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But	first	a	brief	digression!







A → A−1B−5

B → B4A

2 → 223

2 → 23





 

 



CPT	symmetric	universe
Latham	Boyle,	Kieran	Finn	and	Neil	Turok

based	on	
arXiv:1803.08928	
arXiv:1803.08930
(arXiv:1803.11554)



τ

a(τ)



τ

a(τ)



τ

a(τ)



τ

a(τ)

gµν = a2(τ)ηµν



τ

a(τ)

gµν = a2(τ)ηµν a(τ) ∝ τ



τ

a(τ)

gµν = a2(τ)ηµν a(τ) ∝ τ



τ

a(τ)

gµν = a2(τ)ηµν a(τ) ∝ τ

new isometry:

τ → −τ



τ

a(τ)

gµν = a2(τ)ηµν a(τ) ∝ τ

new isometry:

τ → −τ

preferred vacuum:

|0CPT ⟩



The	standard	model



The	standard	model



The	standard	model



The	standard	model



The	standard	model



The	standard	model



The	standard	model



The	standard	model



The	standard	model



The	standard	model



The	standard	model



The	standard	model



The	standard	model



The	standard	model



The	standard	model



ψ(x) =
∑

h

∫
d3p

(2π)3/2
[a(p, h)ψ(p, h, x) + b†(p, h)ψc(p, h, x)]



ψ(x) =
∑

h

∫
d3p

(2π)3/2
[a(p, h)ψ(p, h, x) + b†(p, h)ψc(p, h, x)]



ψ(x) =
∑

h

∫
d3p

(2π)3/2
[a(p, h)ψ(p, h, x) + b†(p, h)ψc(p, h, x)]

ψ+(p, h, x) a+, b+ ⇒ |0+⟩



ψ(x) =
∑

h

∫
d3p

(2π)3/2
[a(p, h)ψ(p, h, x) + b†(p, h)ψc(p, h, x)]

ψ+(p, h, x)

ψ−(p, h, x) a−, b− ⇒ |0−⟩

a+, b+ ⇒ |0+⟩



ψ(x) =
∑

h

∫
d3p

(2π)3/2
[a(p, h)ψ(p, h, x) + b†(p, h)ψc(p, h, x)]

ψ+(p, h, x)

ψ−(p, h, x) a−, b− ⇒ |0−⟩

a+, b+ ⇒ |0+⟩

a0 , b0 ⇒ |00 ⟩ψ0(p, h, x)



ψ(x) =
∑

h

∫
d3p

(2π)3/2
[a(p, h)ψ(p, h, x) + b†(p, h)ψc(p, h, x)]

ψ+(p, h, x)

ψ−(p, h, x) a−, b− ⇒ |0−⟩

a+, b+ ⇒ |0+⟩

a0 , b0 ⇒ |00 ⟩

ψ0(p, h, x) = α(p)ψ+(p, h, x) + β(p)ψc
+(−p, h, x)

ψ0(p, h, x)



ψ(x) =
∑

h

∫
d3p

(2π)3/2
[a(p, h)ψ(p, h, x) + b†(p, h)ψc(p, h, x)]

ψ+(p, h, x)

ψ−(p, h, x) a−, b− ⇒ |0−⟩

a+, b+ ⇒ |0+⟩

a0 , b0 ⇒ |00 ⟩

ψ0(p, h, x) = α(p)ψ+(p, h, x) + β(p)ψc
+(−p, h, x)

ψ0(p, h, x)

⟨00|a†+(p, h)a+(p, h)|00⟩ = |β(p)|2 = exp

[
−πp2

Mpl

M

(
3

ρ1

)1
2

]



ndm

srad
= C

(
mdm

mpl

)3/2

(C = 0.003476 . . .)

mdm = 4.8× 108 GeV

other 2 heavy ν ′s: leptogenesis

one stable neutrino: ν1R

Z2 symmetry: ν1R → −ν1R

3 light ν′s are majorana (0νββ decay)

lightest ν is massless (mtot = 0.05eV, 0.1eV)



ndm

srad
= C

(
mdm

mpl

)3/2

(C = 0.003476 . . .)

mdm = 4.8× 108 GeV

other 2 heavy ν ′s: leptogenesis

one stable neutrino: ν1R

Z2 symmetry: ν1R → −ν1R

3 light ν′s are majorana (0νββ decay)

lightest ν is massless (mtot = 0.05eV, 0.1eV)



ndm

srad
= C

(
mdm

mpl

)3/2

(C = 0.003476 . . .)

mdm = 4.8× 108 GeV

other 2 heavy ν ′s: leptogenesis

one stable neutrino: ν1R

Z2 symmetry: ν1R → −ν1R

3 light ν′s are majorana (0νββ decay)

lightest ν is massless (mtot = 0.05eV, 0.1eV)



ndm

srad
= C

(
mdm

mpl

)3/2

(C = 0.003476 . . .)

mdm = 4.8× 108 GeV

other 2 heavy ν ′s: leptogenesis

one stable neutrino: ν1R

Z2 symmetry: ν1R → −ν1R

3 light ν′s are majorana (0νββ decay)

lightest ν is massless (mtot = 0.05eV, 0.1eV)



ndm

srad
= C

(
mdm

mpl

)3/2

(C = 0.003476 . . .)

mdm = 4.8× 108 GeV

other 2 heavy ν ′s: leptogenesis

one stable neutrino: ν1R

Z2 symmetry: ν1R → −ν1R

3 light ν′s are majorana (0νββ decay)

lightest ν is massless (mtot = 0.05eV, 0.1eV)



ndm

srad
= C

(
mdm

mpl

)3/2

(C = 0.003476 . . .)

mdm = 4.8× 108 GeV

other 2 heavy ν ′s: leptogenesis

one stable neutrino: ν1R

Z2 symmetry: ν1R → −ν1R

3 light ν′s are majorana (0νββ decay)

lightest ν is massless (mtot = 0.05eV, 0.1eV)



ndm

srad
= C

(
mdm

mpl

)3/2

(C = 0.003476 . . .)

mdm = 4.8× 108 GeV

other 2 heavy ν ′s: leptogenesis

one stable neutrino: ν1R

Z2 symmetry: ν1R → −ν1R

3 light ν′s are majorana (0νββ decay)

lightest ν is massless (mtot = 0.05eV, 0.1eV)



ndm

srad
= C

(
mdm

mpl

)3/2

(C = 0.003476 . . .)

mdm = 4.8× 108 GeV

other 2 heavy ν ′s: leptogenesis

one stable neutrino: ν1R

Z2 symmetry: ν1R → −ν1R

3 light ν′s are majorana (0νββ decay)

lightest ν is massless (mtot = 0.05eV, 0.1eV)





• No	primordial	tensor	perturbations	(GWs)
• No	primordial	vector	perturbations	(vorticity)
• Correct	boundary	condition	for	primordial	scalar	perturbations	(CMB	
oscillations)
• CPT	hypothesis	“protects”	Weyl	character	of	Big	Bang	singularity,	and	
predicts	thermodynamic	arrow	of	time	flows	away	from	the	bang	in	“either	
direction”	(w.r.t.	the	conformal	time	tau)	
• U-Ubar pair	(Stueckelberg interpretation)
• Relation	to	strong	CP	problem
• Big	Bang	as	analogue	of	BH	horizon	

• (Stueckelberg trick,	Weyl-Dicke interpretation)
• More	coming:	stay	tuned!
• Earlier	through-the-bang	references:

• Bars,	Chen,	Steinhardt,	Turok:	arXiv:1105.3606,	1112.2470,	1207.1940,	1307.1848
• Gielen,	Turok:	arXiv:1510.00699,	1612.02792
• Barbour,	Koslowski,	Mercati,	Sloan:	arXiv:1409.0917,	1507.06498,	1604.03956,	
1607.02460
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Thank	you!


