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Can the laws of special relativity  
be violated in principle? Are they exact?



Spin 1 Photons Coupled to Spin 1/2 ElectronsQED
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Cherenkov radiation in vacuum

Violate Special Relativity in QED

(Related processes constrain faster than light neutrinos)
(Cohen, Glashow)

ce 6= c



Violate Special Relativity in Standard Model

Colladay and Kostelecky 1998 
Coleman and Glashow 1998

46 Lorentz violating couplings (CPT even)



- Local 
- Causal 
- Unitary 
- Renormalizable (EFT) 
- No vacuum instability 
- No gauge anomalies 
- Same # degrees of freedom 
- Obeys laws of thermodynamics 
- (Gauge invariant) 
- …

Violate Special Relativity in Standard Model



More Violations of Special Relativity
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“Massless” Spin 1 and Spin 2

State:

Spin 1 (Transverse)

Spin 2 (TT)

Manifest rotation invariance 

(no need for gauge invariance for manifest symmetry)

✏i, ✏i qi = 0

✏ij , ✏ij qi = 0, ✏ii = 0

hx| i = ✏(q) eiq·x



Propagator for Spin 1 and Spin 2
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Action from Tree-Exchange
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Principle: No instantaneous action at a distance

Turn on sources at t=0
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Local Lagrangian for Photon Fields
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Local Lagrangian for Photon Fields

Field: (✏i(q) âq + ✏⇤i (q) â
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Soft Gauge Invariance for Spin 1

Locality Aµ ⌘ Aµ + @µ↵ (slowly varying ↵)=)

4-component vector: Aµ ⌘ (��,A)
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Soft Gauge Invariance for Spin 2

✏µ⌫(q) ! ✏µ⌫(q) + qµ ↵̃⌫ + q⌫ ↵̃µ (soft ↵̃µ)



Soft gauge invariance is required to ensure that the non-
dynamical fields are mixed with the propagating degrees 
of freedom, such that long range forces inherit the finite 
speed of propagation of the spin 1 or spin 2 particles

Soft Gauge Invariance for Spin 1 and 2



Difficult.   Simple attempts fail… Leading to many questions: 

— What restrictions are placed on                           ? 

— What if we include fermions and gauge/vector bosons? 

— What constraints apply to                        ? 

— Is the equivalence principle still required for consistency? 

— What objects can we couple to?

Need systematic analysis

E2
n = K̃n(pn)

E2
q = K̃q(q)

(Soft) Gauge Invariant Spin 2 Theories



Soft Graviton Scattering



Soft Graviton Scattering

MN+1 = MN ⇥
"
X

i

✏µ⌫(q) T µ⌫
i (pi)

(Ei � Eq)2 � K̃i(pi � q)

+
X

f

✏µ⌫(q) T µ⌫
f (pf )

(Ef + Eq)2 � K̃f (pf + q)

#



Soft Graviton Scattering

MN+1 = MN ⇥
"
X

i

✏µ⌫(q) T µ⌫
i (pi)

(Ei � Eq)2 � K̃i(pi � q)

+
X

f

✏µ⌫(q) T µ⌫
f (pf )

(Ef + Eq)2 � K̃f (pf + q)

#

(En ⌥ Eq)
2 � K̃n(pn ⌥ q) = ⌥2 q↵ ⇣↵n (pn)

⇣↵n (pn) ⌘
 
En,

1

2

@K̃n

@p

���
pn

!

Denominator:

q↵ ⌘ (Eq,�q)



Soft Graviton Scattering
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Unitarity and Locality Constraint
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Dispersion Relation
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Some Consequences

- Lorentz violating approaches to quantum gravity

- Doubly/deformed special relativity

- Lorentz violating Standard Model

- Lorentz violating alternatives to inflation

Brings into doubt the viability of these models



Conclusions

- Locality requires soft gauge invariance 

- For spin       , special relativity is easily violated in principle 

- For spin 2, special relativity is difficult to violate: 

- — The relativistic energy-momentum relation must be exact 

- — The leading interactions must be Lorentz invariant 

- It remains to be proven if all higher order interactions are too

 1


