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Overview of the misalignment mechanism
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Misalignment Mechanism

Assuming a pre-inflationary scenario for the scale of Peccei-Quinn
breaking the value of the axion after inflation would be
homogeneous % = §; = O(1)

and follows the eom

0 +3HO + m(T)?sin(0) = 0 (1)
At early times 3H > m(T) the axion is frozen at it's initial value
O(T) = 6 (2)

At around 3H ~ m(T) the axion is released starts oscillating
around the bottom of the potential.
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Overview of the misalignment mechanism
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Misalignment Mechanism

Rolling Axion
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At late times the axion behaves as dark matter
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Overview of the misalignment mechanism
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Misalignment Mechanism

Axion dark matter abundance
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Overview of the misalignment mechanism
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Kinetic misalignment as an alternative?
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Figure 1. Taken from 1910.14152: Co, Hall, Harigaya
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Overview of the misalignment mechanism
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Kinetic misalignment as an alternative?

Temperature —dependent axion mass with y=8.16

Axion decay constant il [GeV"]
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Figure 2: Taken from 2206.14259: Eroncél, Sato, Servant, Sorensen
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Axions in a pure Yang-Mills thermal bath
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Axions in a thermal bath

We assume an axion coupled to a dark non-Abelian gauge field
which forms a thermal bath of temperature T’

a ~
LD —0F2, Fb 5
2 87T j24 ’ ( )
The effective EOMs for the axion background and gauge field are

bt [3H - T(T)] 65 = — = V'(6,), (6)

pdr + 4der = I,
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Axions in a pure Yang-Mills thermal bath
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Properties of the thermal bath

Friction coefficient for o« < 0.1

Ceph N2 — 1 (New)® T3
T(T) =25 ~1.8x < (8)
2T/f2 N2 2f2

by McLerran et al.

For QCD there is an additional Yukawa suppression factor due to
the presence of light states charged under QCD.

['sph leh
T(T) == y
() 2T'f2 Mo+ 24T,§3rph )
C dRT/ S

Ne oo m?
Where Iy, = ——F
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Axions in a pure Yang-Mills thermal bath
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Properties of the thermal bath

® Recently revived by Berghaus et al assuming there are no light
states charged under the non-Abelian gauge field which lifts
the Yukawa suppression. They applied this idea to warm
inflation, warm dark energy and early dark energy.

® |n their case the gauge coupling o can be taken to be
constant because the temperature is slow-rolling.

® For axion dark matter the running of the coupling is important

47 1

a(T) = BN, I (T2/A2) (10)

where by = 11 for confinement or %* spontaneous symmetry
breaking.
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Axions in a pure Yang-Mills thermal bath
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Properties of the thermal bath

px = energy of dark gauge field and its decay byproducts

4
8 [11)3
ANgg = o (=) X <0.3at95%C.L. (1)
7\ 4 P~y
T:Trec
. T
We define & = 7
AN = 0.016 x n~1/3 (2N2 — 2)*3 ¢4 (12)

For SU(3) we get £ < 0.86
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Axions in a pure Yang-Mills thermal bath
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Properties of the thermal bath

The temperature of the dark thermal bath can be related to the
standard model temperature through their respective entropy
conservation.

T —¢ (gs,SM(T) 8:(To)

1/3
gs,sMm( To) gs'(T’)> ! (13)
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Axions in a pure Yang-Mills thermal bath
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Motion of the axion at early times

For m(T) = mg (%)ﬁ if 3H > T(T')

_ ma(T)2
02(T) ~ fie sC+AHT? | (14)
whereas if T(T') > 3H
__ ma(T?
Qa(T) ~ f;e GHBT(THAH(T) (15)
The onset of rolling is given by
4 H(Tosc) , 3H>T
~ /
ma( Tose) 107M(T.) H( Tosc) 3H<T (16)
ma(Tosc)
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Axions in a pure Yang-Mills thermal bath
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Motion of the axion at late times

We derive a new adiabatic invariant for generic friction coefficient
r(T)

Azt ((:)) exp [ / g r(%)} — const, (17)

Which recreates the correct result when ['(T) = 3H(T)

= :;93((77__; exp [/tt df3H(1Nf)] = prenf = const. (18)

and yields a new result when one considers both Hubble and
thermal friction

Ap = ,zm(n'lﬂ,;)(a;)('l') exp [/t dt T(f)] = const . (19)

Alexandros Papageorgiou Center for Theoretical Physics of the Universe Institute for Basic Science

Axion dark matter from frictional misalignment



Axions in a pure Yang-Mills thermal bath
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DM abundance in the presence of friction

Pa0 [Mma [ M ? D m 32
a a _ osc
~ 28 eV Mosc < 012 GGV) f ev . <4 Hosc)
~—_——

suppression
standard result enhancement

(20)

where

108 Gev 2 A
D—6‘3< . ) <150 Mev>

Tl
and7_|n</\>
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Axions in a pure Yang-Mills thermal bath
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Basic mechanism
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Figure 3: Example for the QCD axion
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DM from frictional misalignment
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Minimal ALP scenario

We assume a single gauge group that gives rise to the mass

through instanton effects and friction through sphaleron
2

transitions. In that case mg = Af—
a

1/f. [1/GeV

Figure 4: Left panel for a¢n, = 0.2 and right panel for agn, = 0.4

Alexandros Papageorgiou Center for Theoretical Physics of the Universe Institute for Basic Science

n dark matter from frictional misalignment



DM from frictional misalignment
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Minimal ALP scenario
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Figure 5: Evolution of the friction close to the confinement scale.
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DM from frictional misalignment
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ALP coupled to two gauge groups

The model under consideration is

Ling = 8 G 0,Gh, GO A o 0aFu F (22)

. A2 .
In this case mg = TG we define the enhancement parameter
a

A = enhancement parameter (23)

which we assume may be very large. Such largeness can be
justified by alignment (Kim et al) or clockwork mechanism (Kaplan

et al) in which case A = 3V,
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DM from frictional misalignment
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ALP coupled to two gauge groups (underabundant case)

Pa0 m,f, N 92 Tosc F (24)
pom  \ T2, " \4.53:-10710GeV / g, sm( Tosc )3/

4/7
e mafa ]:1/7
where Tcrlt ~ 21.6 Gev (GeVz) g SM(Tcrit)3/28

Condition for opening the underabundant regime:

T2 < Tcrit (25)
Simplifies to
10/7
S <17 rgng2> A?
" g > 1 (26)
[1 +0.17 (In []—'b (G V2) ] +In [/\%//\2]”
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DM from frictional misalignment
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ALP coupled to two gauge groups (overabundant case)

® We simply demand that the axion dilutes sufficiently enough
after it starts to roll so that its abundance matches the
observed one.

® The minimum value of XA in this case is when the friction is
the minimum possible over the longest possible time
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DM from frictional misalignment
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ALP DM parameter space
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Figure 6:

Minimum enhancement parameter A for ALP DM. https://cajohare.github.io/AxionLimits/
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DM from frictional misalignment
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What about the QCD axion?

The same results apply for the QCD axion with two important
differences
® QOur conclusions require a small correction due to the presence
of light degrees of freedom charged under QCD.

M instead

z m
mQCDf, = mﬂfﬂl_{z, where z = m—: (27)
® The only possible fate of the hidden sector is spontaneous
breaking so that the axion potential is not affected and the
strong CP problem is solved.
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DM from frictional misalignment
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Underabundant regime for the QCD axion

Pa0 <maf30,->2 (104 GeV)3 F (28)
PDM N T02$c TOSC gp,SM(Tosc)3/4
| can set the left hand side to one and solve for a unique

temperature that is independent on the QCD axion mass and
decay constant.

Tt ~ 1.08 GeV  <— papo ~ ppm - (29)
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Conclusions
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Conclusions

e We call this mechanism "Frictional misalignment". We hope
to add it to a short list of other modifications of the standard
mechanism such as "Kinetic misalignment" Co et al, "Trapped
misalignment" Di Luzio et al etc.

® |t can open up both the traditional over and underabundant
regimes.

® Most of the parameter space requires the clockwork
mechanism to justify the large scale hierarchy.

® |t mostly evades constraints from axion fragmentation.
® Works for the QCD axion.

® Alters the picture in the minimal model for axion masses
greater than 102 eV
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