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‣ Strong CP problem in QCD

CP violation

experimental bound:                                                 ; new physics?

‣ Solution: Peccei-Quinn mechanism Peccei & Quinn ’77

Anomalous global U(1)PQ broken spontaneously at ~ Fa

Pseudo-NG boson         : axion → candidate of CDM
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QCD instanton induces axion potential: dynamical cancelation of θ0

Weinberg ’78; Wilczek ’78 



Subject to variety of constraints

Ci : coupling dependent on the U(1)PQ charge assignment
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Anomalous coupling to gauge field

‣ Astrophysics: stellar evolution 

• SN1987A 
• lifetime of red giants 
• white dwarf cooling

‣ Terrestrial experiments Sikivie ’85

→ lower bound: Fa > 109GeV

• microwave cavity (ADMX, CAPP, …) 
• axion helioscope (SUMICO, CAST, IAXO, …)

Dicus, Kolb, Teplitz ’87; Sato ’87; Vysotsskii+ ’87

Jackel+ ’10



- 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 Fa

- Misalignment mechanism: 

- The larger Fa becomes, the later the oscillation starts

- CDM isocurvature perturbations can be generated in inflation→ bound on Hinf
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Hiramatsu, Kawasaki, Saikawa, TS ’12

Production of axions in cosmology

‣ Coherent oscillation

‣ Topological defects

aini ⇠ Fa

→ upper bound: Fa < 1012GeV



A theoretical puzzle in the QCD axion

- Quantum gravity effects

➡

- Naive expectation:  Fa = <ΦPQ> (breaking scale of PQ symmetry)

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

Explicit breaking of U(1)PQ needs to be highly suppressed

Kamionkowski  & March-Russell ’92

Origin of the PQ “symmetry”?
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ex) anti-symetric tensor from compactifications of heterotic string

Axions in string theory

‣ Axiverse: 

- Plentitude (~104) of "axions" exist

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

- Decay constant is genrally large: MPl ≥ Fa ≥ MGUT

- Those axions are incompatible with the QCD axion window (Fa<1012GeV)

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

‣ Harmful axions Choi & Kim ’85 
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Alignment/clockwork mechanism

Natural inflation from two axions with F1, F2 ≤ MPl

Flat direction with large periodicity
�1

�2

2⇡f1
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flat direction 

Large hierarchy                   is realized 
without introducing tiny parameters.

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

Photophilic axions: 
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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 ≥ MGUT unless initial misalignment is 
finely tuned.

‣ (Hidden) photophilic “axions” can be realized in the alignment/
clockwork mechanism
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Figure 1: The axion parameter space as a function of its mass ma (and corresponding decay constant
fa) and its coupling to photons ga�� = c�

fa

↵

2⇡
. The colored lines represent the projected sensitivities

of future experiments, namely ABRACADABRA [7], ADMX [6], phase II CASPEr-EDM [16] and
IAXO [17]. We also show the bound from the CASPEr-wind experiment proposed in [18], for a 3He
target and the model in Sec. 4. In gray the region already excluded either by astrophysical observations
or experiments as described in the text. The black solid line and brown band correspond to possible
KSVZ QCD axion models (see section 3.1). The thin lines illustrate the prediction of the clockwork
QCD axion for N �M = 2k with k = 1, .., 13 and with fermionic content as described in section 5. The
star indicates the specific example used in Fig. 6. In the upper band we show the initial misalignment
angle needed to reproduce the observed DM relic density. The darker yellow band corresponds to the
uncertainty on f for the axion to be DM in the Pre-inflationary axion scenario.

The couplings appearing in (6) depend both on the fundamental parameters of (5) and on QCD
infra-red e↵ects. The couplings to photons, neutrons, protons, and electrons are present at low
energy even if they are absent in the UV. The axion has its minimum for hai = fa✓QCD and
V (ā) is a cosine function, approximately [19].

The very small axion mass in Eq. (4) makes the axion a viable DM candidate. As the
universe cools down and the Hubble parameter H becomes smaller than ma, the axion field
starts to oscillate coherently around the minimum of its potential. The energy density stored
in these oscillations behave as Cold Dark Matter (CDM). This fixes the amplitude of axion
oscillations today to be
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with  αX~O(10) a la e.g. clockwork

‣ Tachyonic instability in gauge field induced by moving φ

‣ Backreaction: axion coherent energy is 
dissipated into hidden photon
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Dissipation via production of tachyonic hidden photons

‣ Coupling to hidden U(1) gauge field

→ exponential production of gauge field at large scales
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‣ Evolution of number density ‣ Suppression as function of coupling

(=αX in our notation )

Suppression is largely increasing function of 
the coupling, possibly being as large as 10-13

If true, the axion window would be opened 
up to MGUT

Saturation: 
entire conversion of axion 
energy into gauge field

Suppressing the axion abundance Agrawal+ 1708.05008



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

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

- This coupling is also strong; gauge field and axion nonzero modes coevolve
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- Alters the previous conclusion?

Issue of axion nonzero modes
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χ(T): topological susceptibility in QCD (lattice QCD calc.)
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Nonlinearity → Lattice simulation

Axion electrodynamics

Lagrangian

Axion-Maxwell equation
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Kitajima, TS & Takahashi, arXiv:1711.06590

★ Time integration: leapfrog (explicit symplectic) method
➡ staggered grids both in space and time

3D lattice simulation of axion electrodynamics

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

★ Dynamical variables: �, ⇡ = �̇/a2, BX = r⇥X, DX = �Ẋ +
↵X

Fa
�BX



✓ Efficient mixing of both axion and gauge fields

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

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

✓ Simple implementation of second order (both in time and space) method 

✓ Symmetric and symplectic method, conserving energy etc.

r ·BX =0,

r ·DX =0,

ḂX =�r⇥EX ,

ḊX =r⇥HX

Advantages of our implementation



‣ Energy conservation
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‣ Constraint equations

Validation check in Minkowski

          D
          B



Underdamping regime (αX=50)
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Gauge field production is accompanied 
by the production of axion nonzero 
modes

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

Suppression of axion abundance is 
moderated significantly by axion 
nonzero modes

axion(α=0)

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

Fa=1016GeV, θini=1
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Overdamping regime (αX=500)

10-12

10-10

10-8

10-6

10-4

10-2

100

102

 2  4  6  8  10  12  14  16  18  20

en
er

gy
 d

en
si

ty
 [m

a2 F a
2 ]

τ/τQCD

ρ(φ)
kin(〈φ〉) — ρ(φ)

div (〈φ〉)—

ρ(φ)
kin — ρ(φ)

div — ρ(φ)
pot — ρ(X)

E — ρ(X)
B —

10-3

10-2

10-1

100

101

102

 2  4  6  8  10  12  14  16  18  20

co
m

ov
in

g 
nu

m
be

r d
en

si
ty

 [m
a 

F a
2 ]

τ/τQCD

axion
gauge field

Significant amount of gauge field is 
produced before axion zero modes 
oscillate a single time

Too large friction exhausts the kinetic 
energy of axion zero modes; axion 
moves only at the Hubble rate (<mass)

Onset of axion oscillation is delayed; 
axion abundance is enhanced 
compared to α=0 axion(α=0)

Fa=1016GeV, θini=1
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Suppression of axion abundance

‣ Ratio of naxion/ngauge field to naxion w/o coupling

naxion/naxion, no coupling & 10�3

gauge fieldaxion

‣ The suppression cannot be arbitrarily large:

‣ Critical damping occurs around α~200

Fa=1016GeV, θini=1



Summary

We studied cosmological abundance of axions coupled to hidden photons.

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.

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.


