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Motivation for Lorentz violation

Motivation for Lorentz Violation

The nature of spacetime.

[Bernadotte, Klinkhamer (2007), Phys. Rev. D 75,

024028]

Lorentz violation from string theory.

[Kostelecký, Samuel (1989), Phys. Rev. D 39, 683]

Loop quantum gravity theories.

[R. Gambini and J. Pullin (1999) Phys. Rev. D 59,

124021]

Noncommutative spacetimes.

[xµ, xν] = iθµν

[Carroll, Harvey, Kostelecký, Lane, Okamoto

(2001), Phys. Rev. Lett. 87, 141601]

[Schreck (2014), Journal of Physics:

Conference Series 563, 012026]
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Standard-Model Extension (SME) Introduction to SME

Properties of the SME

Sub-Planckian e�ective description of

Lorentz violation.

Extension of Standard Model and

General Relativity.

[Colladay, Kostelecký (1998), Phys. Rev. D 58,

116002; Kostelecký (2004), Phys. Rev. D 69,

105009]

LSME = LSM + LGR + δLLV,

The controlling coe�cients:

Minimal 7→ contains all renormalizable
operators (d = 3, 4)
Nonminimal 7→ contains all
nonrenormalizable operators (d > 4)

J.A.A.S. Reis (UESB) LORENTZ-VIOLATING THEORIES 1 de dezembro de 2022 7 / 46



Standard-Model Extension (SME) Introduction to SME

Properties of the SME

CPT-violating contributions taken into account.

[Greenberg (2002), hep-ph/0201258]

Lorentz violation becomes manifest as background �eld.

Background couples to �elds and modi�es them.

Background: Nongravitational SME 6= Gravitational SME.

[R. Bluhm, N.L. Gagne (2008), hep-ph/0802.4071; R.V. Maluf, C.A.S. Almeida, R. Casana, and M.M.

Ferreira Jr (2014), hep-th/1402.3554; R. Bluhm (2015), gr-qc/1401.4515]
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Standard-Model Extension (SME) Introduction to SME

Properties of the SME

[M. Mewes, Fourth SME Summer School 2021]
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Standard-Model Extension (SME) Introduction to SME

Symmetries and Sectors of the SME

The gauge symmetry SUc (3)× SUL (2)× UY (1) should be respected

SUc (3)
↓

8 G α
µ

α = 1, . . . , 8

× SUL (2)
↓

3 W a
µ

a = 1, . . . , 3

× UY (1)
↓
Bµ

Field strength tensors =


G α

µν = ∂µG
α
ν − ∂νG

α
µ + g3f

α
βγG

β
µG

γ
ν ,

W a
µν = ∂µW

a
ν − ∂νW

a
µ + g2εabcW

b
µ W

c
ν ,

Bµν = ∂µBν − ∂νBµ,

The SM Lagrange density shown previously reads,

LSM = LSM
Lepton + LSM

Quark + L
SM
Yukawa + L

SM
Higgs + L

SM
Gauge,

And for the deviation from the exact Lorentz symmetry we have,

δLLV = LCPT−par
Lepton + LCPT−impar

Lepton + LCPT−par
Quark + LCPT−impar

Quark + LCPT−par
Yukawa

+LCPT−par
Higgs + LCPT−impar

Higgs + LCPT−par
Gauge + LCPT−impar

Gauge .
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Standard-Model Extension (SME) Introduction to SME

Exemples of Background Fields Couplings in SME

LCPT−par
Lepton =

i
2
(cL)µνAB L̄Aγµ←→DνLB +

i
2
(cR )µνAB R̄Aγµ←→DνRB ,

LCPT−impar
Lepton = − (aL)µAB L̄AγµLB − (aL)µAB R̄AγµRB ,

LCPT−par
Gauge = −1

2
(kG )κλµν tr

(
G κλGµν

)
− 1

2
(kW )κλµν tr

(
W κλW µν

)
− 1

4
(kB )κλµν B

κλBµν,

LCPT−impar
Gauge =

1

2
(k3)κ εκλµνtr

(
GλGµν +

2

3
ig3GλGµGν

)
+

1

2
(k2)κ εκλµνtr

(
WλWµν +

2

3
ig2WλWµWν

)
+

1

4
(k1)κ εκλµνBλBµν + (k0)κ B

κ.
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Standard-Model Extension (SME) Single-Fermion Sector

Single-Fermion Sector

The Lagrange density for the single-fermion sector is of the form:

L =
1

2
ψ̄
(
γνi∂ν −mψ + Q̂

)
ψ + H.c.,

Q̂ = Ŝ + iP̂γ5 + V̂µγµ + Âµγ5γµ +
1

2
T̂ µνσµν.

For instance, we can decompose the nonminimal V̂µ and Âµ operators:

V̂µ = V (3)µ + V (4)µν(i∂ν)︸ ︷︷ ︸
Minimal

+ V (5)µνα(i∂ν)(i∂α) + . . .︸ ︷︷ ︸
Nonminimal

Âµ = A(3)µ +A(4)µν(i∂ν)︸ ︷︷ ︸
Minimal

+A(5)µνα(i∂ν)(i∂α) + . . .︸ ︷︷ ︸
Nonminimal

[V.A. Kostelecký, M. Mewes, Phys. Rev. D 88, 096006 (2013)]
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Standard-Model Extension (SME) Single-Fermion Sector

Single-Fermion Sector

It is always convenient to rewrite the latter Lagrangian in a more

suggestive form:

L =
1

2
ψ̄
(
Γ̂νi∂ν − M̂

)
ψ + H.c.

Using the 16 bilinear covariants, Γ̂µ and M̂ can be decomposed as

follows:

Γ̂ν = γν + ĉµνγµ + d̂µνγ5γµ + êν + if̂ νγ5 +
1

2
ĝλκνσλκ,

M̂ = mψ + m̂+ im̂5γ5 + âµγµ + b̂µγ5γµ +
1

2
Ĥµνσµν.
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Standard-Model Extension (SME) Single-Fermion Sector

Single-Fermion Sector

The correspondences between the above coe�cients are:

Ŝ = ê − m̂, P̂ = f̂ − m̂5, V̂µ = ĉµ − âµ,

Âµ= d̂µ − b̂µ, T̂ µν = ĝµν − Ĥµν.

Operator Type d CPT Cartesian coe�cients

m̂ Scalar Odd ≥ 5 Even m(d)α1α2 ...αd−3

m̂5 Pseudoscalar Odd ≥ 5 Even m
(d)α1α2 ...αd−3
5

âµ Vector Odd ≥ 3 Odd a(d)µα1α2 ...αd−3

b̂µ Pseudovector Odd ≥ 3 Odd b(d)µα1α2 ...αd−3

ĉµ Vector Even ≥ 4 Even c(d)µα1α2 ...αd−3

d̂µ Pseudovector Even ≥ 4 Even d (d)µα1α2 ...αd−3

ê Scalar Even ≥ 4 Odd e(d)α1α2 ...αd−3

f̂ Pseudoscalar Even ≥ 4 Odd f (d)α1α2 ...αd−3

ĝµν Tensor Even ≥ 4 Odd g (d)µνα1α2 ...αd−3

Ĥµν Tensor Odd ≥ 3 Even H(d)µνα1α2 ...αd−3

[Kostelecký, Mewes (2013), arXiv:1308.4973]
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Standard-Model Extension (SME) Electromagnetic Sector

Electromagnetic Sector

Lagrange density for the electromagnetic sector

L(1+3) = −
1

4
FµνF

µν +
1

2
ελκµνAλ(k̂AF )κFµν −

1

4
Fκλ(k̂F )

κλµνFµν ,

where Aµ is the U(1) gauge �eld and Fµν = ∂µAν − ∂νAµ the �eld strength

Background �elds

(k̂AF )κ = ∑
d=odd

(k
(d)
AF )

α1 ...α(d−3)
κ ∂α1 . . . ∂α(d−3)

(k̂F )
κλµν = ∑

d=even
(k

(d)
F )κλµνα1 ...α(d−4)∂α1 . . . ∂α(d−4) .

[V.A. Kostelecký and M. Mewes, Phys. Rev. D 80, 015020 (2009)]
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Standard-Model Extension (SME) Neutrino Sector

Neutrino Sector

Lagrange density for the neutrino sector

L =
1

2
Ψ̄A

(
γµi∂µδAB −MAB + Q̂AB

)
ΨB + H.c.

Euler-Lagrange equations(
γµi∂µδAB −MAB + Q̂AB

)
ΨB = 0.

Background �elds

Q̂AB = ∑
I

Q̂I
ABγI ,

= ŜAB + iP̂ABγ5 + V̂µ
ABγµ + Âµ

ABγ5γµ +
1

2
T̂ µν
ABσµν.

[V.A. Kostelecký and M. Mewes, Phys. Rev. D 85, 096005 (2012)]
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Standard-Model Extension (SME) Neutrino Sector

Neutrino Sector

A useful re�nement �rst involves decomposing Q̂AB as:

γµpµδAB −MAB + Q̂AB = Γ̂µ
ABpµ − M̂AB ,

in analogy to the usual decomposition in the single-fermion limit of the

minimal SME.

Splitting CPT-even and CPT-odd terms

Γ̂µ = γµδAB + ĉ
νµ
ABγν + d̂

νµ
ABγ5γν + ê

µ
AB + if̂ µ

ABγ5 +
1

2
ĝ

κλµ
AB σκλ,

M̂ = MAB + m̂AB + im̂5ABγ5 + â
µ
ABγµ + b̂

µ
ABγ5γµ +

1

2
Ĥ

µν
ABσµν,

where A and B range over 2N values. We must recall that we are allowing

N Dirac neutrinos and N Majorana neutrinos.
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Standard-Model Extension (SME) Minimal and Nonminimal SME

Minimal and Nonminimal SME

[M. Mewes, Fourth SME Summer School 2021]
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Nonminimal Planar Electrodynamics
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Dimensional Reduction Procedure to deriving a �eld theory in (1+2) dimensions

Dimensional reduction of the electromagnetic sector

There are several procedures to derive a �eld theory of a (1+2)-dimensional

electromagnetism from a (1+3)-dimensional parent theory.

A �rst method could be a simple projection, i.e., to set the third

component of the gauge �eld to zero and to disregard any dependence

on the third spatial coordinate, e.g., Aµ̂(t, x(3)) 7→ Aµ(t, x(2)) with
µ ∈ {0 . . . 2}.
An alternative, more sophisticated approach to construct a

(1+2)-dimensional daughter theory from a (1+3)-dimensional parent

theory, is to disconnect the third component of Aµ̂ from the gauge

�eld and to reinterpret it as a scalar �eld φ where the third spatial

coordinate is again omitted.

[J.A.A.S. Reis, Manoel M. Ferreira Jr. and M. Schreck, Phys Rev D. 100, 095026 (2019)]
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Dimensional Reduction Procedure to deriving a �eld theory in (1+2) dimensions

Dimensional reduction of the electromagnetic sector

Dimensional Reduction of the �elds

Aµ̂ 6=3(t, x(3)) 7→ Aµ(t, x(2)) ,

Aµ̂ 6=3(t, x
(3)) 7→ Aµ(t, x

(2)) ,

A3̂(t, x(3)) 7→ φ(t, x(2)) ,

A3̂(t, x
(3)) 7→ −φ(t, x(2)) .

This technique is sometimes called dimensional reduction in the literature.

[H. Belich Jr., M.M. Ferreira Jr., J.A. Helayël-Neto, and M.T.D. Orlando, Phys. Rev. D 67,

125011 (2003); H. Belich Jr., M.M. Ferreira Jr., J.A. Helayël-Neto, and M.T.D. Orlando, Phys.

Rev. D 68, 025005 (2003).]
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Dimensional Reduction Procedure to deriving a �eld theory in (1+2) dimensions

Dimensional reduction of the electromagnetic sector

Due to the presence of Lorentz violation, dimensional reduction must also

be applied to the background �elds and the Levi-Civita symbol:

Dimensional reduction of background

(k̂AF )
κ̂ 6=3(t, x(3)) 7→ (k̂AF )

κ(t, x(2)) ,

(k̂AF )
3̂(t, x(3)) 7→ k̂AF (t, x

(2)) ,

(k̂AF )κ̂ 6=3(t, x
(3)) 7→ (k̂AF )κ(t, x

(2)) ,

(k̂AF )3̂(t, x
(3)) 7→ −k̂AF (t, x(2)) ,

ελµν3 7→ ελµν ,

where ελµν is the Levi-Civita symbol in (1+2) dimensions.
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Dimensional Reduction Procedure to deriving a �eld theory in (1+2) dimensions

Dimensional reduction of electromagnetic sector

Carrying out this procedure for the individual terms, we get:

−1

4
Fµ̂ν̂F

µ̂ν̂ 7→ −1

4
FµνF

µν +
1

2
∂µφ∂µφ ,

−1

4
Fκ̂λ̂(k̂F )

κ̂λ̂µ̂ν̂Fµ̂ν̂ 7→ −
1

4
Fκλ(k̂F )

κλµνFµν − ∂κφ(k̂φ)
κµ∂µφ

+ Fκλ(k̂φF )
κλµ∂µφ ,

1

2
ελ̂κ̂µ̂ν̂Aλ̂(k̂AF )κ̂Fµ̂ν̂ 7→ −ελκµAλ(k̂AF )κ∂µφ− 1

2
ελµνAλ(k̂AF )Fµν

− εµκνφ(k̂AF )κ∂µAν ,

where we have de�ned (k̂φ)κµ ≡ (k̂F )
κ3µ3 and (k̂φF )

κλµ ≡ (k̂F )
κλµ3.
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Dimensional Reduction Procedure to deriving a �eld theory in (1+2) dimensions

Dimensional reduction of the electromagnetic sector

The planar Lagrange density obtained after dimensional reduction is

L(1+2) = −
1

4
FµνF

µν +
1

2
∂µφ∂µφ− 1

2
ελµνAλ(k̂AF )Fµν

− 1

4
Fκλ(k̂F )

κλµνFµν − ∂κφ(k̂φ)
κµ∂µφ

+ ενκµ
[
φ(k̂AF )κ∂µAν − Aν(k̂AF )κ∂µφ

]
+ Fκλ(k̂φF )

κλµ∂µφ .

The �rst term describes the kinematics of an eletromagnetism in

(1+2) spacetime dimensions;

The second is the kinematic term of the scalar �eld;

The third and fourth are the direct successors of the CPT -odd and

CPT -even modi�cations in (1+3) dimensions.
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Dimensional Reduction Euler-Lagrange Equations

General Euler-Lagrange Equations

Euler-Lagrange equation for higher-derivative �eld theories:

0 =
∂L
∂ψ
− ∂µ

(
∂L

∂(∂µψ)

)
+ ∂µ∂ν

(
∂L

∂(∂µ∂νψ)

)
− · · ·+ (−1)n∂µ1 . . . ∂µn

(
∂L

∂(∂µ1 . . . ∂µnψ)

)
.

0 = �φ− 2(k̂φ)
κµ∂k∂µφ− εκµν(k̂AF )κFµν

+ (k̂φF )
µκλ∂µFκλ ,

0 = ∂νF
µν − εµνρ(k̂AF )Fνρ + (k̂F )

µσνρ∂σFνρ

− 2εµνρ(k̂AF )ν∂ρφ + 2(k̂φF )
µνρ∂ν∂ρφ .
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Dimensional Reduction Green's functions and perturbative expansion

Gauge Fixing

Gauge invariance prohibits a perturbative treatment of the daughter

theory in (1+2) dimensions.

Therefore, we add a gauge-�xing term with the gauge-�xing parameter

ξ. Doing so, we get

Lgf
(1+2)

≡ L(1+2) −
1

2ξ
(∂ · A)2 .

We transform the new Lagrange density to momentum space where it

can be written in a suggestive form as follows:

Lgf
(1+2)

=
1

2
(A, φ)

(
M̂ Û − iV̂

(Û + iV̂ )T Ŝ

)(
A
φ

)
.
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Dimensional Reduction Green's functions and perturbative expansion

Convenient Formulation of Theory

In terms of the (3× 3) matrix

M̂µν = −p2Θµν + K̂µν + iL̂µν−
p2

ξ
Ωµν ,

the scalar

Ŝ = p2 − D̂ ,

the projectors

Θµν ≡ ηµν −Ωµν ,

Ωµν ≡
pµpν

p2
.

and the Lorentz-violating operators

K̂µν ≡ 2(k̂F )µκβνp
κpβ ,

L̂µν ≡ 2(k̂AF )εµβνp
β ,

Ûµ ≡ 2(k̂φF )µκβp
κpβ ,

V̂µ ≡ 2εµκν(k̂AF )
κpν ,

D̂ ≡ 2(k̂φ)
κµpκpµ .
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Dimensional Reduction Decoupled Theory

Green's Function for Scalar Field

The Lagrange density for the scalar �eld reads

Lφ =
1

2
φŜφ ,

where

Ŝ = p2 − D̂ , D̂ = 2(k̂φ)
κµpκpµ

The Green's function corresponds to the inverse of the operator Ŝ whose

result is readily obtained:

∆φ =
1

p2 − D̂
.
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Dimensional Reduction Decoupled Theory

Green's Function for Planar Electromagnetic Field

The treatment of the planar electromagnetic �eld is a bit more involved.

We consider the Lagrange density

LA =
1

2
AµM̂

µνAν .

The inverse of the (3× 3) matrix M̂µν can be expressed in terms of the

metric tensor and suitable contractions of the original matrix. We found

∆µν =
1

R

{
1

2

[
(M̂α

α)
2 − M̂αβM̂βα

]
ηµν − (M̂α

α)M̂µν + M̂µβM̂
β
ν

}
,

where the denominator R corresponds to

3!R = (M̂α
α)

3 − 3(M̂αβM̂βα)(M̂
γ

γ) + 2M̂αβM̂βγM̂
γ

α .
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Dimensional Reduction Decoupled Theory

M̂α
α = −

(
2+

1

ξ

)
p2 + K̂ α

α ,

M̂αβM̂βα =

(
2+

1

ξ2

)
p4 − 2p2K̂ α

α − L̂αβL̂βα

+ K̂ αβK̂βα ,

M̂αβM̂βγM̂
γ

α = −
(
2+

1

ξ3

)
p6 + 3p4K̂ α

α

+ 3p2(L̂αβL̂βα − K̂ αβK̂βα)

+ 3(iL̂αβK̂βγK̂
γ
α − L̂αβL̂βγK̂

γ
α)

+ K̂ αβK̂βγK̂
γ
α − iL̂αβL̂βγL̂

γ
α .

Due to the tensor structure of ∆µν, we also need:

M̂µβM̂
β
ν = p4

(
Θµν +

1

ξ2
Ωµν

)
− 2p2(K̂ + iL̂)µν +(K̂ + iL̂)µβ(K̂ + iL̂)β

ν .
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Dimensional Reduction Modi�ed dispersion relations

Modi�ed Dispersion Relations: Scalar Field

At leading order in the operator k̂φ, the positive-energy solutions are given

by

E (±)(p) =
−2k̂0iφ pi ±Ψ(k̂φ)

1− 2k̂00φ

∣∣∣∣
p0=ω0(p)

+ . . . ,

Ψ(k̂φ) =
√

4(k̂0iφ pi )2 + (1− 2k̂00φ )(p2 + 2k̂ ijφp
ipj ) ,

where all additional p0 are understood to be replaced by the standard

massless dispersion relation ω0(p) ≡ |p|.
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Dimensional Reduction Modi�ed dispersion relations

Modi�ed Dispersion Relations: Electromagnetic Field

Inserting the background �elds, the denominator R can be written in the

form

R = −p2

ξ

{
p2(p2 − K̂ α

α)−
1

2

[
K̂ αβK̂βα − (K̂ α

α)
2 − L̂αβL̂βα

]}
= −p4

ξ
Rphys ,

with

Rphys = p2 −
(
1+

1

2
(k̂F )

µν
µν

)
K̂ α

α + K̂ µν(k̂F )
κ

µκν − 4(k̂AF )
2 .
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Dimensional Reduction Modi�ed dispersion relations

Modi�ed Dispersion Relations: Electromagnetic Field

Independently of the form of the Lorentz-violating background �eld, the

standard dispersion relation in two spatial dimensions is a two-fold zero of

R with respect to p0:
ω(1,2)(p) = ω0 .

The third dispersion relation involves the Lorentz-violating operators. For

the �rst case, we simply set L̂µν = 0 and obtain:

ω(3)(p)|kAF=0 =

√
p2 +

1

2

[
K̂ α

α + Υ(K̂ )
]∣∣∣

p0=ω0(p)
+ . . . ,

Υ(K̂ ) =
√

2K̂ αβK̂βα − (K̂ α
α)

2 .

For the second case, we insert K̂µν = 0, which leads to

ω(3)(p)|kF=0 =
√

p2 + 4(k̂AF )2
∣∣∣
p0=ω0(p)

+ . . . .
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Dimensional Reduction Classical Solutions

Classical Solutions

At this point we have the necessary tools ready to deal with the �eld

equations.

We consider the uncoupled equations that are obtained by setting the

couplings equal to zero. Furthermore, we take inhomogeneities into

account:

j(x) = �φ− 2(k̂φ)
κµ∂κ∂µφ ,

jµ(x) = �Aµ + εµν$k̂AFFν$ − (k̂F )
µσν$∂σFν$ ,

where we used the Lorenz gauge condition ∂ · A = 0 in the second

equation to �x the gauge.

The inhomogeneity associated with the scalar �eld is j(x) and jµ(x) is
an external, conserved four-current density coupled to the

electromagnetic �eld.
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Dimensional Reduction Classical Solutions: Scalar Field

The general homogeneous solution is a superposition of plane-wave

solutions involving the modi�ed dispersion relations:

φhom(x) =
∫ d2p

(2π)2 ∑
k

1

2E (k)(p)
φ(k)(x) ,

φ(k)(x) = a(k)(p) exp(−ip(k)α xα) + a(k)∗(p) exp(ip(k)α xα) .

Here, a(k) is an appropriate plane-wave amplitude, a(k)∗ its complex

conjugate, and (p(k)α) = (E (k), p) with the appropriate dispersion

relations. Note that all dispersion relations E (k) must be summed over.

The inhomogeneous solution can be written as a contour integral in the

complex p0 plane:

φin(x) =
1

(2π)3

∫
CE

dp0
∫

d2p ∆φ(p)j̃(p) exp(−ipαx
α) ,

with the Green's function ∆φ(p), the Fourier-transformed inhomogeneity

j̃(p), and an appropriate contour CE .
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Dimensional Reduction Classical Solutions: Electromagnetic Field

The treatment of the electromagnetic �eld is a bit more involved. The

plane-wave homogeneous solutions involve the modi�ed polarization vectors

as wave amplitudes:

Ahom
µ (x) =

∫ d2p

(2π)2 ∑
k

1

2ω(k)(p)
A
(k)
µ (x) ,

A
(k)
µ (x) = ε

(k)
µ (p) exp(−ip(k)α xα) + ε

(k)∗
µ (p) exp(ip(k)α xα) .

The inhomogeneous solution for an external, conserved current density jµ is

obtained by means of the Green's function ∆µν. Therefore, the

inhomogeneous solution can also be written as a contour integral in the

complex p0 plane:

Ain
µ (x) =

1

(2π)3

∫
Cω

dp0
∫

d2p ∆phys
µν (p)j̃ν(p) exp(−ipαx

α) ,

where j̃µ is the Fourier-transformed three-current density and Cω is an

appropriate contour.
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Final Remarks
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Summary and outlook

Outline

1 Motivation for Lorentz violation

2 Standard-Model Extension (SME)

3 Dimensional Reduction

4 Summary and outlook
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Summary and outlook Dispersion Equation

Summary and outlook

Lots of motivations justi�es the investigation of possible deviations

from Lorentz symmetry;

SME provides an e�ective sub-Planckian framework to parameterize

CPT and Lorentz violation;

Lorentz violation becomes manifest as background �eld that couples

to the physical �elds;

Nonminimal terms should be considered as corrections becoming

dominant for increasing energies;

Under consideration: fermion sector with both spin-degenerate and

spin-nondegenerate operators, Fotons and Neutrino;

All results can be used in applications of �eld-theoretical and

phenomenological problems.
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Summary and outlook Dimensional Reduction

Summary and outlook

Nonminimal framework for electromagnetism in (2+1)-dimensions was

obtained.

Nonminimal terms should be considered as corrections becoming

dominant for increasing energies.

The modi�ed dispersion relations for electromagnetic waves were

computed at leading order in Lorentz violation.

Results can be used in applications of �eld-theoretical and

phenomenological problems like:

Applications of this lower-dimensional modi�ed electromagnetism to
planar condensed-matter systems,
Study nonminimal e�ects in processes like: Cherenkov radiation in
(2+1)-dimensions, scattering in (2+1)-dimensions, ...
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Summary and outlook Current projects

Summary and outlook

1 Planar Electrodynamics;

2 Generation of geometric phases in the nonminimal framework;

3 Fermions in (2+1)-dimension;

4 Thermodynamic properties of mesoscopic systems;

5 Correspondence between Classical Lagrangians and Finsler Geometry.
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Summary and outlook Classical Kinematics

Summary and outlook

Classical Lagrangians provide description

of Lorentz violation for classical,

pointlike particles based on SME;

First-order Lagrangians for the whole

nonminimal SME;

What else could be done:

Promote the Lagrangians to Finsler
geometries,
Calculate properties like: curvature,
geodesics, connections, · · ·
[Kostelecký, Phys. Lett. B 701, 137 (2011)]
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