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Left-over problems:

* [[he 1dentity of dark matter [ misalignment mechanism

|Gauge hierarchy problem P relaxion

o|Strong CP problem QCD axion

 The 1dentity of inflaton field

* Baryogenesis — can be related to axion

» Cosmological constant |




Theory motivations:

Strong CP-problem: (0 — arg det Mq)g_;Gé
}

v
6 <101

Introduce axion field:

Recg)

Couplings:
axion-gluon-gluon
axion-photon-photon
axion-fermion-fermion



Standard QCD axion thermal history

V(8,,T) = V(8,) x h(T) = —m?2 f;%\/ 1 — (ﬂjﬁ’:& E sin® (%) x h(T)
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Misalignment Mechanism
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Kinetic Misalignment




First Order Phase Transition

Gravitational-wave spectrum
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loglg ngkz

L GW from dark phase transition ‘
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bubble nucleation
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Strong FOPT @ O(QCD confinement scale).
Reheat the Universe significantly due to large latent heat release.
Modify the thermal history and may lead to interesting phenomena.
I::) Reset axion DM relic abundance
Domain Wall production

May overclose the universe
May lead to interesting features of GW at higher frequency.



QCD axion history with the FOPT
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FOPT may happen at
O(10 MeV-GeV) regime.



Min1 Kinetic Misalignment

K(T) = 02 prf2/2 Vinax (L) = 2f3ma(T)?

Mini kinetic misalignment occurs if

K(Tp) > Viax(Th)

A reset of the misalignment is easily achieved.
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Inhomogeneity From Bubble Emergence

If reheating happens quickly,
inhomogeneous features are generated Iy > 1qcp
lead to interesting phenomena

Hot bubble




Inhomogeneity From Bubble Emergence

Before FOPT Bubble nucleation
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Inhomogeneity From Bubble Emergence

. - 2 &
0, +3HO, — %t)?@a +m2(T)sinf, =0

_mg=500p.6,=0.6.=50p,r, =098

5L _

: — B6t=01 |

af — B 6t=005 |

: B 6t=0.02 ]
ﬁS} — B&6t=0
=t

1p

D:- -—

00 02 04 06 08 10 12

pr
Reheating happens when the bubble is nearly to
merge with other bubbles.
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Domain Wall Formation
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Domain Wall Formation

Condition for domain wall formation:

= ()
~
redshift factor
There 1s cosmic string produced, thus no boundary for DWs

Finite-sized enclosed domain walls:
Axion radiation from closed DWs.

Change in axion relic abundance.

Infinitely extended domain walls:
Percolation theorem: 31%

Scaling regime:  Pw ~ O /t

2 2 : .
Mao0fi ~ AQCDfa >> 1 MeV® overclose the universe



Domain Wall Formation

Scenario A Scenario B
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Conclusion

FOPT at QCD scale is hinted by NANOGrav.

The existence of QCD axion is very motivated.

—> Combining these two aspects leads to interesting cosmology!

Mini kinetic misalignment is a natural prediction.

Axion relic abundance is reset.

Domain wall formation, without cosmic strings, is expected.

—> Enclosed DWs decay away and change relic abundance.

Infinitely extended DWs easily overclose the universe.



QCD axion direct detection

(0 — arg det h-'Iq)&—SG(f}

8T

The introduction of axion )
sets the average value of 0
to zero.

Axion DM leads to a time dependent 4.

2
a(t,¥) ~ v pifi’lﬂcal sin (w,t — p'- T)
(43




Chiral Lagrangian

Axion affects the nucleon and mesons through Chiral Lagrangian.
lead to pion-axion mixing
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Simple example
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Figure 2: Shift in the deuteron binding energy as a function of cos 6



Mossbauer Effect

Observed as resonant
absorption spectra

Maossbauer spectroscopy
pe Py
r-ay gl 2
source éo VW\» : %
G Detector 5
Oscillation Sample *~

Osdillation velocity
Ag-109 isotope oJ -
lifetime ~ 575, f~88 ke = 7~ 10

It is very challenging to measure the natural linewidth experimentally.

So far, the best measurement has achieved 7 times of the nature width.
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If axion leads to the change of nucleon-pion coupling, it will change the energy splits.



Experiment Setup

> axion field value

7 4 Absorber and detector

I l
. rd l gravity

Similar setup has been
proposed to search for

gravitational wave.
Sci. Bull. 69, 2795 (2024)




Correction and Cancellation

assume related corrections
common factor

(14 €45 6%)

e e T e

E,g -17611.06 -17502.45 +108.61 ]

E,, 13056.42 12985.91 -70.51

E,., 19.46 19.17 -0.29

Eg, 2536.06 2508.91 -27.15

E,, -869.23 -856.75 +12.48

Ey, -100.45 -99.36 +1.09 » assume unrelated

Esq 46.32 44.55 -1.77 corrections

Es, 196.86 189.64 -7.22 uncommon factor

Es,, 2.20 2.13 -0.07 (1+¢60%)

Epin 1476.73 1461.69 -15.04

Eeou 333.96 334.49 +0.53

Io s -9.03 -10.49 -1.46

R
Erota -921.76 -922.57 -0.81

6E ~ (14 €45 6% ] 100 MeV




Systematic and Statistical Uncertainties

A too narrow detector
Nyet = R Br 5T(2ﬂ'd‘)AZ " leads to a very large
‘ v/ ° A7 d? statistical error.

source radiation intensity

branching ratio of the 88 keV photon

A competition:
the systematic uncertainty
worse with a larger detector width

the statistical uncertainty
better with a larger detector width

A smart data analysis strategy is introduced to balance these two
competing aspects.
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« e . Ruled out by the
S cnsS lthlty width measurement.
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Conclusion 2

QCD axion dark matter leads to time-dependent nuclear binding energy.
This can be tested using Mossbauer Spectroscopy.

Ag-109 has an intrinsic width as 10722, perfect for this purpose.

Current width measurement has already imposed interesting constraints.

A large parameter space can be probed in the future.



% = 7Sin(8) + Hcos(6)
y = #Cos(6) — 6Sin(6)
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