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One of the most plausible candidates for dark matter (DM) is QCD axion. In addition to
nonperturbative effects of QCD, the QCD axion could acquire extra potentials from other explicit
breaking effects of shift symmetry, i.e., the Peccei-Quinn (PQ) symmetry. Such extra PQ breaking
potentials must be suppressed to satisfy the experimental bound on the neutron electric dipole
moment. However, the axion potential from QCD is negligibly small at high temperatures in the
early universe, and therefore tiny extra potentials can have a sizable effect on the dynamics of axion.
When the axion is temporarily trapped by the extra PQ breaking potential, the dynamics is expected
to be significantly modified compared to the conventional scenario. This is the trapping effect. In
this thesis, we study the trapping effect on the dynamics of the QCD axion and identify a viable
parameter region in which the axion can explain DM.

We begin with investigating fundamental properties of the trapping effect in a general setup.
According to our analysis, we find that the adiabaticity of the physical system is an important factor
in determining the dynamics of axion. To study the detail of the dynamics, we consider two types of

extra PQ breaking potential. First, we consider the case when the axion acquires a time-independent
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potential with multiple minima (based on our work [3]). We find that the abundance of axion can be
enhanced or suppressed, depending on the initial position of axion 6;,;, and that the isocurvature
perturbation can be significantly suppressed. In particular, when the axion is temporarily trapped
around a wrong vacuum, the abundance is independent of the decay constant as long as the trapping
effect is strong enough. As a result, the axion can explain DM for arbitrary decay constant fy < 101t
GeV . The isocurvature perturbation is suppressed as can be seen from the right panel of the figure
below. It is nontrivial that the axion with small f, can saturate the total DM abundance, and such
axions have relatively strong couplings with the SM particles, so that they can be more easily probed
by future haloscope experiments, such as MADMAX and BREAD. Second, we consider a time-
dependent extra potential from the Witten effect of hidden monopoles (based on our works [1] and
[2]). We investigate the trapping effect by the Witten effect in a broader parameter region of the
initial position of axion than previous studies. We find that the abundance can be suppressed as long
as the trapping effect is sufficiently strong.

The analysis of these two concrete scenarios helps us understand how the violation of adiabaticity
affects the axion dynamics. We clarify that the trapping effect by extra PQ breaking has a significant
impact on the viable parameter region for QCD axion DM, and the new predictions of axion DM

motivate experiments probing a different parameter region from the conventional QCD axion DM.
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QCD PO A A —OII—DENEBD—DOTHO. QCD DIFEHBHRICMI. > T MIFFR
% (Peccei-Quinn W#itE) OWNICK> TRFTOSVILEBDIEEZSND, FEFOET R
FE—ADNCHEIIERBRNAFNE/EZILHICIE. QCD USHDERD 2 PQ HIMREDIREN &I
HITDHREBENRDDESH., PISADAAFTFIIOICIFEEEAEHELRVWEEZISNTE,
ULH L. RAXICEWTHNKIZ, FHAOPEOSETEEHENBEBRMEDIZSHIC QCD hSDRFT>
SVYILFEBEBRTEIFENSL, DI RRKRDRART DI VILTCESRETISA>DAAFZD
RACKERFEEESXDICEEZREURE, B(C. CORBQRPQUMEDCENICI>TTISAY
N—EMHNChSvITIENdE A4 FZTOINBRRDSFUANSKELLELLTDZENDHD,
COREZRNSYVEIMREERN, COBEHmIXTHIIKIE. QCD 7IOSA>DHAFZIX
CWITBRSVESITIMEERFT L., -5 —%HBEITDEHDT7 IS A DERAIEER/N
SA—HEBERFELE. £I. —BHRRECH T3NS VEDIVNROERNAME & N,
RORDEVWCEHITDIMBAEN T IS A DAAFTZORTREIDIEEREBERTHDCEER
WEULTE, SBICHAMFTZIORDEMERANRBIZHIC. QCD FEEHIZIR (CHIX TREIL PQ D
NZEFDLDIBRT O vILEEZZ, BIETE. RERBRFT D VILABEIICLISRVEEZE
EZRLU., TOBER. 7O ACDODEFEEEFVHAUE(CKLI>TERBRIDICEEZRHUE. BAMI(C
(F., UV CPAIMENEI IEBEIRILFE—DEZRE(EHKNICEILITIEAICE. PIOISACDEES
F@<FlesndIcEN Do, —A. PVOSACHBEZEC—RBNICHIESNEES. €D
HIREMBEN+DBIINE. POSASFEEIARELAD., FICTFISAEEWREETEIICHK
FURWCEZRRUZ, TORODUERIEBICRE CTHOIL/INSRT IS ABEEERDBE(C
BWVWTE., PUSAUICELEODTIRTDI OIS —FHAIT DI ENAECR DTz, BLH
BETIE. BN —(CEEIBIE/SR-ILIMMEDH T Witten IR EZERL. 7O A>D
FEENMCEDRDOELCOMBMECL > TEBETEICEZRHE UL,
DEOHMERRICELT, 9—OI5F—DEHEHETHD QCD 7> A> DIEAFEIEL(C
I IFARKRERTHDERDOEND . KX EIHZEHXCETVWTWLWBAN, PIIKEZEDEE
RETES KUEN, HDEMR, AXDHECEHUTEERKE RIEO> TS, RABXICDWVWTIE,
UZPBOEANCHITDMKREE, AR, FOSABR(CEATIHNE, HRaRTEDE
WMICEAITIFMAELBRMNRENTED, BEHEXEULTTDICRDDIZENTETDIEVWDHERIC
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