAVA
VNA%AVAW

e =2
Fundamental Energy Scale Eog :Ep;: Ernrv

i s i i E IE
N v\ 4 ’ 2 2 L Y 1
" _1__f(ELIV) __W_C E7 pv 1__f (ELIV> -

2 2 2 —1

E p B €A g : A /1 /17 O A ~ p
c(A)A% = €(0) A2 € (0) ATV |4 ('O ) g0+2) | € 3(' ) 4249 4




Introduction

Theory . Phenomenology - Experiment

c#3x10° m/s
C/ — (1 ::5)6

JAVAVAVA
\DAANY

v —
Fundamental Energy Scale Eog :Ep;: Ernrv

i i ] E 12
N by ’ 2 2 L Y 1
" _1__f(ELIV) __W_C E7 _pv 1__f (ELIV> -

2 .2 2 _o
E°—p°+ €A ) n . A=p
// /11
0
6(A)A2 _ E(O)A2 4 E/(O)A(Q—I—l) | € 2('()) A(Z—I—Q) | € 3(' )A(Q—I—S) T
- Y '

62



Introduction

Theory . Phenomenology - Experiment
)4

NANNT "
NNNTT c =3 x 10° m/s
AN

c#3x10° m/s

/N
C/ :( T )C ; ' |
— | | | ® Energy

Fundamental Energy Scale EQG - Ep; By * Distance

] > _
¢ =1+ ( i ) + ... C
/ Erav ]

Some effects of LIV are expected

E2—p2 =0y, p2~ RV
(Fir)

Family of LIV-modified dispersion relations that may
lead to similar phenomenology!

to increase with the energy and

=0.1.2 the very long distances due to
n — , , , EEN ]
cumulative processes

It is not necessarily bound to a particular LIV-model, which allows
to generalize to some point the search of LIV-signatures. 63



Examples LIV Dispersion Relation

1 1, .
LmodM = _ZFMVFNV — ZK'“ p)‘Fp,qu)\ )

R n - Ong F°?

L= Mo n ,

V(C) | E? ~ p?
— C
(C)=2A E2 ~
 SME B

i M. Hohensee, R. Lehnert, D. Phillips, R.
Walsworth
Phys. Rev. D 80, 036010 (2009)

D. Colladay and V. A. Kostelecky, Phys. Rev. D
58, 116002

(1998). d= 4+n

F. Klinkhamer and M. Schreck,
Phys. Rev. D 78, 085026
(2008)

Robert C. Myers and
Maxim Pospelov
Phys.Rev. Lett 90 21 (2003)

Matteo Galavernia and Gunter Sigl
Phys.Rev. D78 (2008) 063003

V. Vasileiou, A. Jacholkowska, F.
Piron, J. Bolmont, C. Couturier, J.
Granot, F. W. Stecker, J. Cohen-
Tanugi, and F. Longo

Phys. Rev. D 87, 122001

Lukas Nellen for the HAWC
collaboration, ICRC’2015

n=0,1,2, ...



Generic LIV dispersion relation

E? — p? +eA? = m?, A=
€ —> G(A) A general modification to the dispersion relation would rather
involve a general function of energy and momentum

e(A)A? = ¢(0)A? + € (0) AR 4

The dispersion relation:

|
!

‘ 7 7 +2 “ n>1
E<—p°+0,A = m ,‘

e e e e ———————————————————————————

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

LIV negligible at the
standard energies
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Astroparticle Physics: Lab to test Fundamental Physics

Theory - Phenomenology ——  Experiment

Energy . o Spuen Teloorope
= Distance 500 km m= | === Satellites

Extensive
Air Shower

p

Air Shower

4-5 km mlin = =l

E Particle Detectors
Cherenkov
light —

Some effects of LIV are expected to increase
with the energy and the very long distances
due to cumulative processes 56

~1.5 km
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Astroparticle Physics: Lab to test Fundamental Physics and LIV tests

Theory ) . Phenomenology - - Experiment (Erv?)
T -
s Erarsy i
= Distance 500 km ms| lmmm  Satellites

Photon decay ;

Energy-dependent time delay

Air Shower sup.

Photon splitting Extensive

Air Shower

Superluminal

p

“ — Air Shower

~ | Subluminal ' o e N
Photon sector | A 4-5 km
v SO Particle Detectors

Lepton sector

Cherenkov

light _—

~1.5 km

Some effects of LIV are expected to increase
with the energy and the very long distances
due to cumulative processes 58




Strong LIV Exclusion limits in the photon sector by astroparticle tests

IR IR I

|

1 PeV with future observatory (PD)
HAWC 20 MultiSrc (PD)
. HAWC (PD)

HAWC 20 J1825 134
Martinez & Lorenzana '17 Crab (PD)
Martinez & Lorenzana 'l17 RX J1713.7-3946 (PD)
SGSO (Sens.lim) (PD)
Vasileiou et al '13 GRB090510 (At)
MAGIC 20 GRB190114C (At)
MAGIC '17 Crab (At)
ISR Mrk501 (At)

Mo, >c
LHAASO/WCDA (Sens.lim) GRBs (At)

M o, <c
Lang, Martinez & de Souza '19 MultiSrc (PP)
H.E.S.S. & FACT '17 Mrk501 (PP)
H.E.S.S.'19 Mrk501 (PP)
Biteau & Williams '15 MultiSrc (PP)
CTA (Sens.lim) Preliminary (PP)
Vasileiou et al '13 GRB090510 (At)
MAGIC 20 GRB190114C (At)
MAGIC '17 Crab (At)
IS WIS B Mrk501(At)
W\ PANCIORIRE MrkS01 (At)
LHAASO/WCDA (Sens.lim) GRBs (At) n=1

,25| | |||||||26| l |||||||27| | ||||||I28| l |||||||29| | |||||||30| l |||||||31| | |||||||32| l |||||||33| |1
10 10 10 10 10 10 10 10 10
(1)
ErrvleV]

IR IR T IR IR T T

T L

1 PeV with future observatory (37)
1 PeV with future observatory (PD)
HAWC 20 11825 134
Satunin '19 Crab (3)
Astapov, Kirpichnikov & Satunin '19 Crab (3)
HAWC 20 MultiSrc (PD)
Satunin '19 Crab (PD)
Martinez & Lorenzana 'l17 Crab (PD)
SGSO (Sens.lim) (PD)
Vasileiou et al '13 GRB090510 (At)
H.E.S.S.'19 Mrk501 (At)
MAGIC 20 GRB190114C (At)
MAGIC '17 Crab (At) W ov,>c
LHAASO/WCDA (Sens.lim) [€1:3Y0AN9! M v, <c
Lang, Martinez & de Souza '19 MultiSrc (PP)
H.E.S.S. & FACT 'l7 Mrk501 (PP)
H.E.S.S.'19 Mrk501 (PP)
Biteau & Williams '15 MultiSrc (PP)
CTA (Sens.lim) Preliminary (PP)
Satunin '19 Crab (AS)
Rubtsov, Satunin & SibiryalGeL N0}
Vasileiou et al '13 GRB090510 (At)
H.E.S.S.'19 Mrk501 (At)
MAGIC 20 GRB190114C (At)
MAGIC '17 Crab (At)
[\ VNG (ORI Mrk501 (At)
LHAASO/WCDA (Sens.lim) [G: N0 n=2
NI N Y S T 1| A T 1) A O I 11 B B O A W01 I B A R N1 B B SN AN 1] B B A
1018 1019 1020 1021 1022 1023 1()24 1025
Bty [eV]

Based on:
Symmetry 2020, 12, 1232.
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Strong LIV Exclusion limits 1in the photon sector by astroparticle tests

UL RL DL B LLY DL LR LLLL DL AL LLEY D LR LY DL L B L LU L LR RLLL R L
Photon |
.. Satunin '19 Crab (37)
Spllttlng Astapov, Kirpichnikov & Satunin '19 Crab (3)
HAWC 20 MultiSre (PD) ©
Photon Satunin '19 Crab (PD) I=
dec ay ‘ Martinez & Lorenzana 'l7 Crab (PD) %
SGSO (Sens.lim) (PD) g—
En ergy_ Vasileiou et al '13 GRB090510 (At) @
H.E.S.S.'19 Mrk501 (At)
dependent MAGIC 20 GRB190114C (At)
time dElaV MAGIC '17 Crab (At)
LHAASO/WCDA (Sens.lim) [G:TR0N)) W ov,>c
Lang, Martinez & de Souza '19 MultiSrc (PP) W v, <c
Pair pI‘OdIlCtiOIl H.E.S.S. & FACT '17 Mrk501 (PP)
threshold shifts H.E.S.S.'19 Mrk501 (PP)
Biteau & Williams '15 MultiSrc (PP)
. CTA (Sens.lim) Preliminary (PP)
Suppression of P S, E
Air Shower Rubtsov, Satunin & Sibiryalf@ el §
Vasileiou et al '13 GRB090510 (At) .g
Fnerov- H.E.S.S.'19 Mrk501 (At) «»
8Y MAGIC 20 GRB190114C (At)
deP endent MAGIC '17 Crab (At)
time del av MAGIC '08  PYESINREND!
LHAASO/WCDA (Sens.lim) (O n=2
N N N I T 0O T 1 T 1 N T I O I 01 O O B A A 011 I B B

1018 1019 1020 1021 1022 1023 1024 1025
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Strong LIV Exclusion limits in the photon sector by astroparticle tests

Photon
splitting

Photon
decay

Energy-
dependent
time delav

Pair production
threshold shifts

Suppression of
Air Shower

Energy-
dependent
time delav

T T

T T T T T T T T T T T T T T

T

HAWC 20 11825 134

Satunin '19 Crab (37)

Astapov, Kirpichnikov & Satunin '19 Crab (3)

HAWC 20 MultiSrc (PD) c_g

Satunin '19 Crab (PD) &

Martinez & Lorenzana '17 Crab (PD) %
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L1

What is the minimum energy that a background photon
must have to interacts with a 50 TeV gamma ray to
produce an e+ e- pair?

Yy, — eTe”

1 TeV =1 x 10%eV
m. = 0.511 MeV



E2

What is the minimum energy that a background photon
must have to interacts with a 50 TeV gamma ray to
produce an e+ e- pair?

YV —> € e Oy = 1072072572y~

K=1/2

1 TeV =1 x 10%eV
m. = 0.511 MeV

-> Compare with LI case



.4 ’ \.' . ' :".' ‘. ' " . ' - ...‘..o

- Gamma-rays

.
from jet of Quasar :
. .
|
. .
. + o
Emitted spectrum: .

~ Energy

3
~
.
&
ot
=
-~

' B‘ackgr;)ul:fi light | | ) . Iow‘ab;orpn'on ‘

‘ . . | ‘4 » ‘-

e : e | I | ' E. Moura



