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A cosmological population of axions (and ALPs) can be produced through several 
mechanisms:

• Production from the thermal bath (e.g. through pion-pion scattering for QCD 
axions: p + p → p + a)

• Decay of topological defects (TDs: cosmic strings and domain walls)

• Decay of a heavy particle (e.g. moduli; generic prediction of string and M-
theory)

• Misalignment mechanism (very generic, basically works for all pNGBs; inherently 
non-thermal): coherent initial displacement of the axion field from its minimum

Axion production



Axions as Dark Matter

- Axions produced via misalignment behave as cold dark matter once the field 
starts oscillating around the minimum:

Given the PQ scale fa, the present energy density Wmis
of misalignment axions can be computed given:

in any case. The effective degrees of freedom are given
by [12]
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where T is the temperature of the plasma, Ti the tem-
perature of species i, yi ¼ m i=Ti, and QfðfermionÞ ¼ 1
and QfðbosonÞ ¼ 0. The full numerical integration is too
slow to be used in other numerical investigations, such as
the axion dynamics in a Friedmann-Robertson-Walker
(FRW) universe to be discussed below. To this end, we
have also determined fits that are accurate below the 1%
level, except at the phase transition and e( annihilation
where the error rises briefly to 4%. The fits are given in the
Appendix.

An adiabatically evolving universe has a specific rela-
tion between the temperature and the scale factor, see
Fig. 3. This allows us to accurately relate cosmic time to
the temperature of the plasma; the latter is required to
evaluate the axion mass.

A. Misalignment mechanism

As usual in standard cosmology, the universe will be
described by a flat FRW metric [12], with cosmological
parameters given by the concordance of the best available
data (we take WMAP5þ BAOþ SN [60]). For the tem-
perature regions of interest we can restrict ourselves to
radiation and axions, in which case Einstein’s equations are
given by
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€"þ 3H _"a þ m 2
aðTÞ sin "a ¼ 0; (26)

where M2
P is the reduced Planck mass. Note that the

effective axion potential has been shifted so that nonper-
turbative effects do not lead to a nonvanishing vacuum
energy.7

The dynamics of the axion evolution consists of three
qualitatively different stages: First, as long as its Compton
wavelength is above the Hubble scale, the axion is effec-
tively massless; the Hubble friction enforces a constant
axion field in this case. Secondly, once the axion mass
becomes comparable to the Hubble scale, at a time when
m a ) 3H holds, the axion feels the pull of its mass
and starts to roll towards its minimum at "a ¼ 0. Finally,
after a few oscillations the axion evolution is indistinguish-
able from pressureless matter and the axion number per
comoving volume is conserved. These three regimes are
illustrated clearly for an explicit numerical solution in
Fig. 4.
The physics underlying the misalignment mechanism is

based on the fact that the energy redshifts with time, and
that the Hubble dilution starts once the oscillations in the
axion zero mode begin. Consequently, the total Hubble
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FIG. 4 (color online). As long as the axion Compton wave-
length is well outside the horizon, the axion zero mode is frozen;
this corresponds to the late-time solution of (26) with m a

neglected. The axion starts to feel the pull of its mass at
m a ) 3H, and evolves to its minimum at "a ¼ 0, i.e. the PQ
mechanism to solve the strong CP problem. After a few oscil-
lations the axion number per comoving volume stays constant as
long as the axion mass and the scale factor change slowly
(adiabatic approximation). This is then used to extrapolate the
result to today.

7Note that there exist theories that combine another axionlike
field to entangle the dark matter and the dark energy sector
[29,61].
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• the initial misalignment angle qi (if PQ symmetry 
is broken after inflation, see next slide). Free 
parameter (initial condition)

• the topological susceptibility c(T)= ma
2(T) fa2 . In 

principle, it can be computed from the lattice. 
However, no consensus in the literature (see 
GM’s talk)

- Axions from TDs decay are also cold, and their density is usually parameterized as:

Computation of adec requires numerical simulations of the PQ phase transitions. 
Values quoted in the literature range from 0.16 to 186.

- WCDM is one of the best known parameters of the SCM (1% precision). It represents 
an upper bound for Wa. Corresponding lower limits on ma are in the ~few x 10µeV 
ballpark

�a = �mis + �dec � �mis(1 + �dec)

Axion field	starts	
oscillating



Axions and Inflation

The PQ scale fa and the Hubble scale during inflation HI determine whether the PQ 
symmetry is broken or not during inflation:

• pre-inflationary axion, fa > HI/2p: the PQ symmetry is broken during inflation and not 
restored afterwards. qi is constant across the whole observable Universe, its value being 
a free parameter of the model. Isocurvature perturbations are produced.

• post-inflationary axions, fa < HI/2p : the PQ symmetry is broken after inflation, qi
2 should 

be replaced by its spatial average. Topological defects are produced.

The Hubble constant during inflation is constrained by the non-observation of tensor 
modes in CMB experiments (Planck+BK14, see Planck 2018 X)

The isocurvature fraction biso (fraction of total power in isocurvature fluctuations) is also 
constrained by Planck:

HI < 2.7 � 10�5MPl

�iso < 0.038

(95%	CL)

(95%	CL)



Axion parameter space

Image	credit:	L.	Visinelli (see	Visinelli &	Gondolo PRD	2009,	PRL	2014)



Axions as Dark Radiation

Axions produced by the thermal bath or 
through decay of heavy particles are ”hot” 
so they can only represent a subdominant 
fraction of the total matter content of the 
Universe

• At early times, they would contribute to 
the total radiation density, parametrized 
by the effective number of relativistic 
species (“neutrino families”) Neff 

• Present observations are consistent with 
no exotic radiation components:

Neff =  2.99 +/- 0.34 @95%CL
(Planck 2018 VI)

• At late times, hot axions would suppress 
structure formation in a similar way to 
what neutrinos do

ma < 1.7 eV @95% CL
(Di Valentino et al 2016, uses Planck 
2015 data)

SCM	expectation
Nef = 3.046

184 E. Di Valentino et al. / Physics Letters B 752 (2016) 182–185

Table 2
95% CL constraints on the parameters of the mixed hot dark matter scenario explored here (the !CDM+ma+

!
mν model) for the different combinations of 

cosmological data sets.

TT,TE,EE+lowP TT,TE,EE+lowP
+lensing

TT,TE,EE+lowP
+WL

TT,TE,EE+lowP
+MPK

TT,TE,EE+lowP
+BAO

TT,TE,EE+lowP
+HST

TT,TE,EE+lowP
+BAO +HST

TT,TE,EE+lowP
+BAO +HST +SZ

#cdmh2 0.1235+0.0034
−0.0036 0.1235+0.0034

−0.0034 0.1225+0.0032
−0.0032 0.1237+0.0034

−0.0031 0.1223+0.0023
−0.0023 0.1223+0.0032

−0.0032 0.1220+0.0024
−0.0023 0.1216+0.0023

−0.0023

ma [eV] < 2.09 < 1.67 < 1.87 < 0.835 < 0.763 < 1.21 < 0.709 < 0.529
!

mν [eV] < 0.441 < 0.538 < 0.360 < 0.291 < 0.159 < 0.182 < 0.136 < 0.126

σ8 0.779+0.083
−0.094 0.767+0.065

−0.072 0.789+0.074
−0.096 0.814+0.049

−0.056 0.827+0.039
−0.042 0.820+0.051

−0.062 0.829+0.036
−0.039 0.835+0.033

−0.035

#m 0.342+0.054
−0.048 0.344+0.055

−0.048 0.328+0.048
−0.041 0.326+0.033

−0.029 0.312+0.016
−0.014 0.315+0.031

−0.027 0.309+0.015
−0.014 0.306+0.014

−0.013

log[1010 As] 3.131+0.067
−0.070 3.109+0.064

−0.062 3.117+0.071
−0.068 3.121+0.066

−0.071 3.126+0.066
−0.070 3.129+0.066

−0.068 3.128+0.065
−0.069 3.132+0.063

−0.064

ns 0.972+0.011
−0.012 0.972+0.010

−0.011 0.974+0.011
−0.012 0.97278+0.009

−0.009 0.9754+0.0093
−0.0089 0.976+0.010

−0.010 0.9763+0.0095
−0.0091 0.9768+0.0089

−0.0089

Summarizing, when Planck CMB lensing constraints are consid-
ered, the neutrino mass bounds is pulled away from zero, and we 
obtain 

!
mν < 0.538 eV and ma < 1.67 eV at 95% CL. The addi-

tion of weak lensing constraints on the relationship between the 
matter clustering amplitude σ8 and the matter mass–energy den-
sity #m to Planck TT, TE, EE and lowP measurements tightens only 
mildly both the thermal neutrino and axion masses. The largest 
impact on both 

!
mν and ma bounds comes from the large scale 

structure information as well as from the prior on H0 from the 
HST experiment. Notice that the bounds are significantly tighter 
when one of the former constraints is considered in the analyses. 
Concerning the H0 prior, the 95% CL upper bounds on the ther-
mal relic masses become 

!
mν < 0.182 eV and ma < 1.21 eV. The 

reason for this large improvement is due to the large degeneracy 
between 

!
mν and H0 [26]. When 

!
mν there is a shift in the 

distance to last scattering. This shift can be easily compensated by 
lowering H0, resulting in a strong degeneracy between these two 
parameters, which can be broken via an independent measurement 
of H0. However, the tightest axion and neutrino mass constraints 
arise when large scale structure data is exploited in its geometri-
cal form, via the BAO signature. Indeed, it was shown in Ref. [27]
that, when constraining 

!
mν in minimal schemes as the one ex-

plored here (i.e. a !CDM model), the information contained in the 
broadband shape of the halo power spectrum was superseded by 
geometric information derived from the BAO signature. We find 
here a similar effect, although the BAO measurements that we 
exploit correspond to several redshifts and surveys, while the full-
shape data come from only one survey, the WiggleZ survey. Using 
the full matter power spectrum measurements from the former 
experiment, we obtain 95% CL upper bounds of 

!
mν < 0.291 eV

and ma < 0.835 eV. The 95% CL upper bound of 
!

mν < 0.159 eV
for the Planck TT, TE, EE+lowP and BAO combination is very close to 
the one quoted by the Planck collaboration for the same data sets, !

mν < 0.17 eV [15]. However, our constraint is tighter, as we are 
also considering here axions as additional thermal relics, and there 
exists a strong degeneracy among these 

!
mν and ma . Figure 1 il-

lustrates such a degeneracy. We depict, in the (
!

mν , ma) plane, 
the 68% and 95% CL contours arising from the analyses of Planck 
TT, TE, EE+lowP data plus additional measurements, as the Planck 
lensing signal and other data sets (WL, BAO, HST and SZ cluster 
number counts). Notice that the constraints are greatly improved 
for the former two cases, leading to very tight constraints on the 
masses of these two thermal relics.

The addition of the BAO datasets leads to the stronger con-
straint on the neutrino mass to date on the neutrino mass in the 
linear perturbation regime, 

!
mν < 0.136 eV at 95% CL. The corre-

sponding bound on the axion mass is ma < 0.709 eV. The authors 
of [28] have recently reported, using the one-dimensional Lyman-α

Fig. 1. 68% and 95% CL allowed regions in the (!mν , ma) plane, both in eV, for 
some of the cosmological data combinations explored in this analysis.

forest power spectrum of the BOSS experiment, a 95% CL upper 
bound of 

!
mν < 0.12 eV in the case in which only massive neu-

trinos are present. Notice however that this constraint strongly re-
lies on hydrodynamical simulations, while our bounds are derived 
in the very well-known linear perturbation regime. Furthermore, 
the addition of the Planck SZ cluster number counts data provide a 
competitive 95% CL upper limit of 

!
mν < 0.126 eV in the mixed 

axion-neutrino hot dark matter scenario (the corresponding bound 
on the thermal axion mass is ma < 0.529 eV). This limit is very 
close to the expectations for 

!
mν in the inverted hierarchical 

neutrino mass scenario, highlighting the fact that improved clus-
ter mass calibrations could help enormously in disentangling the 
neutrino mass spectrum.

5. Conclusions

The polarization measurements from the Planck 2015 data 
release offer a unique opportunity for testing the dark matter 
paradigm. These recent results point to a standard !CDM as the 
preferred model for the universe we observe today. Nevertheless, a 
small hot dark matter component can still be present. We have 
explored the most general scenario, i.e. a mixed hot dark mat-
ter model with two thermal relics, neutrinos and axions, which 
would account for the small contribution from the hot dark mat-



Axions as Dark Radiation

• Future	CMB	experiments	
are	expected	to	reach	a	1s
sensitivity	on	Neff of	~0.2

• This	would	allow	to	detect	
thermal	relics	up	to	
arbitrarily	high	decoupling	
temperatures	(Baumann,	
Green,Wallisch 2017)	

• In	the	future,	a	EUCLID-like	survey	together	with	Planck	data	
could	detect	ma ~	0.15	eV	with	high	significance	
(Archidiacono et	al.,	2015



Ultralight axions

The cosmological phenomenology of axions in the mass range [10-33 – 10-18] eV (ultralight 
axions, or ULAs) is somehow different

• They can drive the present expansion of the Universe, acting as a quintessence field

• They can drive inflation

• They have a peculiar effect on structure formation (“fuzzy dark matter”)

Hlozek et	al.,	
PRD	2015
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