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1. Strong CP problem and axion

• QCD  Lagrangian


θ : a parameter in QCD


T transformation 


• Experiment


Neutron dipole moment


Why θ is so small?              Strong CP Problem


• Solution Peccei-Quinn Mechanism (1977


Make θ dynamical variable (field)
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Peccei-Quinn mechanism

• Introducing a scalar field 


• Effective potential 
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• This is realized by introducing a complex scalar field      
(PQ scalar) with coupling to quarks and  U(1)PQ


• U(1)PQ  is is spontaneously broken at some scale η
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Axion
• Axion is the Nambu-Goldstone boson associate with U(1)PQ  

breaking and  can be identified with the phase of PQ scalar


• Axion acquires mass through QCD non-perturbative effect


• Axion is a good candidate for dark matter of the universe


• Cosmological evolution of axion (PQ scalar)


PQ symmetry breaking after inflation 


Formation of topological defects


PQ symmetry breaking before inflation


Isocurvature perturbations

� = |�|ei✓ = (⌘ + ')eia/⌘

ma � 0.6� 10�5eV

�
Fa

1012GeV

��1
Fa = �/NDW

NDW: domain wall number

Domain wall problem
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Today’s Talk

• Introduction


• PQ symmetry breaking after inflation


Cosmological evolution of axion


Comic axion density


• PQ symmetry breaking before inflation


Axion in the inflationary universe


Suppression of Isocurvature Perturbations


• Axion Search


• Conclusion



2. Cosmological Evolution of Axion (PQ after inflation)

• UPQ(1) symmetry is broken


Axion is a phase direction of PQ scalar 
 and massless 

Formation of Cosmic Strings 

• Axion acquires mass  
through non-perturbative effect 


UPQ(1) is broken to ZN


Coherent oscillation 


Formation of Domain Walls
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• Spontaneous symmetry breaking  of 

• Formation of Cosmic Strings 

θ  takes  different values at  different 
places in the Universe 

U(1)PQ
V (�a)

Axionic String
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2. Cosmological Evolution of Axion

• UPQ(1) symmetry is broken


Axion is a phase direction of PQ scalar 
 and massless 

Formation of Cosmic Strings 

• Axion acquires mass  
through non-perturbative effect 


UPQ(1) is broken to ZN


Coherent oscillation 


Formation of Domain Walls
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Remark
• PQ scale


• PQ phase


• Potential
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• Formation of Domain Walls  (NDW :  Domain wall number)

Axion Domain Wall

θ = 2π

θ = π/2

θ = 2π
θ = 0

θ = π
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• Domain walls attach to strings 
 
  NDW ≥ 2                                                 NDW=1 

string

Collapse 

wall NDW=3

Stable and dominate the universe 

Domain Wall Problem  Axion overproduction

Virenkin Everett (1982) 

Barr Choi Kim (1986)  



3. Cosmic Axion Density 

• Three sources for cosmic axion density


coherent oscillation


axions from strings


axions from string-wall networks



3. Cosmic Axion Density 

• Axion field starts to oscillate at 


• Coherent oscillation of axion field gives a significant 
contribution to the cosmic density (                          )
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3.2 Axions from strings
• Axionic strings are produced when U(1) PQ symmetry 

is spontaneously broken


• Numerical Simulation 


String network obeys 
scaling solution


Energy Spectrum 


peaked at k ~ horizon scale 

exponentially suppressed at higher k


Mean energy

Hiramatsu, MK, Sekiguchi, Yamaguchi, Yokoyama (2010)
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Figure 5: Time evolution of the scaling parameter ξ obtained by averaging over 20 re-
alizations. [Note that data points are not homogeneously placed in t, but in
τ ∝

√
t.]

4.2 Net energy spectrum of radiated axions

Figure 6 shows the energy spectra of radiated axions at t1 = 12.25tcrit (left) and t2 = 25tcrit
(right), that are estimated from the 20 realizations used in Section 4.1. The amplitude
of energy spectrum at t1 is about (t1/t2)2 ≃ 0.24 times that at t2. This is because the
energy density of free axions scales as R(t)4, without emission or absorption. We see a
clear exponential behavior at large k after the removal of the contamination from strings.

As we see in Section 4.1, the system of axionic strings are already in the scaling regime.
Most of axions at this epoch are however emitted before the settlement into the regime. In
order to extract the energy spectrum of axions radiated during the scaling regime, we need
to differentiate the energy spectra at different times. We define the differential spectrum
of radiated axion between t1 and t2,

∆Pfree(k; t1, t2) ≡ R(t2)
4Pfree(k, t2) − R(t1)

4Pfree(k, t1). (25)

If there are no emission nor absorption of axions, the energy density of axion scales as
R(t)4. Therefore, ∆Pfree(k, t) is the net energy spectrum of axions radiated from strings.
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Figure 7: Differential energy spectrum of radiated axions between t1 = 12.25tcrit and
t2 = 25tcrit. Errors shown are estimated from the quadrature of those shown in Figure 6.
Green (red) bars correspond to statistical errors alone (statistical and systematic errors).
Note that the scale in y-axis is arbitrary since the scale factor R(tcrit)/R0 is not well-
defined.

just before tw. After tw, axions becomes non-relativistic due to the finite mass. Today,
axions exist as CDM in the Universe.

In Appendix B, we give a detailed derivation of the density parameter of CDM axions
radiated from axionic strings, adopting the axion mass at finite temperature from recent
studies [6, 31]. By substituting Eqs. (24) and (27) obtained from our simulation into Eq.
(50), we obtain

Ωaxionh
2 = 1.66 ± 0.25 γ

(g∗w
70

)−0.31
(

Λ

400MeV

)(
fa

1012GeV

)1.19

, (28)

where γ, g∗w and Λ are the dilution factor, the number of relativistic d.o.f. at tw, and the
scale of the QCD phase transition, respectively (See Appendix B).

Ωaxionh2 should be smaller than the observed ΩCDMh2. Recent cosmological observa-
tions [26] give ΩCDM = 0.11 (assuming flat power-law ΛCDM model). Therefore we can
translate Eq. (28) into constraint on fa. Assuming no entropy dilution (γ = 1), we obtain
fa ≤ 1.3 × 1011 GeV at 2 σ level. By taking account of uncertainties in the QCD phase
transition, a conservative constraint would be

fa ≤ 3 × 1011 GeV. (29)
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Density of Axions from Strings
•  Mean energy 


•Cosmic density of produced axion  

 

• Axions from strings gives at least comparable contribution to the 
cosmic density with those from the coherent oscillation   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• Simulation of string-wall network


Lattice simulation with N(grid) = (512)3 


• Strings  obey scaling solution 


• Walls


• Domain wall collapse  
when wall tension exceeds string tension


       Axions from collapsed domain walls

(� � F 2
a ma : wall tension)�wall = A�

t

A : area parameter
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3.3 Axion from Domain Walls (NDW =1)

 = ⇤QCD/Fa
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• Energy spectrum of emitted axion


Peak at k ~(axion mass)


• Axion density from string-wall sys.


comparable to axion densities 
from other sources

Hiramatsu, MK, Saikawa, Sekiguchi (2012)
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FIG. 6: The values of ϵ̃w for various choices of κ obtained from the calculation with nbin = 100, where the average and error
are estimated by using Eq. (B.5).

value of ϵ is estimated in Eq. (3.16). Substituting these values into Eq. (2.21), we obtain

Ωa,stringh
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The contribution from the decay of string-wall systems Ωa,dech2 depends on three numerical coefficients ξ, A, and
ϵ̃w. For the area parameter A, we use the value A ≃ 0.50 ± 0.25 obtained in Ref. [22]. The value of ϵ̃w is given by
Eq. (3.15). Using these values and ξ ≃ 1.0± 0.5, we find
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Here and hereafter we ignore the weak dependence on the parameters g∗,1, g∗,2, β1, and β2, and fix their values as
g∗,1 = 80, g∗,2 = 75, β1 = 61, and β2 = 62. From the sum of Eqs. (2.10), (4.2), and (4.3), we estimate the total relic
abundance of cold dark matter axions for the models with NDW = 1 as
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where we used cav = 2 in Eq. (2.10) and NDW = 1 in Eq. (4.2). From the requirement given by Eq. (4.1), we find

Fa ! (4.6–7.2)× 1010GeV, (4.5)

for the QCD scale ΛQCD = 400MeV. This constraint corresponds to the lower bound on the axion mass:

ma " (0.8–1.3)× 10−4eV. (4.6)

The bounds shown in Eqs. (4.5) and (4.6) are slightly weaker than those obtained in the previous paper [22], since
we include the correction factor ma(T1)/ma(T2) (see footnote 7) and the approximation given by Eq. (2.32), which
were not considered in Ref. [22].
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Cosmic Axion Density (NDW =1) 

• Total cosmic axion density


• Constraint on Fa WMAP, Planck

�CDMh2 � 0.12

⌦a,toth
2 = ⌦a,osch

2 + ⌦a,strngh
2 + ⌦a,wallh

2

= (1.6± 0.4)⇥ 10�2

✓
Fa

1010GeV

◆1.19

Fa . (4.6� 7.2)⇥ 1010 GeV

ma & (0.8� 1.3)⇥ 10�4 eV



3.4 Axion from  Walls (NDW ≥ 2) 

• Wall-string networks are stable and soon dominate the universe

                    Domain Wall Problem 


• The problem can be avoided by introducing a “bias” term which 
explicitly breaks PQ symmetry


• Bias term lifts degenerated vacua


• Differences of the vacuum energy 
produce pressure on the walls 
and eventually annihilate domain 
walls 

Vbias = ���3
�
�e�i� + h.c.

�
Sikivie (1982)

⌅ : bias parameter
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• For small bias


Long-lived domain walls emit a lot of axions which 
might exceed the observed matter density 

Large bias is favored


• For large bias 


Bias term shifts the minimum of the potential and 
might spoil the original idea of Peccei and Quinn 

Small bias is favored 


• Search for consistent parameters
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DWF 2
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� : phase of bias term
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NDW = 6 � = 6� 10�5

Numerical simulations

• 2D and 3D Lattice simulations


• Area parameter


Area parameters is larger for 
larger NDW

MK, Saikawa, Sekiguchi (2014)
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C. Estimation of the decay time of domain walls

In Fig. 1, we show the map of the potential energy of the field Φ as a visualization of the 2D simulations. As shown
in Figs. 1 (a), (c), and (e), green lines corresponding to the core of domain walls continue to exist for the case with
Ξ = 0. On the other hand, Figs. 1 (b), (d), and (f) show that these domain walls tend to collapse for the case with
Ξ ̸= 0. In this case, the domains with higher energies (colored regions) gradually disappear, and the domain with
the lowest energy (white region) dominates over the simulation box at late times. In Fig. 2, we also plot the time
evolution of the quantity A/V , where A is the comoving area occupied by domain walls, and V = L3 is the comoving
volume of the simulation box. The results of the simulations with Ξ = 0 indicate the behavior A/V ∝ τ−1, which
corresponds to the scaling solution, while the values of A/V rapidly fall off at late times for the cases with Ξ ̸= 0.

In order to estimate the energy density of axions produced from long-lived domain walls, we must estimate some
numerical quantities, which cannot be predicted in the analytical calculations. First, we determine the value of the
area parameter A defined by Eq. (4.2). In a similar way to Ref. [29], this quantity can be computed in terms of the
comoving area density A/V obtained from the results of the numerical simulations:

A =
At

R(t)V
. (4.15)

In Fig. 3, we show the results for the simulations with Ξ = 0 [cases (a-1), (a-7), (a-11), (a-13), (a-15), (b-1), (b-6),
(b-10), (b-14), (b-17), (c-1), (c-2), (c-3), (c-4), and (c-5) in Table II]. Without the bias term, the area parameter A
takes almost constant values of O(1). The values of A at the final time of the simulations are shown in Table III. We
see that the value of A increases for large NDW, which agrees with the results of the previous study [29].

TABLE III: The value of A at the final time τf of numerical simulations for various values of NDW.

NDW A(τf ) (N = 8192, τf = 160) A(τf ) (N = 16384, τf = 230)
2 0.694 ± 0.113 0.690 ± 0.085
3 1.10 ± 0.20 1.10 ± 0.18
4 1.41 ± 0.13 1.46 ± 0.20
5 1.84 ± 0.17 1.90 ± 0.23
6 2.24 ± 0.21 2.23 ± 0.19

We note that there is a subtlety in the results shown in Fig. 3. The values of A plotted in this figure slightly
increase with time, deviating from the exact scaling behavior (A = constant). At this stage it is not clear whether
this slight increase of A continues in later times or not, because of the limitation of the dynamical range of the
numerical simulations. Here, we just take account of the possibility of the deviation from the scaling solution, and
fit the result of A(τ) obtained from the simulations with N = 16384 into the model function given by Eq. (4.7). In
terms of the conformal time, this model function can be rewritten as

A(τ) = Aform

(
τ

τform

)2(1−p)

. (4.16)

We fix the value of τform and seek for a value of p which fits the data obtained from the simulations. The value of
τform should be taken as the time when initial fluctuations of A is sufficiently moderated. Here we choose τform = 50
as a reference value. For this choice of τform, the best fit values of p is shown in Table IV. The preferred values of p
become slightly smaller than 1, as was expected.

Next, let us estimate the decay time of domain walls. Our purpose here is to obtain the value of the coefficient
Cd appearing in Eq. (4.5) or Eq. (4.8). By using the results of numerical simulations with Ξ ̸= 0, we determine the
value of tdec as the time at which the value of A/V becomes 10% or 1% of that with Ξ = 0 (hereafter we call these
criteria “10% criterion” and “1% criterion”, respectively).10 Furthermore, we adopt two different assumptions: One

10 In the previous study [27], we measured tdec based on the 1% criterion only. However, it might be more appropriate to use a higher
percentage as the criterion, since most axions are produced at the time when A/V starts to fall off. In this paper, we consider two cases
(10% criterion and 1% criterion) in order to see how the different choice of the criterion affects the final result.
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Cd appearing in Eq. (4.5) or Eq. (4.8). By using the results of numerical simulations with Ξ ̸= 0, we determine the
value of tdec as the time at which the value of A/V becomes 10% or 1% of that with Ξ = 0 (hereafter we call these
criteria “10% criterion” and “1% criterion”, respectively).10 Furthermore, we adopt two different assumptions: One

10 In the previous study [27], we measured tdec based on the 1% criterion only. However, it might be more appropriate to use a higher
percentage as the criterion, since most axions are produced at the time when A/V starts to fall off. In this paper, we consider two cases
(10% criterion and 1% criterion) in order to see how the different choice of the criterion affects the final result.



Constraints
• Axion density


• Neutron electric dipole moment (NEDM)


• Astrophysical constraint (SN1987A)

�a,wall + �a,str + �a,osc < �dark

�̄ < 0.7� 10�11

Fa > 4� 108 GeV

• NEDM constraint depends on the phase of bias δ


• For allowed region to exist, δ should be δ < 0.03    

MK, Saikawa, Sekiguchi (2014)

10-53

10-52

10-51

10-50

10-49

10-48

10-47

10-46

10-45

107 108 109 1010 1011 1012

NDW = 6, exact scaling



• Axion can be dark matter of the universe for Fa = 4x108 GeV - 6X1010 
GeV and can be probed in the next generation experiments

3.5 Summary: case of symmetry breaking after inflation
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4. Axion in the Inflationary Universe (PQ before inflation)

• If PQ symmetry is broken during or before inflation


Strings and domain walls are diluted away by inflation 
       No domain wall problem


Only coherent oscillation gives a significant contribution to 
the cosmic density  

Inflation makes      the same in the whole observable 
universe (      is a free parameter )


Isocuravture perturbation problem 

�a,osc � 0.19 �2
�

�
Fa

1012GeV

�1.19

��
��



• Axion acquires fluctuations during inflation 

• Small fluctuation 

• Large fluctuation 

    


 Fluctuations determine the density

Lyth (1992)

4.1 Axion Isocurvature Fluctuations
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4.1 Axion Isocurvature Fluctuations

• Axion fluctuations produced during 
inflation contribute to CDM isocurvature  
density perturbation  
 

• Isocurvature perturbations lead to      
CMB angular power spectrum 


• Stringent constraint on amplitude of 
isocurvature perturbation 

S =
��CDM

�CDM
� 3���

��
=

�a

�CDM

��a

�a adiabatic

isocurvature

‒ 56 ‒

CMB angular Power spectrum

WMAP9 k0 = 0.002 Mpc�1 PLANCK 2015

�iso < 0.047 (95% CL)

�iso �
PS(k0)

P�(k0) + PS(k0)

�
iso

< 0.033 (95% CL)



Axion isocurvature fluctuations
• Stringent constraints from CMB  

• Only low energy scale inflation models are allowed   
High scale inflation ( Hinf >1013GeV ) inconsistent with axion


•  If  axion is dark matter

Hikage, MK, Sekiguchi, T.Takahashi (2012)

Fa = 1013GeV Fa = 1015GeV

Constraint from power spectrum is updated including Planck data
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4.2 Suppress Isocurvature Perturbations
• Amplitude of isocurvature perturbations is determined by 

fluctuations of misalignment angle 

  

• If PQ field has a large value during inflation effective PQ scale 
becomes large              
 
 
 
 
             suppress isocurvature perturbations            
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• However, PQ field oscillates after inflation 

      Large fluctuations of PQ field through parametric resonance  

        This leads to non-thermal restoration of U(1)PQ symmetry 

       


•  Strings and domain walls are produced 


• To avoid defect formation, PQ field must settle down to the 
minimum before the fluctuations fully develop


•  Lower bound on breaking scale η


                          initial value of PQ field


• If PQ potential is controlled by


PQ field slowly roll down to the min.
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2
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symmetry is restore

MK, Yanagida, Yoshino (2013)
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Model without cosmological problems

• Potential


• During inflation


          Field value can be as large as Planck 


• Oscillation is driven by quartic term at 


• To avoid domain wall problem 
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5. Dark matter axion detection

• axion-photon interaction


• Maxwell equations


• Wave equation  (                                                 )


• Axon de Broglie wavelength

Lint = �1

4
ga��aFµ⌫ F̃

µ⌫ = �ga��a ~E · ~B

� @

@t
~E + ~r⇥ ~B = ga��

✓
@a

@t
~B + ~E ⇥ ~ra

◆

~r · ~E = �ga�� ~B · ~ra ~r · ~B = 0

|ra| ⌧ |@a/@t|

�@ ~B

@t
= ~r⇥ ~E

�@2 ~E

@t2
+r2 ~E = ga��

@2a

@t2
~B

B ' static

> detector size� ⇠ 2⇡~
mav

⇠ 10m
⇣ ma

10�4eV

⌘

ga�� =
↵C

2⇡Fa

C ⇠
⇢

0.97 KSVZ
�0.36 DFSZ



Microwave cavity
• Electric and magnetic field


• Axion field


          Halo axion 


• Wave equation
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• Time average of energy of j-mode 


• Quality factor


• Axion-photon conversion rate


• Signal to noise ratio
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ADMX (Axion Dark-Matter eXperiment)

• 7.6T magnetic field


• cylindrical copper-plated 
microwave cavity ( Q~105 )


• SQUID microwave amplifier


• expected signal ~ 10-22 Wsimplification for the two-photon axion decay a→γγ. This decay,
characterized by an effective coupling constant gaγγ, contains the
ratio of color and electromagnetic anomalies of the new U(1)
symmetry. Hence, this rate does not depend explicitly on the
value of the uncertain U(1) couplings as they cancel in the ratio.
Fig. 1 shows historical selected limits on axion couplings and

masses from a variety of techniques. The horizontal axis is the
putative axion mass. The vertical axis is the effective coupling of
the axion into two photons. KSVZ and DSVZ refer to two
benchmark classes of axion models commonly targeted by
searches (4–7); in a sense, they represent the extremes of allowing
axions to couple with optional full or zero QCD strength to lep-
tons. Dark-matter axions have properties that lie somewhere be-
tween the KSVZ and DFSZ couplings and in the mass range of
1–100 μeV. Not shown in Fig. 1 is the very restrictive upper bound
to the coupling from sn1987a, which is a horizontal line around
a coupling strength of 10−13/GeV. Notice the wide variety of
measurements. At the upper left, terrestrial measurements look for
effects of interactions of photons with virtual axions in the prop-
agation of light. Just below that, axions can affect the properties of
the Sun in several ways, including its seismic signature and energy
output. As well, those same solar axions could scatter off a terres-
trial germanium crystal at the appropriate Bragg angle and convert
into X-rays. To the right, axions in halos of astrophysical objects
could spontaneously decay into pairs of optical photons and then
be detected in telescopes. None of these methods are sensitive
enough to dark-matter QCD axions of the expected couplings and
masses. In the dark-matter band, next in sensitivity are astrophys-
ical bounds. Here, axion emission from astrophysical objects would
observably affect the evolution of those objects. Such objects in-
clude stars along the red giant horizontal branch and white dwarfs.
More recently, the CERN Axion Solar Telescope, aiming to de-
tect axions emitted from the Sun, achieved sensitivities bettering
the usual astrophysical bounds. One important bound is that from
axion emission in supernovae. As mentioned, such emission
would have shortened the neutrino burst duration detected on
Earth seen from sn1987a. This supernova bound by far provides the
strongest astrophysical coupling constraint of around 10−13/GeV.

However, even here, the sn1987a bounds lack adequate sensi-
tivity to dark matter axions in the mass range of interest. The
current favored technique for detecting dark-matter axions is to
convert nearby Milky Way halo axions into microwave photons
(“microwave cavity” in Fig. 1).
Fig. 1 shows only a sampling of the limits and technologies.

Much more information on axions and limits is contained in the
summary (3) and references therein. However, because the topic
here is axion dark matter, a simplification results because most
technologies are by far too insensitive. Although those searches
may be sensitive to unusual axion variants, they do not test the
well-motivated QCD dark-matter axion hypothesis. I therefore
focus the remaining discussion on the astrophysical bounds and
the radio frequency (RF) cavity technique, picking one experi-
ment from each as an example.

Example Search: The Axion Dark-Matter Experiment
The RF cavity apparatus consists of a high-Q microwave cavity
threaded by a large static magnetic field. Nearby Milky Way halo
axions interact with the magnetic field and thereby convert into
microwave photons within the cavity (8). The outgoing photon
energy is that of the total energy of the incident axion. The mi-
crowave photons are detected in what is in essence an ultralow
noise double-heterodyne radio receiver. The resonant frequency
of the cavity is tunable across a search bandwidth determined by
the cavity geometry. At each tuning setting, the cavity power is
averaged until the putative signal-to-noise ratio exceeds a confi-
dent detection threshold for realistic axions, and the power
spectrum is examined for excess power of the appropriate line

Fig. 1. Selected limits on axion masses and couplings. The horizontal axis is
the putative axion mass. The vertical axis is the effective coupling of the
axion to two photons. KSVZ and DSVZ refer to two classes of axion models
commonly targeted by searches. Dark-matter axions lie between the KSVZ
and DFSZ models in the mass range 1–100 μeV. Not shown is the very re-
strictive upper bound to the coupling from sn1987a, which is a horizontal
line around a coupling of 10−13/GeV.

Fig. 2. Schematic of the ADMX axion detector. The RF cavity, 0.5 m di-
ameter × 1.0 m long, is in the bore of an 8.5-T solenoid magnet. Microwave
power is amplified by a low-noise cryogenic amplifier and mixed-down to
near audio. The result is digitized and processed with FFT electronics and the
power spectrum is searched for axion signals.

2 of 4 | www.pnas.org/cgi/doi/10.1073/pnas.1308788112 Rosenberg

width. The cavity is then retuned and the search is repeated until
the cavity tuning range is exhausted. A schematic of the axion
dark-matter experiment (ADMX) realization of this (9) is shown
in Fig. 2. The sensitivity of the technique is very good because
the exquisitely small axion-to-two photon coupling appears
only once in the process, at the axion-to-photon conversion
within the cavity. Other techniques, not relying on preexisting
axions, must in addition produce axions, which necessitates
another factor of the very small axion coupling. The main
challenge of the RF cavity technique is that the expected mi-
crowave signal is very small: around 10−22 W or less. Detecting
such feeble electromagnetic RF power levels requires liquid
helium temperatures to reduce the cavity blackbody photon
backgrounds and electronic noise.
Low-noise microwave amplification is a key technology of this

search. The recent phase of this experiment replaces transistor
amplifiers with dc superconducting quantum interference device
(SQUID) microwave amplifiers. These devices, when cooled with
a dilution refrigerator, have noise temperatures near the quantum
limit: ∼50 mK of noise at signal frequencies near 1 GHz. The
averaging time to achieve a fixed signal-to-noise ratio scales as the
square of the noise power. Hence, reducing the noise from 2 K to
50 mK in replacing transistor amplifiers by SQUIDs yields a search
speed-up of more than 1,000, a very powerful improvement. In
practice, some of this improvement will be used to increase sen-
sitivity rather than simply speed up the search. Fig. 3 shows initial
ADMX results with SQUID amplifiers but not at dilution re-
frigerator temperatures (10). In more detail, Fig. 4 shows the
projected sensitivity of ADMX over the next 3 y. At present, this is
the only technique with sensitivity to realistic dark matter axion
masses and couplings. The first decade of allowed dark-matter
axions will be sensitively explored in the next few years by ADMX.
Technology is already developed to explore the following decade.
For axions in the mass range 10−(4–3) eV, an RF cavity search would
need new developments in suitable RF structures and terahertz
receivers.

Example Search: Shining Light Through Walls and Other
Laser Techniques
Axions are pseudoscalar particles. An electric field crossed with
a magnetic field is likewise pseudoscalar. Hence, photons of an
appropriate polarization traveling through a transverse magnetic
field can convert into axions. These axions may then leave the
beam, thereby depleting one polarization component, or they

may reconvert into photons in a magnetic field. Should axions
reconvert into photons within the original magnet, the process
introduces a birefringence to the vacuum. Alternatively, in the
“shining light through walls” technique, polarized laser light is
directed down the bore of a transverse dipole magnet, and the
light is then blocked by an opaque wall. Some of the photons
convert into axions, and these axions pass through the wall and
reconvert to photons in a second dipole magnet, producing a light
pulse. The photon-axion-photon conversion rate is very small,
because the couplings are so tiny, and the entire photon-axion-
photon process has the product of two such tiny couplings. These
experiments are unlikely to be sensitive to PQ-type dark-matter
axions and are less sensitive than the SN1987a bound.
More recently, experiments are under construction that increase

the conversion rate by placing a pair of locked Fabry-Perot optical
resonators on either side of the opaque wall. The conversion rate is
enhanced by approximately the product of the cavity finesses, with
the sensitivity improving as the square root of this product. A fi-
nesse of 104 is routine, and 106 is possible. A large experiment
based on optical cavities is GammeV Resonantly Enhanced Pho-
ton Regeneration (REAPR), proposed for US funding (11). A
second large experiment, Any Light Particle Search II (ALPS II),
has started construction at Deutsches Elektronen-Synchrotron
(DESY). These experiments will likely have improved sensitivity
but are unlikely to reach sensitivity to PQ dark-matter axions (12).
As mentioned, photons in light entering a transverse magnetic

field may convert into axions, depleting photons depleting polar-
ization transverse to the magnetic field direction, thereby inducing
vacuum dichroism. These axions may then reconvert into photons
within the same magnet. This special direction of polarization for
the conversion and reconversion alters the propagation velocity of
one beam polarization, thereby introducing vacuum birefringence.
Both effects lead to conversion of linearly polarized into elliptical
polarization, and this may be detected by sensitive optical ellips-
ometers. This method was briefly in the spotlight in 2005 when the
Polarizzazione del Vuoto con Laser (PVLAS) experiment reported
detecting vacuum dichroism that could be interpreted as the effect
of an axion, but was later retracted.

Example Search: CERN Solar Axion Telescope and Other
Astrophysical Axions
Axion emission can affect the evolution of or energy transport out
of astrophysical objects. These astrophysical bounds, especially the
neutrino signal from SN1987a and the luminosity function of

Fig. 3. Recent results from ADMX SQUID operation without a dilution re-
frigerator. The ADMX experiment is sensitive to plausible axion couplings in
the dark-matter axion window.

Fig. 4. Sensitivity reach of ADMX over the next several years. This experi-
ment will have the sensitivity to detect the dark-matter QCD axion or reject
the hypothesis at high confidence.
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ADMX. [4–9, 11] The plot shows the axion-to-photon coupling ga�� as a function of the axion
mass ma = hf/c2 and photon frequency f . ADMX is 100 times more sensitive than earlier
microwave cavity experiments, [15,16] and is the first to exclude realistic axion couplings: KSVZ
axions of mass between 1.9 and 3.5 µeV. If a significant fraction of halo axions are distributed
in a few narrow peaks, weaker axion two-photon couplings are excluded. [8–10]

3 ADMX Phase 2

Work is already underway on ADMX Phase II, which will have numerous improvements over
the previous version. Foremost of the improvements is the addition of a dilution refrigerator,
lowering the system (physical plus amplifier) noise temperature to 200 mK and allowing a scan
rate 100 times that of ADMX Phase I. Also notable is the addition of a second, higher freqency,
data taking channel. Dark matter axions incident on the ADMX cavity can excite the TM010

mode, which was used in previous experiments, but also can excite the TM020 mode. The
coupling to the TM020 mode is weaker than that of the TM010, but the frequency (and hence
the detectable axion mass) is nearly twice that of the TM010 mode, doubling the axion mass
range that can be covered in a single sweep. The expected sensitivity for both modes with
the dilution refrigerator installed after one year of running is shown in Figure 2. This covers
nearly the entire first decade of the favored axion mass range even for pessimistic axion-photon
couplings.

Figure 2: Target exclusion region for TM010 and TM020 modes of ADMX Phase 2 with dilution
refrigerator installed after one year of running.

4 Conclusions

The QCD axion is a compelling dark matter candidate, and ADMX has proven it has the
sensitivity necessary to find or exclude dark matter axions. The combination of SQUID tech-
nology established in Phase 1 and a dilution refrigerator upgrade in Phase 2 will allow ADMX
to explore a significant fraction of allowed dark matter axion masses and couplings in the near
future. With future work on high frequency cavities and amplifiers, it is likely ADMX will be
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IXAO ( International Axion Observatory )
• Solar axion
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Figure 2. Flux of solar axions due to ABC reactions driven by the axion-electron coupling (for gae =
10−13). The different contributions are shown as red lines: Atomic recombination and deexcitation
(FB+BB, solid), Bremsstrahlung (FF, dot-dashed) and Compton (dashed). The Primakoff flux from
the axion-photon coupling is shown for comparison using gaγ = 10−12, a typical value for meV axions
having gae = 10−13. Note that has been scaled up by a factor 50 to make it visible.

to increase by 10%. Note that the CAST collaboration has already used these results to
constrain the product of the axion-electron coupling (responsible for axion production) and
axion-photon coupling (responsible for detection in CAST and the future IAXO) gae× gaγ <
8.1× 10−23 GeV−1 [84].

Axio-recombination and axio-deexcitation can in principle be also significant in the
cooling of white dwarves and red giants. The method proposed in this paper allows to
easily compute these fluxes for any stellar plasma for which radiative opacities are available.
However, in degenerate plasmas screening is much stronger than in the Sun’s core and most
of the bound states can be effectively screened to the continuum. Thus we shall not expect
big changes.

For completeness, let us remind that the solar axion luminosity is constrained to be
smaller than 10% of the solar luminosity L⊙ [24], for larger values require faster nuclear
reactions accompanied by a large flux of Boron neutrinos which is excluded by SNO. In
the original paper [24], the authors included only bremsstrahlung and Compton and thus
the axion luminosity was underestimated by a factor of 2/3. Correcting for this factor, the
axion-electron coupling is now constrained to be

gae < 2.3× 10−11 . (1.3)

However, the constrain is superseded by the white dwarf and red giant arguments and thus
our improvement is largely irrelevant.
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Figure 3: Conceptual arrangement of an enhanced axion helioscope with x-ray focalization. Solar axions
are converted into photons by the transverse magnetic field inside the bore of a powerful magnet. The
resulting quasi-parallel beam of photons of cross sectional area A is concentrated by an appropriate x-ray
optics into a small spot area a in a low background detector. The envisaged design for IAXO, described
in section 4, includes eight such magnet bores, with their respective optics and detectors.

sizes of few ⇠mm2 areas.
Indeed, in [143] we defined the basic layout of an enhanced axion helioscope as one in which the

entire cross sectional area of the magnet is equipped with one or more x-ray focussing optics and low
background x-ray detectors. This arrangement is schematically shown in Fig. 3. It is useful to define
an approximate figure of merit (FOM) of an enhanced axion helioscope to understand the potential
contribution of each component to the overall sensitivity. One such metric f was defined in [143] as
inversely proportional to the minimal signal strength to which the experiment is sensitive to, i.e. f /
g�4

a�,lim, and thus:

f ⌘ fM fDO fT (10)

where we have factored the FOM to explicitly show the contributions from various experimental param-
eters: magnet, detectors and optics, and tracking (effective exposure time of the experiment)

fM = B2 L2 A fDO =

✏d ✏op
b a

fT =

p
✏t t . (11)

where B, L and A are the magnet field, length and cross sectional area, respectively. The efficiency
✏ = ✏d ✏o ✏t, being ✏d the detectors’ efficiency, ✏o the optics throughput or focusing efficiency (it is
assumed that the optics covers the entire area A), and ✏t the data-taking efficiency, i. e. the fraction of
time the magnet tracks the Sun (a parameter that depends on the extent of the platform movements).
Finally, b is the normalized (in area and time) background of the detector, a the total focusing spot area
and t the duration of the data taking campaign.

As will be shown below, these FOMs clearly demonstrate the importance of the magnet parameters
when computing sensitivity of an axion helioscope. The CAST success has relied, to a large extent,
on the availability of the first class LHC test magnet which was recycled to become part of the CAST
helioscope. Going substantially beyond the CAST magnet’s B or L is difficult, as 9 T is close to the
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Figure 26: Close-up of the high mass part of parameter space of Fig. 25 (1 meV < ma < 1 eV).

sizeable coupling gae because it can detect the flux of solar axions originating from axion-Bremsstrahlung
(electron-ion and electron-electron) Compton, and, to a lesser extent, axio-deexcitation of ions (together
referred to BCA reactions).

As seen in figure 2, for this kind of models, the flux of solar axion produced via BCA processes
may be up to 10

2 times larger than the standard Primakoff axions, providing a relevant opportunity to be
searched for at helioscopes [134]. The energies of these axions are somehow lower than the Primakoff
ones, falling in the range of about 0.5-2 keV. Provided the threshold of the IAXO optics and detectors
is low enough, something that it is technically feasible if taking into account at design time, competitive
sensitivity to these models can be reached.

In this case the expected signal depends on gaega� , the product of the electron coupling (responsible
for the production in the Sun) and the two-photon coupling (responsible for the detection in IAXO). The
plot on the left of fig. 27 shows the computed sensitivity of IAXO to the product gaega� assuming that
the Primakoff emission from the Sun is subdominant and therefore the solar flux is caused by the BCA
reactions alone. The computation is performed in a similar way and with the same assumed parameters
than in previous section. The additional input is that energy threshold for both detectors and optics is
set at 0.5 keV, with background and efficiencies comparable to the ones in previous section down to this
threshold. Under the assumption of no positive signal, IAXO could be able to constrain

ga�gae < 2.5⇥ 10

�25

GeV

�1

(95% CL) (21)

at low masses ma . 10 meV — where the probability of axion-photon conversion in IAXO becomes
independent of the mass — and worsens as 1/m2

a for higher masses. In general, IAXO would be sensitive
to the region above the black lines (nominal and enhanced IAXO scenarios) in plot on the left of Fig. 27.
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Existing limits on the photon coupling of axions and axion-like particles and the projected
coverage of ongoing upgrades for these experiments. Figure adapted from Ref. (39) (the Particle
Data Group).
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6. Conclusion

• If PQ symmetry is broken after inflation, topological defects are 
formed and axions from them give a significant contribution to 
the CDM density of the universe and axion can be dark matter 
for Fa ~ 5X1010 GeV


• For domain wall number ≥ 2 there exist a serious domain wall 
problem which can be avoided by introducing a bias term and 
axon can be dark matter for lower PQ scales ( Fa ~ 3X109 — 
1010 GeV )


• If PQ symmetry breaks before or during inflation,  axion has 
isocurvature density perturbations which are  stringently 
constrained by  CMB observations. As a result only low scale 
inflation models are allowed.


• Dark matter axion can be detected in future by axion search 
experiments such as ADMX and  IAXO


