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The axion defining interaction 

ℒa =
αs

8π ( a(x)
F

+ θ̄)
a → a + const.

GG̃ + ℒ (∂μa(x), ψ, φ, Aμ)
a → a + const invariant

+ [δℒeff(a(x), …)]
Absent or suppressed
Λeff ∼ mP & d ≥ 10
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F

+ θ̄)
a → a + const.

GG̃ + ℒ (∂μa(x), ψ, φ, Aμ)
a → a + const invariant

+ [δℒeff(a(x), …)]
Absent or suppressed
Λeff ∼ mP & d ≥ 10

1.   is removed via a shift of the axion field   

2.  Minimum of the vacuum energy occurs for : solves strong CP problem

3.  The   interaction generates a mass  term:


       “Topological susceptibility”

θ̄ a → a − θ̄ F
⟨a(x)⟩ → 0

a GG̃

F2 m2
a = i∫ d4x⟨

αs

8π
GG̃(x)

αs

8π
GG̃(0)⟩ ≡ χ ←
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Temperature dependent axion mass 
In a hot plasma, at T >> Τc, free color charges screen the correlator:  Χ = 0 


At T < Τc   color charges are confined in SU(3) singlets, no screening:   Χ = (160 MeV)4
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In a hot plasma, at T >> Τc, free color charges screen the correlator:  Χ = 0 


At T < Τc   color charges are confined in SU(3) singlets, no screening:   Χ = (160 MeV)4

   

      Χ = Χ (T)        =>      ma2 =  ma2 (T)

What is the T dependance ?     ma2 (T) ~  T -n     [n ~ n(T)]

DIGA (lowest order): n = β0 - nf - 4 =   n =8 (QCD)  


IILM  (more appropriate for T ~ Tosc):                   n ~ 6.68

[Interacting inst. liquid model: Shellard & Wanz, 2010]      
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[A. Ringwald  —>]
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 Take away message:

 Even in canonical QCD  [SU(3), nf=3] 


ma2  ~ T-6


 is a reasonable T dependence, at 

 least in some transient regime 
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implies an effective EoS:   pa = w ρa  with   w = -n/6     

If a dominates ρUniverse, =>  acceleration already for n > 2  

d(ρaa3) = − pada3
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Particles with varying mass: Effective Equation of State 

Taking ma2 (T) ~ T -n, the conserv. law    

implies an effective EoS:   pa = w ρa  with   w = -n/6     

If a dominates ρUniverse, =>  acceleration already for n > 2  

d(ρaa3) = − pada3

Could a PNGB b(x), coupled to a “dark” gauge group Gb that is 

undergoing a confining PT now (Λb <T0) produce Cosmo accel.? 

No. Not enough energy density: ρb  Λb4 T04 ~ ρrad  ρDE   ≲ < ≪
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ℒY ∼ ψ̄LψR Φ1 + χ̄L χR Φ2 → ψ̄LψRv1e

i a1
v1 + χ̄L χRv2e

i a2
v2

ψ ∼ (1,3), χ ∼ (3,3)
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ℒY ∼ ψ̄LψR Φ1 + χ̄L χR Φ2 → ψ̄LψRv1e

i a1
v1 + χ̄L χRv2e

i a2
v2

ψ ∼ (1,3), χ ∼ (3,3)

This generates the potential:                       


;      

F, F′￼ ∝ v2, f ∝ v1

V = Λ4
a [1 − cos ( φa

F )] + Λ4
b [1 − cos ( φa

F′￼

+
φb

f )] (φa

φb) = ( cosβ sinβ
−sinβ cosβ) (a1

a2)
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Equations of motion

                           

               


   

··A + 3H ·A + ℳ2A = 0
A = (φa

φb); ℳ2 = m2
a ( 1 ϵ r(T)

ϵ r(T) r(T) ); ma =
Λ2

a

F
, r(T) =

m2
b(T)
ma

, ϵ =
f

F′￼
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Equations of motion

                           

               


   

··A + 3H ·A + ℳ2A = 0
A = (φa

φb); ℳ2 = m2
a ( 1 ϵ r(T)

ϵ r(T) r(T) ); ma =
Λ2

a

F
, r(T) =

m2
b(T)
ma

, ϵ =
f

F′￼

Assumption: at T=0     [f<<F, i.e. v1 << v2]mb = Λ2
b / f > ma

This implies a Level Crossing   (width ΓLC ~ 3ε) 
where QCD axions φa can partially convert into b-axions  φb     

mb(TLC) = ma

7



Dynamics of Level Crossing
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Dynamics of Level Crossing

 Adiabatic 

 ma (ε tLC) >> 1

 Plot: [εtLC ma =50]
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Λ2
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Severe Constraining Conditions

f > TLC > TDE > T0 > Λb

Which imply a pre-inflation scenario

F ≳ 1014 GeV, [ma ≲ 6 ⋅ 10−8 eV], θa ≲ 6 %

And a  non-adiabatic  level crossing 

ϵ ∼ 10−25 ( Λb

10−4eV
160MeV

Λa )
2

tLC = 109 yr, [zLC ∼ 5] ⇒ ma tLC ≲ 1025

Non-adiabatic LC is in fact required !

ρDE

ρm LC

= ( 1 + zDE

1 + zLC )
3

∼ 1% − 2 %
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Theoretical Cosmology, first half of XX century: Two confirmed predictions 

1. The Universe is expanding:                       Observational confirmation

Friedmann (1922),  Lemaitre (1927)                   Hubble (1929) 


2. The expansion is accelerating:                 Observational confirmation

     Bondi & Gold (1948);  Hoyle (1948)                   Riess (1998) et al.;  Perlmutter et al. (1999)

1.  Follows from Cosmological Principle:  Universe homogeneous and isotropic on large scales  
2.  Follows from Perfect Cosmological Principle:  Universe unchanging in time on large scales  

Perfect Cosmological Principle (Bondi & Gold, 1948):  Cosmological principle extended 

by assuming  the Universe to be  homogeneous in space and in time (i.e. stationary).



Motivation (epistemological):

“Present observations indicate that the universe is expanding.  This suggests that the mean density in the past has been 

greater than it is now. If we are now to make any statement regarding the behaviour of such a denser universe […] then 

we have to know the physical laws and constant applicable in a denser universe. But we have no determination for those.”

“Physical laws cannot be assumed to be independent on the structure of the Universe. Conversely, the structure of the 

Universe depends upon the physical laws.”  Then there may be a stable, self-perpetuating state with constant physical laws.



Motivation (epistemological):

“Present observations indicate that the universe is expanding.  This suggests that the mean density in the past has been 

greater than it is now. If we are now to make any statement regarding the behaviour of such a denser universe […] then 

we have to know the physical laws and constant applicable in a denser universe. But we have no determination for those.”

“Physical laws cannot be assumed to be independent on the structure of the Universe. Conversely, the structure of the 

Universe depends upon the physical laws.”  Then there may be a stable, self-perpetuating state with constant physical laws.

Steady State Universe (SSU): to counterbalance dilution from the expansion,

matter is constantly created at the rate of 1 H atom (or 1 neutron)/cm3/1012 yrs.



Motivation (epistemological):

“Present observations indicate that the universe is expanding.  This suggests that the mean density in the past has been 

greater than it is now. If we are now to make any statement regarding the behaviour of such a denser universe […] then 

we have to know the physical laws and constant applicable in a denser universe. But we have no determination for those.”

“Physical laws cannot be assumed to be independent on the structure of the Universe. Conversely, the structure of the 

Universe depends upon the physical laws.”  Then there may be a stable, self-perpetuating state with constant physical laws.

Steady State Universe (SSU): to counterbalance dilution from the expansion,

matter is constantly created at the rate of 1 H atom (or 1 neutron)/cm3/1012 yrs.
[SSU disproven directly by quasars & radio galaxies observations (only at large z) , indirectly by CMB  (hot early phase)]  



Motivation (epistemological):

“Present observations indicate that the universe is expanding.  This suggests that the mean density in the past has been 

greater than it is now. If we are now to make any statement regarding the behaviour of such a denser universe […] then 

we have to know the physical laws and constant applicable in a denser universe. But we have no determination for those.”

“Physical laws cannot be assumed to be independent on the structure of the Universe. Conversely, the structure of the 

Universe depends upon the physical laws.”  Then there may be a stable, self-perpetuating state with constant physical laws.

Steady State Universe (SSU): to counterbalance dilution from the expansion,

matter is constantly created at the rate of 1 H atom (or 1 neutron)/cm3/1012 yrs.

ρmatter = const.    =>     accelerated expansion    (i.e. and effective EoS:     w = - 1 )  

[SSU disproven directly by quasars & radio galaxies observations (only at large z) , indirectly by CMB  (hot early phase)]  



Motivation (epistemological):

“Present observations indicate that the universe is expanding.  This suggests that the mean density in the past has been 

greater than it is now. If we are now to make any statement regarding the behaviour of such a denser universe […] then 

we have to know the physical laws and constant applicable in a denser universe. But we have no determination for those.”

“Physical laws cannot be assumed to be independent on the structure of the Universe. Conversely, the structure of the 

Universe depends upon the physical laws.”  Then there may be a stable, self-perpetuating state with constant physical laws.

Steady State Universe (SSU): to counterbalance dilution from the expansion,

matter is constantly created at the rate of 1 H atom (or 1 neutron)/cm3/1012 yrs.

ρmatter = const.    =>     accelerated expansion    (i.e. and effective EoS:     w = - 1 )  

[SSU disproven directly by quasars & radio galaxies observations (only at large z) , indirectly by CMB  (hot early phase)]  

Our construction also yields  ρb = const.  but is not “steady state”. 

Standard cosmological history unaltered until  LC  at  z  ~ 2 - 10.  

“matter creation”   =>  “mass generation from phase transition in a dark plasma”
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Conclusions

- A coupled 2 axions system can generate DE from DM, and explain both phenomena

- It is consistent with different evolving EoS  

  Quintessence (w > -1), Λ (w = -1), Phantom (w < -1), Quintom [w(t) <-1  —>  w(t) > -1]

- It can shed light on the “why now ?” puzzle

- If the QCD axion constitutes the DM, there is not much freedom for model building. 

  Only viable for pre-inflationary axion scenarios.  

Thanks for your attention !
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