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* |ntroduction: axions and their large coupling to U(1) gauge field
* Axion electrodynamics & suppression of axion abundance

e Summary
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Axion

» Strong CP problem in QCD

Qs

LD -0G;, G =3 CP violation

experimental bound: 0y = 0 + Arg[Det m,] < 107'%; new physics?

Y

» Solution: Peccei-Quinn mechanism Peccei & Quinn 77

Anomalous global U(1)pq broken spontaneously at ~ F,
0 — o(x)/Fy

QCD instanton induces axion potential: dynamical cancelation of 6

Mgy
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F, _6“ev(1012Gev)

Pseudo-NG boson ¢(z) : axion - candidate of CDM
Weinberg '78; Wilczek 78
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Anomalous coupling to gauge field
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Ci: coupling dependent on the U(1)pq charge assignment

Subject to variety of constraints

» Astrophysics: stellar evolution
Dicus, Kolb, Teplitz ’87; Sato '87; Vysotsskii+ '87

. SN1987A
« lifetime of red giants £ I
- white dwarf cooling ey |

— lower bound: F;> 109GeV

» Terrestrial experiments Sikivie ‘85

« microwave cavity (ADMX, CAPP, ...)
 axion helioscope (SUMICO, CAST, IAXO, ...)

Jackel+ 10



Production of axions in cosmology V(a)

» Coherent oscillation

- Misalignment mechanism: aini ~ F /’f
- The larger F, becomes, the later the oscillation starts

— upper bound: F5; < 1012GeV

- CDM isocurvature perturbations can be generated in inflation— bound on Hix

» Topological defects

- Iff the PQ phase transition occurs after inflation

- Strings/domain-walls form at PQ/QCD PT

- CDM axions are radiated from network of these
defects

- Tighter upper bound on F;

Hiramatsu, Kawasaki, Saikawa, TS 12



A theoretical puzzle in the QCD axion Kamionkowski & March-Russell ‘92

Explicit breaking of U(1)rq Nneeds to be highly suppressed

- Naive expectation: F5z = <®pg> (breaking scale of PQ symmetry)

- Quantum gravity effects

(I)4+n F4+n qb
m AV ~ 2 BN
Vioh) AT + h.c. M COS [CFa + Ab)

- Terms all up to n~10 should be absent for the PQ mechanism to work

Origin of the PQ “symmetry™?



Axions in string theory

» Axiverse:

- Plentitude (~104) of "axions" exist

ex) anti-symetric tensor from compactifications of heterotic string

- U(1)rpq symmetries survive accidentally from discrete gauge symmetries

- Low-scale SUSY may suppress non-QCD instanton effects

» Harmful axions Choi & Kim '85
- Decay constant is genrally large: Mp 2 Fa 2 Mgut

- Those axions are incompatible with the QCD axion window (F2<1012GeV)
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Alignment/clockwork mechanism

Kim, Nilles, Peloso '04; Choi, Kim, Yun '14; Choi, Im ’15;
Kaplan, Rattazzi ’15

Natural inflation from two axions with F1, F2 < Mp,

V ~ M* cos (?—1 —I—n?—Z)

Flat direction with large periodicity

Fup = \/n2F2 + F}

Large hierarchy F.g > F; is realized
without introducing tiny parameters.

Photophilic axions:

Qleff
87TFeff

LD-— OF,, M with aeg ~ a

27Tf2




Summary so far
» Plentitude of axions exist in string theory

» Some of those “axions” can be the QCD axion, but the decay constant
IS in general harmfully large Fa 2 Mgut unless initial misalignment is
finely tuned.

> (Hidden) photophilic “axions” can be realized in the alignment/
clockwork mechanism oI

104 107 102 10" 1/2 1

f, (GeV)
1016 1014

ABRA-Broad
CASPEr-EDM

; 10712 10-10 10-8 10
Farina+ 2017 ma (eV)




Dissipation via production of tachyonic hidden photons
Agrawal+ 1708.05008

» Coupling to hidden U(1) gauge field

ax
4k,

¢ X, X" with ax~O(10) a la e.g. clockwork

» Tachyonic instability in gauge field induced by moving ¢

ax¢
Fq

X+ —k(kT ) Xp+ =0 with ¢~ m,e(t)cos(mat)

a);,m“ $(t) (broad resonance)

Instability at £ <

— exponential production of gauge field at large scales

» Backreaction: axion coherent energy is
dissipated into hidden photon



Suppressing the axion abundance Agrawal+ 1708.05008

> Evolution of number density » Suppression as function of coupling
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Suppression is largely increasing function of

Saturation: the coupling, possibly being as large as 10-13

entire conversion of axion

energy into gauge field
If true, the axion window would be opened

up to Mgur



Issue of axion nonzero modes

- After saturation, gauge field dominates over the axion zero modes

- Gauge field can source axion nonzero modes via mode-mode coupling

8¢ + 2Hé¢ + [V + a?m?((1))] 66 = ;“’;2 - By

- This coupling is also strong; gauge field and axion nonzero modes coevolve

- Alters the previous conclusion?



Axion electrodynamics

Lagrangian
1 gb 1 ax ~
ey IR i 7300 w0 L gy e
L 5 V. oVE o — x(T) [1 COS (Fa>] 4F,WF 4Fa¢ T

%(T): topological susceptibility in QCD (lattice QCD calc.)

Axion-Maxwell equation

% : oV Q0 ; . ax
N 2 AL : Dx =F —oB
¢+ 20— Vig ol SR T Dx =Ex + 738,
Bl e
V - BX :07 HX _BX Fa QbE .
V- Dx =0,
BXZ—VXE)(,
DXZVXHX

Nonlinearity — Lattice simulation



3D lattice simulation of axion electrodynamics
Kitajima, TS & Takahashi, arXiv:1711.06590

Extension of staggered grid method (Yee's algorithm) K. Yee '66

* Dynamical variables: ¢, 7 = ¢/a?, Bx =V x X, Dx = —X

[i,j+1/2,k+?: /O[i+1/2,j+1/2,k+1/2]
o ¢

li.j,k+1/2] i+1/2,j+1/2,k] O =

',,ﬂ[i,j+1/2,k]-/ [i+1/2,j+1/2,k]
fijkl @& [i+1/2,j,K]

% Time integration: leapfrog (explicit symplectic) method

= staggered grids both in space and time



Advantages of our implementation

v Simple implementation of second order (both in time and space) method
v Symmetric and symplectic method, conserving energy etc.

v Efficient mixing of both axion and gauge fields

Original Yee’s staggered grids boosts E and B mixing
— extended to accommodate axion

v Discretized constraint eqs. are satisfied
automatically (barring round-off error)

V.- Bx =0,

V-Dx =0,
BX:—VXEX,
Dy =V x Hy



Validation check in MinkowsKi

» Energy conservation » Constraint equations
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Underdamping regime (ax=50) ==1016GeV, Bini=1

o (o) —
pot

Gauge field production is accompanied 0Pin — 0V — PPt —
by the production of axion nonzero

modes T
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After saturation, gauge field
dominates but axion nonzero modes
partition O(0.1) of the initial oscillation
energy of axion zero modes

axion
gauge field ——

Suppression of axion abundance is
moderated significantly by axion
nonzero modes

comoving numbe: density [m, Faz]

cf. 10-13 (ax~30) in Agrawal+ 1708.05008




Overdamping regime (ax=500) a=1016GeV, Bini=1
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Significant amount of gauge field is
produced before axion zero modes
oscillate a single time [ APeES
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o

anergy density [r 'vaFaz]

Too large friction exhausts the kinetic
energy of axion zero modes; axion
moves only at the Hubble rate (<mass)
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Onset of axion oscillation is delayed;
axion abundance is enhanced
compared to a=0

comoving number iensity [m, Faz]




Suppression of axion abundance

> Ratio of Naxion/Ngauge field 10 Naxion W/0O coupling
Fa=1 O1aGeV, eini=1

axion, no coupling
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» The suppression cannot be arbitrarily large:
=3
naxion/naxion, no coupling 2 10

» Critical damping occurs around a~200



Summary

We studied cosmological abundance of axions coupled to hidden photons.

The previous study claims that axion abundance can be suppressed by >1010
with moderately large coupling. However, production of axion nonzero modes is
omitted in their analysis.

We implemented the lattice simulation of the coupled axion-gauge field system.
Our results show axion nonzero modes play a crucial role in the estimation of the
axion abundance. The suppression is significantly moderated and reaches only
~103 at best.

Our implementation of axion electrodynamics can be applied to variety of
cosmological and terrestrial environments.



