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Introduction
Parametric resonance of photons in axion backgrounds

Axions, ALPs and all that…
• QCD axion: solution to the strong CP problem


• Axions / ALPs: pseudo NG bosons
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- Lagrangian:

- Potential:
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Introduction
Parametric resonance of photons in axion backgrounds

Axions as dark matter

Misalignment mechanism:


• Preinflationary: homogeneous field


• Postinflationary: axion miniclusters/stars

Extremely large occupation number

Classical field
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Friday 9 September 16

Vaquero et al [1809.09241]
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Introduction
Parametric resonance of photons in axion backgrounds

Axions as dark matter
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Outline
Parametric resonance of photons in axion backgrounds

• Introduction


1. Bose enhancement & parametric instability


2. Homogeneous axion dark matter field


3. Axion clumps


• Conclusions
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1 2 3
Parametric resonance of photons in axion backgrounds

Bose enhancement & parametric instability
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Bose enhancement & parametric instability1 2 3
Parametric resonance of photons in axion backgrounds

Pictorially: stimulated decay
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Bose enhancement & parametric instability1 2 3
Parametric resonance of photons in axion backgrounds

Ndecay ⇠ e⌘t
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Pictorially: stimulated decay
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Bose enhancement & parametric instability1 2 3
Parametric resonance of photons in axion backgrounds

EOM: parametric instability
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Equation of motion for a photon mode with momentum k:

Background axion solution leads to a Mathieu equation:

It admits exponentially growing solutions:
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Bose enhancement & parametric instability1 2 3
Parametric resonance of photons in axion backgrounds

EOM: parametric instability
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Bose enhancement & parametric instability1 2 3
Parametric resonance of photons in axion backgrounds

EOM: parametric instability
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Bose enhancement & parametric instability1 2 3
Parametric resonance of photons in axion backgrounds

Boltzmann equation: Bose enhancement
Boltzmann equation for photons with                     : k = m�/2
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ṅ� = 2�pert (1 + 2N�) n�

<latexit sha1_base64="yf9/fRd04JcPe5s7xKWB/t9vPcg="></latexit>

Bose enhancement

�pert =
g2���m

3
�

64⇡

<latexit sha1_base64="GgFbzleCdE+Eqz9ho44j4fKF5e0="></latexit>

•  


•  


•

n� =
⇢�
m�

= 1
2m��

2

<latexit sha1_base64="zimgetKiK3Fa5y22jDMZG3fccxk="></latexit>

N� ⇠ n�/2

4⇡k2�k/(2⇡)3

<latexit sha1_base64="9WhZ8raC9q+Fgz6wFgCVuwcLQ1A="></latexit>

a

�

�

<latexit sha1_base64="Cm+9upsnIhbOzJOGyu8oeAOQZUs="></latexit>

�

<latexit sha1_base64="Yis4MJWiXh0kyibPOhAleYmy9lc="></latexit>

k

<latexit sha1_base64="2BN77F/klD8YqCOvYYsEs69CXso="></latexit>

�k

<latexit sha1_base64="718RZzTVB5AjTTla4EGtYxdStQI="></latexit>

9



Gonzalo Alonso-Álvarez (Heidelberg) “Newton 1665” 23/04/2020

�pert =
g2���m

3
�

64⇡

<latexit sha1_base64="GgFbzleCdE+Eqz9ho44j4fKF5e0="></latexit>

•  


•  


•

n� =
⇢�
m�

= 1
2m��

2

<latexit sha1_base64="zimgetKiK3Fa5y22jDMZG3fccxk="></latexit>

N� ⇠ n�/2

4⇡k2�k/(2⇡)3

<latexit sha1_base64="9WhZ8raC9q+Fgz6wFgCVuwcLQ1A="></latexit>

a

�

�

<latexit sha1_base64="Cm+9upsnIhbOzJOGyu8oeAOQZUs="></latexit>

�

<latexit sha1_base64="Yis4MJWiXh0kyibPOhAleYmy9lc="></latexit>

k

<latexit sha1_base64="2BN77F/klD8YqCOvYYsEs69CXso="></latexit>

�k

<latexit sha1_base64="718RZzTVB5AjTTla4EGtYxdStQI="></latexit>

Bose enhancement & parametric instability1 2 3
Parametric resonance of photons in axion backgrounds

Boltzmann equation: Bose enhancement
Boltzmann equation for photons with                     : k = m�/2
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1
Parametric resonance of photons in axion backgrounds

2 3

Homogeneous ALP dark matter field
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Homogeneous ALP dark matter field1
Parametric resonance of photons in axion backgrounds

2 3
f = 1012 GeV
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Example: QCD axion with
Perturbative calculation

Parametric instability (Bose enhancement)

Assumption: all axions are in the same state
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Homogeneous ALP dark matter field1
Parametric resonance of photons in axion backgrounds
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COSMOLOGY OF THE INVISIBLE AXION 

John PRESKILL 1, Mark B. WISE 2 
Lyman Laboratory of  Physics, Harvard University, Cambridge, MA 02138, USA 

and 

Frank WlLCZEK 
Institute for Theoretical Physics, University of California, Santa Barbara, CA 93106, USA 

Received 10 September 1982 

We identify a new cosmological problem for models which solve the strong CP puzzle with an invisible axion, unrelated 
to the domain wall problem. Because the axion is very weakly coupled, the energy density stored in the oscillations of the 
classical axion field does not dissipate rapidly; it exceeds the critical density needed to close the universe unless fa <~ 1012 
GeV, where fa is the ~lxion decay constant. If this bound is saturated, axions may comprise the dark matter of the universe. 

Ever since the discovery [ 1 ] of  the CP-violating 
parameter 0 of  the strong interactions, the small value 
of  0 has posed a serious puzzle. Current experimental 
limits [2] on the electric dipole moment  of the neu- 
tron require [3] ~< 10 -9.  The small value of  O is natu- 
rally explained in models.with a spontaneously 
broken Peccei -Quinn symmetry [4], but the result- 
ing axion [5] has not  been seen. In a recently pro- 
posed variant of  the Peccei -Quinn scheme [6,7], the 
axion mass and its couplings to ordinary matter  are 
inversely proport ional  to the large vacuum expecta- 
tion value fa of an [SU(2) × U(1)] w-singlet scalar 
field. F o r f a  >~ 10 TeV, this axion is consistent with 
all known laboratory experiments,  but a more strin- 
gent constraint o n f a  comes from astrophysical con- 
siderations [8]. To suppress the power radiated in 
axions by the helium core of  a red giant star to an ac- 
ceptable level, it is required that fa ~> 109 GeV. Since 
fa must be very large anyway, one is tempted to sup- 
pose [7] that fa ~ 1015 GeV, the mass scale of  grand 
unification [9]. 

In this paper,  we point out a new cosmological 

1 Alfred P. Sloan Fellow. 
2 Junior Fellow, Harvard Society of Fellows. On leave from 

California Institute of Technology, Pasadena, CA 91125, 
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constraint on the "invisible" .axion satisfying 
fa ~ 109 GeV. Because the couplings o f  this axion 
are so weak, the energy density stored in the oscilla- 
tions of  the classical axion field does not  dissipate 
rapidly. To prevent this energy density from exceed- 
ing the critical density we must require fa ~ 1012 
GeV; the invisible axion must not  be too visible. The 
most interesting possibility is fa ~ 1012 GeV, for in 
that case a nondissipative, pressureless axion gas 
could constitute the dark matter  of the universe. 

The axion is a pseudo-Goldstone boson ; all o f  its 
couplings are suppressed by inverse powers of  the 
axion decay constant fa '  Its only nonderivative cou- 
pling, to t r (FF) ,  arises from the color anomaly of  the 
Peccei -Quinn current. In the effective field theory 
describing physics at energies be lowfa  , the action o f  
the nonlinearly realized U(1)po Peccei -Quinn sym- 
metry on the axion field a is 

a/fa ~ a/fa + O. (1) 

We have chosen to normalize fa so that a global rota- 
tion o f a / f  a is equivalent to a rotation of the QCD 
angle O;a/f a must therefore be regarded as a periodic 
variable with period 2rdV, where N is the number o f  
elements in the discrete subgroup of the U(1)po sym- 
metry group which is not  explicit ly broken by non- 
perturbative QCD effects. 
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MeV)X. Roughly, our result isfa ~< (4 X 1012 GeV) 
× h2X3/4 . 

It should also be noted that (14) was derived by 
assuming the initial value of (a ) / f  a to be of order one. 
In a conventional cosmological scenario, there are 
large fluctuations in a l l  a over distances exceeding the 
horizon size. The axion energy density begins to be- 
have like nonrelativistic matter when the axion 
Compton wavelength comes within the horizon, and 
it is unavoidably true that at this time the energy den- 
sity stored in the nonrelativistic axion modes is of 
order f 2 m 2  a * 2. In an inflationary cosmology in which 
the inflation occurs after the Peccei-Quinn symmetry 
is spontaneously broken, however, a l l  a can be ap- 
proximately constant throughout the visible universe. 
If its arbitrarily chosen value, which we expect to be 
of order one, happens to be small, the bound o n f  a 
can be relaxed. For example, i f f  a ~ 1015 GeV, the 
axion energy density is acceptably small for 
(A ~fa)2 < 1 0 - 3 , 3 .  Thus, for the value offa  sug- 
gested by grand unified theories, we are faced with a 
naturalness problem which is not quite so severe as 
the strong CP problem that the invisible axion is in- 
tended to solve. ,4 

Let us now examine whether the axion energy 
density can be dissipated by particle production [ 18]. 
Naively, particle production is insignificant, because 
the invisible axion with fa ~> 109 GeV has a lifetime 

#2 Another means of dissipating the axion energy density 
has been discussed by Vilenkin and Everett [17]. They 
propose that nearly all of the energy density is carried by 
oscillating pieces of domain wall bounded by strings, and 
that these oscillations are damped by the emission of grav- 
itational radiation. We expect that their mechanism can 
actually dissipate only a small fraction of the axion energy 
density, and hav e ignored it in our discussion. 

¢3 Reheating does not much affectAi/fa. If T i is the temper- 
ature at which the axion Compton wavelength becomes com- 
parable to the "horizon" size n "-1 , the fluctuations aver- 
aged over a "horizon" volume are 6a2/~a ~ (TRH/fa)2 
× (40Ti/mp) , which is quite small for TRH ~< fa" 

¢4 The grand unified axion may be made acceptable in yet 
another way, if inflation is used to avoid axion domain 
walls. In a model in which the PQ symmetry is spontane- 
ously broken at the GUT scale, we actually expect 
fa  ~ (1015 GeV)/N, where Z N is the subgroup of U(1)pQ 
which is not explicitly broken by nonperturbative QCD 
effects. We can make N large by incorporating into the 
model many superheavy fermions with PQ charges; for N 
sufficiently large, the constraint (14) can be satisfied. 

which far exceeds the age of the universe. However, 
the oscillating axion field represents a coherent 
space consisting of a large density of zero-momentum 
axions, and one wonders whether coherence effects 
can greatly amplify the rate at which this state decays. 
We will show that in fact the cosmological red shift 
prevents such coherence effects from substantially re- 
ducing the axion energy density. 

The two-photon decay mode of the axion, which 
is the dominant one at zero temperature, is forbidden 
for an axion at rest when T ~  6 keV(10 9 GeV/ fa)2 /3  , 
because the electron plasma frequency exceeds the 

1 photon energy ~m a. At higher temperatures, the dom- 
inant process that destroys zero-momentum axions 
is the 4a ~ 2a process, in which the energy of four 
zero-momentum axions is transferred to two axions 
with E = 2m a ; this energy can subsequently red-shift 
away harmlessly. The 4a -+ 2a process causes the 
axion zero-momentum mode to decay at the net rate 

(m 3a/ f2  )(A / f  a)6 n 2m a , (15~ F4a~2a 

where n2m a is the occupation number for the E = 
2m a modes. (This is the difference of the 4a ~ 2a 
rate and the rate for the inverse process.) In standard 
cosmology we expect n2m a ~ f2a/3m2 while H ~ 2m a. 
(In an inflationary scenario, n2m a is much smaller.) 
Subsequently, n2m a and A begin to decrease rapidly 
because of the Hubble expansion. Therefore, F4a~2 a 
never becomes as large asH, and the 4a ~ 2a process 
cannot significantly deplete the axion zero-momen- 
tum mode. 

Eventually, the universe cools to the point where 
the two-photon decay mode of the axion is allowed. 
At this point,  were it not for the cosmological red 

1 shift, induced emission would cause the E = ~m a 
photon modes to grow exponentially like e vt where 
[19] 

V ~ a ( A / f a ) m  a. (16) 

But this exponential growth is blocked by the red- 
shift if Fr  ~ 1, where r ~ F(HMa)-I  is the time re- 
quired for the band of width F of growing modes to 
be red-shifted by an amount of order F. The condition 

Fr  ~ a 2 ( A / f a ) 2 m a  H 1 ~ 1 (17) 

is well satisfied at all times. Thus, the photon modes 
do not grow exponentially, and the net a ~ 3'3' de- 
cay rate of the axion is 
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rate and the rate for the inverse process.) In standard 
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Homogeneous ALP dark matter field1
Parametric resonance of photons in axion backgrounds
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Expansion prevents growth
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Homogeneous ALP dark matter field1
Parametric resonance of photons in axion backgrounds
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Homogeneous ALP dark matter field1
Parametric resonance of photons in axion backgrounds

2 3
Decay into dark photons

The resonance is easier to reach because

1. There is no dark photon plasma mass

2. The axion-dark photon coupling is less constrained

Can be used to

• Deplete overabundance of axions


• Produce dark photon dark matter


• Produce gravitational waves

Agrawal et al [1708.05008], Kitajima et al [1711.06590]

Agrawal et al [1810.07188], Dror et al [1810.07195]

Machado et al [1811.01950, 1912.01007]
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Parametric resonance of photons in axion backgrounds
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Axion clumps

18



Gonzalo Alonso-Álvarez (Heidelberg) “Newton 1665” 23/04/2020

Axion clumps1
Parametric resonance of photons in axion backgrounds

2 3

• Clouds of diffuse axions

• Axion miniclusters

• Axion stars

• Bose-Einstein condensates?

• Superradiant clouds around black holes

Many kinds of structures

Higher density —> Faster decay
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Axion clumps1
Parametric resonance of photons in axion backgrounds

2 3
Instability in axion clumps 

• Galactic condensates


• Axion miniclusters


• Axion stars


• Superradiant clouds around black holes

Tkachev (1986, 1987), 

Hertzberg & Schiappacasse [1805.00430], 

Levkov et al [2004.05179]

Rosa & Kephart [1709.06581], Sen [1805.06417], 

Ikeda et al [1811.04950]

Kephart & Weiler (1987, 1995), Tkachev [1411.3900],

Sawyer [1809.01183], Chen & Kephart [2002.07885],

Arza et al [2004.01669]

Carenza et al [1911.07838], 

Wang et al [2002.09144]
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An example: QCD axion stars 6
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FIG. 2. Masses and couplings of QCD axions needed for
the Bose stars to develop parametric resonance (triangular
shaded region above the solid line). The respective region for
collapsing stars is above the dashed line.

models [58, 59]. Thus, even these simple models can sat-
isfy (33) within the trustworthy parameter range. More
elaborated (clockwork-inspired) QCD axion models [60]
do not have these limitations and easily meet (33).

Alternatively, the self-coupling of the axion-like par-
ticles can be arbitrarily small. Condition (32) is then
satisfied just for a su�ciently heavy star.

B. Linear exponential growth

Let us find out how the resonance progresses. One does
not expect it to turn immediately into an exponential
catastrophe with µ ⇠ O(L�1), like the infinite-volume
intuition might suggest, cf. Eq. (26). Rather, the electro-
magnetic field starts growing with parametrically small
exponent µ ⌧ L�1 immediately after the condition (31)
is met by the nonrelativistic evolution of axions. Initial
values for this growth are tiny. They can be provided by
the ambient radiation in astrophysical setup or, univer-
sally, by quantum fluctuations considered in Appendix D.
In any case this initial stage proceeds linearly with no
backreaction on axions.

We compute the growth exponent by solving the eigen-
value problem (16) perturbatively at small µ, like in
quantum mechanics6. To this end we assume that the
background  (t, x) did not evolve much from the point
 0(x) ⌘  (t0, x) when the condition (31) was met, and
the resonance mode is close to the solution (29). Calcu-
lation in Appendix B gives,

µ =
D1 � ⇡/2R
dz sin[2D0(z)]

, (34)

6
Unlike in quantum mechanics, the operator in Eqs. (16) is sym-

plectic, not Hermitean.

Eq. (34)

Eqs. (16)

FIG. 3. Luminosity L�(t) = r2
R
d⌦nr [E ⇥H] of axion star

with Ms ⇡ 1.04Ms, 0 during parametric resonance. Results
of full numerical simulation (solid line) show initial growth
coinciding with L� / exp(2µt), where µ is given by Eqs. (16)
(dashed line). Backreaction is important in the grey re-
gion (37). Late-time decay also proceeds exponentially with
µ given by Eq. (34) (points) or Eqs. (16). Universal units of
flux and time are chosen in Appendix C.

Here D0(z) is evaluated using  0(x), a configuration at
the rim of parametric instability, while D1 uses  in
Eq. (31). Note that application of Eq. (34) essentially de-
pends on nonrelativistic mechanism leading to resonance
and providing D1 � ⇡/2 = O( �  0).

Expression (34) confirms that µ is indeed para-
metrically small and yet, large enough for the adi-
abatic regime (15) to take place. Generically,
 �  0 ⇠ (t1 � t0) @t , where t1 � t0 ⇠ ⇤/µ is the time
from ignition of the resonance to the moment t1 when
the backreaction starts; ⇤ ⇠ log[C±(t1)/C±(t0)] ⇠ 102 is
a large logarithm. Then the nonrelativistic scaling (12),
(5) and Eq. (34) give µ ⇠ ��1(⇤/m�)1/2, where we also
recalled that the resonance condition (31) is marginally
satisfied. Thus,

(m�2)�1 ⌧ µ ⌧ ��1 ,

i.e. the electromagnetic fields evolve faster than the
axion background but slower than the light-crossing
time L�1 ⇠ ��1.

Applying Eq. (34) to the stationary axion star with
g4 ⇡ 0, we get

µ = 0.197
m2

M2
pl

(Ms �Ms, 0) , (35)

where Appendix C was consulted and Ms, 0 is given in
Eq. (32). Using this expression, one obtains µ ⇠ 102 s�1

for m = 26µeV and �Ms ⇠ 10�13 M�. Thus, duration
of the linear stage in QCD axion stars is one second or
longer.
To confirm the above perturbative results, we nu-

merically solve the system of coupled relativistic equa-
tions (10), (21) for the electromagnetic field and ax-
ions at g4 = 0, see Appendix E for details. Our

Levkov et al [2004.05179]

The instability is not reached, even in a critical star
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⌘L . 1
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Effective also in the regime
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Amplification of background radiation
• Photon propagation in axion backgrounds


• Galactic condensates


• Amplification of radio waves from axion decay


• Axion stars


• Axion dark matter echo

Caputo et al [1805.08780]

Espriu & Renau [1106.1662], Yoshida & Soda [1710.09198]

Arza & Sikivie [1902.00114]

Arza [1810.03722], Sigl & Trivedi [1907.04849]

Levkov et al [2004.05179]

24



Gonzalo Alonso-Álvarez (Heidelberg) “Newton 1665” 23/04/2020

Conclusions1
Parametric resonance of photons in axion backgrounds

2 3
1. Axions with large occupation numbers are 

prone to parametric instabilities


‣ Bose enhancement/stimulated decay


2. Expansion of the Universe and photon plasma 
mass shuts off the resonance


‣ The ALP field is cosmologically stable


3. Axion clumps do not resonantly decay


‣ Amplification effects can be important
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1. Axions with large occupation numbers are 

prone to parametric instabilities


‣ Bose enhancement/stimulated decay


2. Expansion of the Universe and photon plasma 
mass shuts off the resonance


‣ The ALP field is cosmologically stable


3. Axion clumps do not resonantly decay


‣ Amplification effects can be important

Thanks!
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