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The axion defining interaction

L = o ((T) + 6’) GG+ & (8 a(x),y, @, A ) + [5£Zeff(a(x) )]

a— a -+ const imvariant Absent or suppressed
a — a + const. A~ mp&d > 10



The axion defining interaction

L = " (% + 9) GG+ & (a a(x),y, ¢, A ) + [6Z (a(x), ...)|
U
. . Absent or suppressed
L a4 const. a — a+ const invariant Asz : mPS&pfl? ZSIS 0

1. 0 is removed via a shift of the axion fielda — a — O F
2. Minimum of the vacuum energy occurs for (a(x)) — 0: solves strong CP problem
3. The a GG interaction generates a mass term:

F*mg = l[d4x(8—GG(x) S_GG(O)> =y < "Topological susceptibility”
T T
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Temperature dependent axion mass

In a hot plasma, at T >> T, free color charges screen the correlator: % =0

At T < T. color charges are confined in SU(3) singlets, no screening: # = (160 MeV)*

|

( > m2= m2(T) |

What is the T dependance ? ms2(T)~ T" [n~n(M]

DIGA (lowest order): n=Po-hf- 4 = %N+%nf— 4 n =8 @Qcd)

ITLM (more appropriate for T ~ Tosc): h~6.68
[Interacting inst. liquid model: Shellard & Wanz, 2010]
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Effective mass, lattice calculations

Lattice QCD: we can compute axion mass At high T (no mesons)
we can analytically compute potential (DIGA)
2 2
mgfe = x(T) V(0) = —x(T)cos@
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Effective mass, lattice calculations

Lattice QCD: we can compute axion mass At high T (no mesons)
we can analytically compute potential (DIGA)
2 r2
mgfe = x(T) V(0) = —x(T)cos@
|__| T | T T T T 11 | ;:10—1 ' Take GWGY message:
- - | Even in canonical QCD [SU(3), ng=3] !
D N _ m 02 ~ T-6
~3 ?O_ | is a reasonable T dependence, at
S0 - | least in some transient regime
~[ 1 Lattice OCD 2+1+1 [Borsanyi]
= oo ' Lattice QCD 2+1 [Bonati]
N | 1 Lattice QCD (DWF) 2+1 [Buchoff] (points)
R 1 DIGA (T>>Tc) [Borsanyi]
- lILM [Wantz]
__ 0.10 015l - .O.ZO‘ - 1025‘ - ‘030 _ 10-4
[A. Ringwald —>] C 1 11 | | 1 I I I I | m
10~! 1

T |GeV] 4
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Taking ma2 (T) ~ T, the conserv. law d(paa3) = — pada3
implies an effective E0S: pa=w pa with w=-n/6

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



Particles with ing mass: Effective Equation of State

Taking me2 (T) ~ T™, the conserv. law d(p,a’) = — p da’
implies an effective EoS: pa=w ps with w=-n/6

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

Could a PNGB b(x), coupled to a "dark" gauge group Gy, that is

undergoing a confining PT now (Av<To) produce Cosmo accel.?

No. Not enough energy density: pp < Ap* <To*~ prad <K ppE
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Take Go X b, Ga = SUB)aco : G5 = SU(3) or SUER): Aa > As |
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J* Take Ga X Gb, Ga = SU(3)QCD Gb = SU(3) or SU(Z) /\a >> /\b

al a2

Ly~Wr @ + ar @~ Yypvie T+ Jixgvae
y~(1,3), y~@3.3)



A mecnanism 170 DOOST P+

Take Go X b, Ga = SUB)aco : G5 = SU(3) or SUER): Aa > As |

al 612

Zz y ~ YIYR (I)l + X1XR (I)z = YYRV€ T+ XLXRV2€ E
v~ (1,3), y~ (3,3)

,ThIS gener'a’res the po’ren’rlal F.F vy, focy,
| - A B & 4 o (pa ﬁ ) ¢, cosfp  sinf a; t
W V=A, [1 COS ( - )] + A} [1 COS (F’ + 7 )] <¢b>= <—sinﬂ cosp (a2> |
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A+3HA+ M*A =0

2 2
4 ((pa); e 3( 1 er(T)); oo Ne o m@ S

d F m

Assumption: at T=0 m, = Al% /f > m, [f«F,ie. vi<«vz]
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Equations of motion

e —— e ———

A4 3HA+ MPA=0 5

2 , of 1 enD\ A my(T) f f
A= (%) “ (6 r(T) r(T) >’ e —,r(_ m,  © _F’ ‘

Assumption: at T=0 m,, = Al% /f > m, [f«F,i.e. vi<< V2]

— e _— —— e — _— . - = - e ——

Thls |mp||es a Level Crossmg mb(TLC) =m, (wudTh FLC ~ 38) |

|

wher'e QCD axions g, can par"rlally convert into b-axions oo |

EE——— e —— e ————— e — — — ———— ———————— T —_
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Adiabatic

Mqa (8 TLC) >> ].
Plot: [etLc ma=D0]




Dynamics of Level Crossing

Adiabatic
ma (f: TLC) >> ].

Plot: [etL.c mq=D0]




Dynamics of Level Crossing

Adiabatic
ma (5 TLC) >> 1
Plot: [etL.c mq=D0]

Diabatic

Mqa (E TLC) 5 1
Plot: [etLc mq=1]




Dynamics of Level Crossing

Adiabatic
ma (f: TLC) >> ].
Plot: [etL.c mq=D0]

DiGbGTiC . | | FM ” :TS(JZM
Ma (€ TLe) <1 | ﬂ I
Plot: [etLc Mq =1] b u x “







[Plot not to scale]




Severe Constraining Conditions

3
A T A2
m(Tie) ~— | = | =m,=—*
f \ TLc F

f>Tic>Tor > Ty > A

[Plot not to scale]
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Severe Constraining Conditions

3
A2 [ T A?
my(Tio) ~— | == ) =my=—
I \Tic I

f>Tic>Tpg > Ty > A\,
Which imply a pre-inflation scenario

F>10"GeV, [m,$6-10%eV], 0, S6%

[Plot not to scale]




‘I 1) A "N DWW -> |

Severe Constraining Conditions

3
A2 [ T A?
my(Tio) ~— | == ) =my=—
I \Tic I

f>Tic>Tpg > Ty > A\,
Which imply a pre-inflation scenario

F>10"GeV, [m,$6-10%eV], 0, S6%

And a non-adiabatic level crossing

2
10-25 A,  160MeV
€ ~Y
10—4eV A

da

te=100yr, [gce~5] = mt- <107




WCD AXion DM -> DNM+DE

Severe Constraining Conditions

3
A T A2
m(Tie) ~— | = | =m,=—*
f \ TLc F

f>Tic>Tor > Ty > A
Which imply a pre-inflation scenario

F>10"GeV, [m,$6-10%eV], 0, S6%

And a non-adiabatic level crossing

2
10-25 A, 160MeV Non-adiabatic LC is in fact required !
€E ~
10-%V A, . L 42 3
MEN = —2E) ~1%-2%

o —
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Hystorical Note

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 |

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.
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; “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)/cm3/10%2yrs. |
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Moﬁva‘rion (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 fo 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. |

[matter is constantly created at the rate of 1H atom (or 1 neutron)/cm/102yrs.

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

' Pmatter = COnst.  =>  accelerated expansion (i.e.and effective EoS: w=-1) |
Our construction also yields p, = 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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