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hypothesis:  
            
                  the universe does not spontaneously violate CPT





  the standard model

} 
x 3



Prediction 1: one neutrino is massless

one stable neutrino:  νR

  m
ν∑ ≈ .06eV(NH ) or .12eV( IH )

(Brinckmann et al, arXiv:1808.05955) 

0νββ decay:

(Dell’Oro et al, arXiv:1601.07512) 

Prediction 3: no primordial gravitational waves
Prediction 2: dark matter is cold

Prediction 0: dark matter neutrino is 4.8 x 108 GeV.



Consider fields on this 2-sheeted spacetime



The gravitational entropy of the universe: 
LB and N. Turok, arXiv:2210.01142 

 

Image Credit: Quanta Magazine



<latexit sha1_base64="6D5sQHneGC4bOl1IGlIYfb5xd1g="></latexit>

H
2 =

8⇡G

3

⇣
r

a4
+

µ

a3
+ �

⌘
� 

a2

Step 1. Obtain general  solution for the 
cosmic scale factor:



Step 2. Obtain general formula for the gravitational 
entropy of an FRW universe:

Flat universes and tiny positive Lambda are favoured!

Step 3. Add cosmological perturbations  
(small inhomogeneities and isotropies):

If the Big Bang is a mirror, these cost entropy!



Grav. entropy is largest for universes like ours:  
homogeneous, isotropic and flat  

(with tiny positive Lambda)!

A measure on the 
space of universes.



In Standard Model, gauge and gravitational 
anomalies must cancel:



What about local scale (“Weyl”) invariance? 

• Emphasized by Weyl, Dirac, Dicke,…, ’t Hooft: 
– Natural generalization of diff invariance (gen. covariance) 

• Ignoring Higgs, Standard Model is *classically* Weyl invariant. 
• But Weyl symmetry is anomalous:



Cancelling Weyl anomalies and Vacuum Energy?



Cancelling Weyl anomalies and Vacuum Energy?



Cancelling Weyl anomalies and Vacuum Energy?



Dimension-zero scalars: notable features



Summary  
Analytic extension of the cosmological solution of the Einstein equations leads to: 

1) Big Bang as a mirror 
2) formula for gravitational entropy 

These ideas yield new explanations/predictions for various observed features of our universe, including:  
1) dark matter 
2) thermodynamic arrow of time 
3) absence of tensor perts (gravitational wave)  
4) absence of vector perts (vorticity) 
5) Neumann initial conditions for scalar (density) perts  
6) The homogeneity, isotropy and flatness (and smallness of Lambda) 

Finally, we saw how (without introducing new d.o.f.) 36 dimension-zero scalars can: 
1) cancel both Weyl anomalies and the vacuum energy 
2) explain 3 generations 
3) yield a scale invariant power spectrum (without inflation) 

Much still to be understood! 
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Thank you for listening!





Reflecting b.c.’s at the Big Bang:

• Dirichlet (Neumann) b.c.’s for scalar field                 
      in static (expanding) frame. 

• Neumann (Dirichlet) b.c.’s for tetrad field                  
      in static (expanding) frame. 

• Implications: 
– No primordial vector perturbations (vorticity) 
– No decaying-mode scalar perturbations (density perts) 
– No decaying-mode tensor perturbations (grav waves)



  dark matter





AdS Boundary Conditions (as rephrased by Hawking ‘83)

When applied to the Bang, correspond to our CPT condition!



(Stueckelberg, 1941)



Electrodynamic Arrow of Time
Tetrode-Fokker-Wheeler-Feynman:

F = (R + A)/2 
   + (R – A)/2



Experimental confirmation? L. Anchordoqui et al.  
     1803.11554



P
T.D. Lee & C.N. Yang, 1956  
C.S. “Madame” Wu, 1956
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What is an anti-particle?

• Schrodinger: 
– relativistic wave equation ! negative frequency solutions 

• Dirac:  
– negative frequency solutions ! antiparticles! 

• Stueckelberg: 
– anti-particle ! particle moving backward in time!



CPT Thrm: Coleman’s “Proof By Locomotion”

C

T

P



CPT Thrm: another perspective

• P and T are not in SO(3,1): 

• But PT *is* in SO(3,1):


