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QCD Axion

* Definition: solve strong CP problem
* Minimal Realization:
Goldstone boson of U(1) PQ symmetry
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* Dark Matter: Misalignment
* Pre-inflation case: axion Is frozen until
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Post-inflation: Topological Defect
Cosmic String and Domain Wall

AQCD fa, Axion string:
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String induced

String formation ) R

DW formation j
* If Npw > 1, the string-domain wall network will
dominate universe.

* For Npw = 1, the string-domain wall network o
would be quickly collapsed and decay to axion ﬁ

radiation. ,J
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Axion DW

* Domain wall is the 2D topological defect connecting
the two degenerate vacuums.

* For Npw =1, the DW profile satisfies the EOM

i wa () V@ (1-e(g))

* Sine-Gordan soliton with solution
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Non-standard Cosmic Evolution

* NANOGrav Observation: GW 5|gnal at QCD scale
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* Strong First Order Phase Transition (SFOPT) is one of the
candidate to explain the data.

* [T 1t Is supercooling FOPT in the dark sector, the latent heat can
reheat the the SM thermal bath.

Altering the QCD axion evolution
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Th =feeereserosesecBonennn « At T = T4, the axion field starts to oscillate.
« At T =Tpr, the SM thermal bath is reheated
Tosc to high temperature.
Tacp—+ * The axion velocity Is kept unchanged.
* The kinetic energy and the barrier height
- potential are defined to be
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Kinetic Misalignment

o If K > Vihax, the axion is rolling like kination
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Kinetic Misalignment Mechanism
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Mini Kinetic Misalignment

* The reheating time scale fwu can
be model dependent. First we
consider the case #.. = &fpr. The

universe Is reheated uniformly.
* There Is parametric space such that
K > Viax but not lasting long.

* The theta angle would be “reset”
after being trapped again.

* The axion relic abundance can be
modified.

The reset field angle assuming
the initial field angle is 8; = 0.2
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Inhomogeneity from Bubble Emergence

* [f the reheating happens quickly that O
oot < Afpr ~ ({4711 more interesting
phenomena.

* Bubbles can be nucleated stochastically
temporally and spatially. O
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Schematic Illustration

Before FOPT
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Evolving separately
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Axion Field with Bubble

* The axion potential differs inside and outside the bubble.
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* Solve the EOM of the axion with the wall boundary condition.
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* With bubbles merging, the

significant axion spatial
fluctuation i1s developed.

* As potential barrier height

Increases, axion fields at
different points will be
trapped Into distinct
vacuum position.

* DW can be formed.
* 1D demonstration
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DW Formation

* The condition for DW formation
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* Since there is N0 cosmic string, no boundary for the DW.

Redshift factor

* Finite-sized enclosed domain walls:
unstable, quickly shrink and collapse

* [nfinite DW network:
Determined by the percolation theorem
Stable, will dominate the universe
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DW Formation

Scenario A
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Instantaneous Reheating
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Only the center gains
large field value.

Small enclosed bubbles

are produced.
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Conclusion:

* FOPT at QCD scale i1s hinted by NANOGrav.
* The existence of QCD axion Is very motivated.

—

* Mini kinetic misalignment is a natural prediction.
* Axion relic abundance Is reset.

* Domain wall formation, without cosmic strings, from the
stochastic bubbles Is expected.
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Thank you!
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