Axion reionization during dark ages
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Axion-like particles (ALPs) with a two-photon
vertex are hypothetical particles predicted in
many extensions of the Standard Model. Pseu-
doscalar ALPs couple with photons through the
following effective Lagrangian [1]
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where a is the ALP field with mass m,, F* the
electromagnetic field-strength tensor, and g, the
ALP-photon coupling. As a consequence of this
coupling, ALPs and photons do oscillate into each
other in an external magnetic field. The photon-
ALP evolution for a particle moving in the z di-
rection is described by a Shrédinger-like equation
of the kind 10, ¥ = H - ¥, where ¥ = (A, 4,, a)’
and
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Here m, is the ALP mass, £ the ALP energy
(that can depend by z due to cosmological red-
shift) and I" is the absorption rate due to incoher-
ent scattering of photons on atoms and electrons.
In a cosmological context, the factor k contains
two components, one (negative) due plasma ef-
fect (which is proportional to the electron den-
sity) and the other (positive) is due to a nonlinear
coherent scattering of the photon on the photons
of the Cosmic Microwave Background (CMB) [2].
In the following we assume m,/E < k and thus
negligible.

In the (string-inspired) scenario in Ref. [3],
a non-thermal background of very light (m, <
10710 eV) ALPs (Cosmic Axion-like Background,
CAB) with energy is generated by the decay of
primordial scalar particles called Moduli. The
total decay rate of moduli (into ALPs and SM
particles) during the post-inflation epoch is given
by [4]
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where My = 2.4 x 10'® GeV is the Planck mass,

me ~ O(PeV) is the modulus mass. The SM par-

ticles from moduli decays would rapidly thermal-

ize. Moduli can also decay into light states from
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Figure 1. Conversion probability P, in function of
the redshift z for different representative energies of
the ALP spectrum for go, B = 1077 GeV~'nG.

the hidden sector, like ALPs, with initial energy
€a = ma/2 and decay rate given by 'y = Bal's
with B, the branching ratio in ALPs. If these
ALPs are weakly coupled to SM, they do not ther-
malize and remain till now as dark radiation, with
typical energy today €a ~ O(100) eV for moduli
masses mg ~ 10° GeV. This ALPs background
can be detected by conversion in astrophysical
magnetic fields, for example in galaxy clusters [5]
or in Milky Way [6].

ALPs can be converted into photons by the
primordial Intergalactic Magnetic Field. Al-
though this field has not been measured yet, there
are many indication of its existence, with today
strength B < 1 nG. Typically, this magnetic
field is not uniform but has a turbulent stochas-
tic structure. A good approximation for prac-
tical purposes is a cell-like structure with a con-
stant random magnetic field in each cells of coher-
ence length [ while the correlation of the magnetic
fields between different cells is zero. However, we
remark that this model is unrealistic because the
condition V - B = 0 cannot be satisfied on the
boundary of cells.

In this case the conversion of ALPs into pho-
tons after the recombination phase induced by
primordial magnetic field can reionize the neu-
tral hydrogen thus increasing the opacity of the
Universe to CMB. In fact, due to redshift, the
energy and the density of ALPs are more and
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Figure 2. Fraction of ionized hydrogen Xu (normal-
ized to 1 for full ionization) in function of redshift z
without and with ALP conversions for two values of
JayB = 107" GeV'nG. We assume ANqg = 0.1.

more increasing with increasing redhift leading to
an efficient conversion of ALPs into photons and
subsequent scattering on neutral hydrogen and
helium.

Since we expect that a very small conversion
probability (P,, ~ 107?) is sufficient to give an
important effect on reionization, we can expand
photon-ALP evolution Eq. (2) at first order of
gayB. The solution is
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where &, (k) is the Fourier transform of the corre-
lation function C(¢) = (B, (2)B:(2+()) along the
line-of-sight. In particular, for a cell-like struc-
ture &, (k) = 1(B2)Isinc® (&), with sinc(z) =
sinz/z and (B2) the variance of the transverse
magnetic field on all cells.

In Fig. 1 we show the conversion probability
P, for g,oB = 107'7GeV~'nG obtained from
Eq. (4) as function of the redshift z. We realize
that the probability has a typical resonant be-
havior, being peaked at redshift for which k£ = 0.
We also note that for the values of the different
parameters P, < 107°.

The total optical depth encountered by the
CMB photons as they travel to us from the sur-
face of last scattering is given by
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where Xg(z) is the fraction of ionized hydrogen
and nY% the present number density of hydrogen
atoms and o7 is the Thomson cross section. It is
then clear that this observable is sensitive to the
number of extra ionizations of neutral Hydrogen
or Helium atoms at z < 1000 induced by ALP-
photon conversions. Since the optical depth is

dz , (5)
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Figure 3. Optical depth 7 in presence of ALP
for ANeg = 0.38 (continuous curve), ANeg = 0.2
(dashed curve) and ANeg = 0.06 (dotted curve) in
function of gy B. The horizontal bands represent the
lo (dark) and 20 (light) range for 7 measured from
Planck.

well measured by Planck, this set a strong limit on
the product ge,B: gayB < O(107'%) GeV~'nG,
depending on te quantity of extra-radiation in-
duced by the ALPs background (and parameter-
ized by an effective extra number of neutrinos
ANes).

In Fig. 2 the fraction of ionized hydrogen Xy
(normalized to 1 for full ionization) in function of
redshift z without and with ALP conversions for
different values of g, B is shown [7]. After z >3
all hydrogen is reionized by UV light produced
by stars. In Fig. 3 by [7] we show the optical
depth 7 as a function of g, B for different values
of AN,.g. Horizontally we show the 20 band of 7
from Planck observations: 74,5 = 0.066 = 0.016.
We can see that, also in the presence of a sublead-
ing content of ALP extra-radiation the bound is
really impressive

gay B < O(1078) GeV ' nG . (6)

Of course this limit cannot be regarded as a
bound on photon-ALP coupling tout court. In
fact, it is valid only in this particular scenario
of moduli decay and imply that cosmic magnetic
fields are non-zero at the epoch reionization.
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