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Basic motivation 
for 

Spontaneous Lorentz Violation: 
 
 

To provide a dynamical approach 
 

to QED, gravity and Yang-Mills theories 
 

with photon, graviton and non-Abelian gauge fields 
 

appearing as massless Nambu-Goldstone bosons 
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I. Phenomenology (how might it work ?)

1. Spatial Parity

Weyl fermions ΨR,L =1±γ5

2
Ψ and neutrinos:

SR,L =
−→σ · −→p
|−→p | = ±1/2 →

(
?
νL

)

PV :

νL → νR (?)

Neutrino goes unseen in a mirror!



2. Relativistic invariance

E2/c2 −−→p 2 = m2c2 or

p2
µ = m2 (c = 1)

LV dispersion relation:

p2
µ = [m + δ(n · p)]2

Present data: δ ≤ 10−(10÷11)



II. Motivation (why might it work ?)

1. 3D Space symmetry breaking case

Heisenberg ferromagnetism : O(3) → O(2)

J±- magnons

2. 4D Space-Time symmetry

breaking:

SO(1,3) → SO(3) or

SO(1,3) → SO(1,2)

Photons as 4D ST magnons (!)



3. Space-Time sigma-model

A2
µ ≡ A2

0 −A2
i = M2 vs σ2 +−→π 2 = f2

π

Just as in the pion chiral dynamics one can deal with
only Goldstone modes

Nambu, 1968; JC-Froggatt-Mohapatra-Nielsen, 2004

Aµ = aµ +
nµ

n2
(M2 − n2a2

ν)
1
2, nµaµ = 0

Does it mean that the SLV modes are really collected
into physical photon or there are in general three sepa-
rate massless Goldstone modes, two of which may mimic
the transverse photon polarizations, while the third one
must be appropriately suppressed?



III. Theoretical framework

1. The ”Goldstone-gauging” theorem

JC-Froggat-Nielsen, 2006

L(ψ, A, ...) = L? + λ(x)(A2
µ −M2)2

For general relativistic Lagrangian

L? → LQED or LY M

if one requires that vector fields NOT to be super-
fluously restricted (Caushy problem in classical theory,
ETC problem in quantum case)



i. Single-vector field case with constraint A2
µ = M2

(no more constraints are allowed)

∂µ

(
∂L

∂Aµ
− ∂ν

∂L

∂(∂νAµ)

)
≡

(
∂L

∂Aµ
− ∂ν

∂L

∂(∂νAµ)

)
(c)Aµ +

+

(
∂L

∂ψ
− ∂ν

∂L

∂(∂νψ)

)
(it)ψ +

+ψ(−it)

(
∂L

∂ψ
− ∂ν

∂L

∂(∂νψ)

)
.

⇓

Invariance under transformations (the Noether’s 2nd the-
orem)

δAµ = ∂µω + cωAµ (c = 0) , δψ = itωψ



ii. Vector field multiplet Aα
µ (non-Abelian global

symmetry G) with the SLV constraint Aα
µ

Tr(AµAµ) = n2M2, α = 1,2, ..., D

Together with the SLV constraint there would be in
general D + 1 constraints (while only D constraints are
allowed) for the vector field multiplet Aα

µ unless

∂µ

(
∂L
∂Aα

µ

− ∂ν
∂L

∂(∂νAα
µ)

)
≡

(
∂L
∂Aβ

µ

− ∂ν
∂L

∂(∂νA
β
µ)

)
CαβγA

γ
µ +

+

(
∂L
∂ψ

− ∂ν
∂L

∂(∂νψ)

)
(iTα)ψ +

+ψ(−iTα)

(
∂L
∂ψ

− ∂ν
∂L

∂(∂νψ)

)
.

⇓

Invariance under transformations (the Noether’s 2nd the-
orem)

δAα
µ = ∂µωα + Cαβγω

βAγ
µ, δψ = iTαωαψ



iii. Yang-Mills fields as pseudo-Goldstones

Symmetry of YM Lagrangian

L(Aµ, ψ) ⇔ SO(1,3)×G

Symmetry of constraint

Tr(AµAµ) = n2M2 ⇔ SO(D,3D)

SLV Aα
µ(x) > = nα

µM :

SO(D,3D) → SO(D − 1,3D)/SO(D,3D − 1)

Spectrum: 4D − 1 massless Goldstone states

1 True GVB + (D-1) PGVBs + (D-1) scalars

PGVBs remain strictly massless being protected by the
simultaneously generated non-Abelian gauge invariance
(just complete altogether the whole gauge field multi-
plet of the internal symmetry group G)



2. Nonlinear Goldstone-type theories

L(aµ, ψ) = LQED − 1
2
δ(n · a)2 −

-
1
2f

(a)
µν (nµ∂ν − nν∂µ)n2a2

2M +

+ eψ(γ · n)ψn2a2

2M + · · ·

For the starting gauge invariant theory the SLV con-
straint A2

µ = M2 appears as the gauge-fixing condition
no leading to the physical Lorentz violation:

The SLV contribution to the Compton effect in the tree
approximation ( in the order of O( e

M
)) Nambu, 1968



The SLV contribution to the e−e′ scattering in the one-
loop approximation ( in the order of O( e3

M
))

JC-A.Azatov-J.Jejelava-Z.Kepuladze, 2005



3. How to observe SLV? 
 

 Via heavy Higgs Mode (too heavy to 
be directly observed) 

 

  
Some convenient way  is to exclude the heavy Higgs 
mode going to the nonlinear sigma model 

    
 

                             Nambu, 1968          
 

 Via Goldstone mode (usually is 
hidden by gauge invariance)  
 

 

          a       is a pure Goldstone mode      0



an     

  
Vector field SLV pattern can be treated by itself as 
some gauge transformation with gauge function 
linear in coordinates,  ω(x) = (nμxμ)M   

 

  SLV may only physically  emerge  through the 
gauge non-invariant terms

 
 

A  a 
n

n
2
nA



IV. Looking for physical Lorentz 
non-invariance - 5 steps 

 
 

(1) While the photon seems to have a true Goldstonic nature, the 
physical Lorentz violation is still preserved due to internal gauge 
symmetry involved.  
 
 

(2) Actually, gauge invariance in the Goldstonic QED appears in 
essence as a necessary condition for the starting vector field A not to 
be superfluously restricted in degrees of freedom, apart from the 
SLV constraint 

                                      
             due to which the true vacuum in the theory is chosen. 
 
 

(3) For any extra restriction(s) imposed on the vector field it would be 
impossible to set the required initial conditions in the appropriate 
Cauchy problem and, in quantum theory, to choose self-consistent 
equal-time commutation relations. 

 
 

(4) One may expect, however, that quantum gravity could in general 
hinder the setting of arbitrary initial conditions at extra-small 
distances thus admitting superfluous restriction of the starting 
vector field A.  

 

 

(5) This eventually,  through some high-order operators, would 
manifest itself in violation of the gauge invariance 
(while masslessness of photon being guarantied by SLV). 



1. QED with non-exact gauge
invariance

L(ψ) = ψ(iγµ∂µ −m0)ψ +
1

M∂µψ · ∂µψ

⇓

L (A, ψ) = −1

4
FµνF

µν + ψ[iγµDµ −m0]ψ +
1

MD′∗
µ ψ ·D′µψ

Dµ ≡ ∂µ + ieAµ, D′µ ≡ ∂µ + ie′Aµ

⇓

L (aµ, ψ) = L(Aµ → aµ + nµ(a
2/2M + · · ·), ψ) +

−i∆e
M

M
nµ

n2
ψ∂µψ + (∆e)2n2M2

M ψψ

⇓

p2
µ
∼= [m+2δ(pµnµ/n2)]2, m = m0−δ2n2M, δ ≡ (∆e)M/M

⇓

δ2M≤ me, |δ| ≤ δ ≡
√

me/M = 6.5× 10−12



2. Some immediate applications

ı. Effective masses

m∗
f ≡

√
p2

µ
∼= |mf + 2δfp0| , δf = δf or δf = δf cos θ

ii. GZK cuttof revised (p + γ → ∆ → p + γ)

Ep >
m2

∆ −m2
p

4[ω − δ(m∆ −mp)]
=

6.8

ω/ω − 8.1δ/δ
× 1020eV

iii. Stable mesons (m∗
π < m∗

µ)

Eπ >
1

2

mπ −mµ

δµ − δπ
∼ 1019eV

iv. Modified nucleon decays (stable neutrons)

E >
mn −mp

2(δp − δn)
=

mn −mp

2(δu − δd)
∼ 1018eV



3. SM with partial gauge invariance 
 

                                                                                       
 

One could generally argue that a strict gauge invariance  
may disable some generic features of Standard Model  

which could otherwise manifest themselves at high energies 
                                                                                                                J.C. – Z. Kepuladze, 2011 

 

Partial hypercharge gauge symmetry  
  

 while the theory is basically (1)gauge invariant (being 
constructed from ordinary covariant derivatives of all matter 
fields involved), the hypercharge gauge field  is allowed to 
form all possible polynomial couplings on its own and with other 
field invariants 
 

  

U()+ + £ + ... 
  
 

 Polynomial  U() and terms with gauge invariant tensors 
and £etc. “feel” only   field gauge  transformations, 
while remaining invariant under gauge transformations of all 
other fields 

 
 

 Polynomial  U() leads to SLV, while term with a vector current 
only redefines the hypercharge gauge coupling constant g′ 
which is in essence a free parameter in SM (minimal theory  
possesses  no physical SLV in the Higgs decoupling limit) 

 
 

 The  gauge invariant tensor £appears only as the total 
energy-momentum tensor of a system thus leading to the unique 
dimension-6 “gravity type” couplings for vector   fields that 
modifies dispersion relations of all fields involved once the SLV 
appears (next to minimal theory possesses physical SLV) 



 

4. Lorentz violation in GUTs (revisited) 
 
J.Chkareuli, Z.Kepuladze, R.Mohapatra, 2011 

 
 

 Yang-Mills fields as pseudo-Goldstone bosons 
 

Symmetry of YM Lagrangian:  SO(1, 3) x G , G is an internal symmetry group 
Symmetry of the SLV potential:  SO(D, 3D) , D is number of G generators 
 
 
 Goldstone spectrum from SLV: 

  

Both SO(D, 3D) SO(D-1, 3D) [time-like] and SO(D, 3D-1) [space-like] give 
4D -1 massless Goldstone states: 
 
 

1 True GVB + (D-1) PGVBs + (D-1) scalars 
 
 
 Some of PGVBs remain strictly massless being protected by the partially remained 

non-Abelian gauge invariance so that only the SM may survive (sic!) 
 
 

 Higgs sector of SLV being negligible for SM becomes 
significant at GUT scale through radiative corrections to 
the GUT masses and couplings 

 



                                        

 
 
 
A typical loop correction (where black vertex is usual YM 4-vector field coupling, 

while the crossed one is coming from the potential) which breaks GUT symmetry to SM 

at SLV scale and gives heavy masses to extra vector bosons. For SU(5) GUT with 

vector field multiplet developing VEV on its 24-th component just the SM symmetry 

SU(3)xSU(2)xU(1) is survived.  

 

 YM Lagrangian acquires extra term  
 

      ]),[],([)()( 
  AAAATrTrAAL  2VL  

which, once the SLV happens, induces masses of X and Y type 
bosons  

      ,       
 
thus making heavy adjoint Higgs multiplet unnecessary in 
GUTs :  

    Soft masses without Higgs boson (!) 

M2Trn,a n,a  A
i  a

i  n
i M H



 
V. Tensor Field Gravity 
 
 
Tensor field gravity can naturally be interpreted as 
the emergent theory caused by SLV in which some 
of gauge degrees of freedom of tensor field appear 
to be condensed thus emerging as the 
noncovariant gauge choice in otherwise gauge 
invariant and Lorentz invariant theory which is 
equivalent to GR in a weak field limit 
 
 
() = ? +()(2¡2)2 

 
 

 For general relativistic Lagrangian 

 

? ! (taken in a weak field limit) 



The way to “break down” Lorentz Symmetry in QED
Y.Nambu  (1968)

is pure Goldstonic mode

is unit Lorentz Vector

Lorentz violation for Vector Field:

QED

Goldstonic QED:      A  a       



The way to “break down” Lorentz Symmetry in Gravity

J.C.-J.Jejelava-G.Tatishvili (2010)

is pure Goldstonic mode

is unit Lorentz tensor

Lorentz violation for Tensor  Field:



Starting Lagrangian
(mimics the linearized GR in Minkowski spacetime) 

Tensor field kinetic terms are exactly, others are approximately  
invariant under diffeomorphism transformations 



Goldstonic Lagrangian in O(1/M^2) appproximation

(includes Lorentz and CPT violating couplings)



Goldstonic Axial Gauge in Gravity

Propagator 



Spontaneous Lorentz violation effects turn out to be 
strictly cancelled in the lowest order scattering processes 
due to diffeomorphism invariance of tensor field 
gravity (which becomes exact when extended to GR) 

• Graviton-graviton scattering

• Graviton scattering on a massive scalar

• Scalar-scalar scattering

This statement is directly confirmed for the following processes:



VI. Conclusions 
 
 
 

I. Photons, gravitons and non-Abelian gauge fields can well be 
treated as 4D space-time massless vector and tensor Goldstone 
bosons. Gauge invariance in Goldstonic QED, GR and YM 
theories appears in essence as a necessary condition for vector 
and tensor fields not to be superfluously restricted in degrees of 
freedom once the SLV vacuum is chosen in the theory. 
 
 

II. Such emergent gauge invariance hides the physical Lorentz 
violation unless there appears non-exact or partial gauge 
invariance. One may expect that quantum gravity could in 
general hinder the setting of arbitrary initial conditions at 
extra-small distances thus admitting superfluous restriction of 
vector and tensor fields. This eventually, through some high-
order operators, would manifest itself in (partial) violation 
of gauge invariance. 
 
 

III. Phenomenologically, the physical SLV consequences might 
well be expected at energies 10^18 - 10^20 eV (present cosmic 
ray physics range). Lots of new effects in HE physics and 
astrophysics may be expected. 
 
 

IV. SLV gains a new insight on the symmetry breakdown in GUTs 
to Standard Model identifying GUT scale with SLV scale. This 
mechanism appears due to pseudo-Goldstone nature of Yang-
Mills fields with respect to SLV. No special heavy scalar field 
multiplets as in conventional GUTs – rather proton may decay 
due to Spontaneous Lorentz Violation.  
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