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Overview

A Brief Introduction to the QCD Axion & (Axion) Dark Matter
- The Z ,, Model

- The Life of the Z ,, QCD Axion
- Why Lattice Simulations? — Nonlinear Dynamics
* Results (Preliminary)
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A Brief Introduction



The Canonical QCD Axion
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Dark Matter | Axion Probes 8

» Cold (free-streaming scale)
Non-baryonic (BBN)
Weakly interacting (hence dark matter)

Qny ~ 0.27 [ACDM]

Cold v

Non-baryonic v/

» Weakly coupled (g,,,» 8,y & 1/1,) vV
« Can source Qpy\ = 0.27 V

Axions as DM?

: : * Eg.) Haloscopes, helioscopes, dipole moment
l?
Probing axion DM oscillations (model dependent)
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The Current State of the Axion Parameter Space
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The Current State of the Axion Parameter Space
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Suppose the axion is discovered away from the canonical QCD band

Can it still be the QCD axion?
Can it account for the observed DM abundance?
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The Z ,, QCD Axion

A. Hook (2018) arXiv:1802.10093
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The Z ;- QCD Axion 3;“21( 2ﬂj> g

V(0) = Vy(0) + Vpg(0)

N =1 .
dm m 0
Vps(@) = — m2f? 1 — v d__sin? <— + ]—”> Ve :j=0
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The Z ,, QCD Axion 7=3 (0+%)cg,
. /V J ]
j=0

V(0) = Vem(0) + Vps(0) 0 = ¢lf,
Al 4m m \g i
242 _ Tk N L] =
Vps(0) = mﬂfﬂj:Z1 1 s sin <2+./V> Vsm:Jj=0
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The Z ;- QCD Axion 3;“21( 2ﬂj> g

V(0) = Vy(0) + Vpg(0)

Vps(@) = — m2f? 1 - & sin’ (— + J—”) Ve :j=0
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The Z - QCD Axion P <g+ﬂ> GG

j=0
V(0) = Vy(0) + Vpg(0)

N—1 4 .

m, m , 0 jrm .

Vps(@) = —m2f2 ¥ /1 - ————sin’ [ — +— Ver:j=0
=1 (nytﬁ-Ind) 2 N

Including temperature dependance:

Only Vg1 has power-law T dependence, characterizing the breakdown of the potential for

Toco ) T>T,
V(O,T) = Vqu(0) X h(T) + Vpg(0) WT) = ( T > > Lqcp
1 T <Tqyep

arXiv:2102.01082
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Story Time

The Life of the Z ,, QCD Axion
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Potential Evolution « T>Tocp = VO.T) = Ve(0,T) + Vipg(0)

o3 acp = V(0 T) = Viy(0) + Vs (0)

V@) m £, = Vo

157

mmmsm 7T = IOOTQCD

10

e 1 = O.OITQCD

, m
0 maocﬂ/3/2z”;z=—”
mg;
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Il
W

Potential Evolution eg.) ./

V(@) f)* = Vo

T = 100T4cp

Only 6 = 0 solves T'~Tqcp

the strong CP

In the linear regime, probability of ending in @ = 0 is claimed to be 1/./
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A Lighter QCD Axion

mHz Hz kHz MHz GHz THz PHz
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A Lighter QCD Axion
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Why Lattice Simulations?
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Nonlinear Field Dynamics

The Z ;- model naturally generates evolution scenarios where the field
probes the anharmonic regions of its potential

V() = Vo) (m f)?

ie. V(¢h) = %mzd)z + ;—4¢4 +06)+...% %mzd)z
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Nonlinear Field Dynamics

Parametric resonance: The exponential growth of specific k-modes under self-
interaction

Back Reaction: The reciprocal interaction between the k-modes and the zero mode
when parametric resonance is strong
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Nonlinear Field Dynamics

Parametric resonance: The exponential growth of specific k-modes under self-
interaction

Back Reaction: {he reciprocal interaction between the k-modes and the zero mode
when parametric xesonance is strong

2
5, + 3HS¢p, + [(S) + v"(¢0)] S =0

Oy : k mode of the field fluctuations d¢, where ¢p = ¢, + o¢p
¢, : Homogeneous zero mode of ¢

H : Hubble parameter
a : Scale factor
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Lattice vs. Linear Numerics — Zero Mode Evolution

_7 9 {(¢): Mean field in dimensionless program units
eg) N = 15, ma’,- =1.1x10 CV, ma,f =1.7%x10""eV i1 (f) : conformal (cosmic) time in dimensionless

program units

CosmoLattice Mathematica
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Effect of Nonlinearity on CP Conservation and Relic Abundances 2

eg) N =15m,;=1.1x107"eV, m, = 17X 10~7eV

3.3
CP Conservation: probability of
52 settling in @ = 0 is not simply 1/
~ 3.11
S DM Abundances: Overestimation of
3.01 the number density from typical
calculation which assumes
2.9 1
n= ptot/m ~ pO/m
2.8 -
01 10010 _ 102 10 10f

i
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The Goal

Previous work on DM abundances and CP conservation in the Z ;- model has
been done in the linear numerical and analytical limit.

We use GosmoZLattice to conduct the first lattice simulations of the Z ,- model to

determine new constraints on CP conservation and DM relic abundances for the model,
fully accounting any nonlinear field dynamics.

Importantly, we also determine how significant the effects of nonlinear dynamics are on
these observables in the Z ;- model.
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Results (Preliminary)
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DM Yields and Solving the Strong CP Problem
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Visualizing Parametric Resonance

ld—l - l(I)O 161 000 . . . . . .
k 1071 100 10! 102 103 10%

Aqg : Power spectrum in dimensionless program units

k : Wave number in dimensionless program units
rms(¢) : root mean square of ¢
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