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The coupling between axions and photons modifies Maxwell’s equations, introducing a dynamo term in
the magnetic induction equation. In neutron stars, for critical values of the axion decay constant and axion
mass, the magnetic dynamo mechanism increases the total magnetic energy of the star. We show that this
generates substantial internal heating due to enhanced dissipation of crustal electric currents. These
mechanisms would lead magnetized neutron stars to increase their magnetic energy and thermal luminosity
by several orders of magnitude, in contrast to observations of thermally emitting neutron stars. To prevent
the activation of the dynamo, bounds on the allowed axion parameter space can be derived.
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Introduction.—Axions were originally introduced to
solve the strong CP problem [1–6]. Current constraints
on axions are based on a wide range of techniques, from
laboratory experiments to astrophysics [6–14]. Bounds on
the axion parameter space are obtained using helioscopes or
haloscopes [7,15–21], calculating axion emission in neu-
tron stars (NSs) [22–25], and with other astrophysical and
cosmological constraints [26–33].
It has been recently shown that finite density corrections

change the axion field in NSs, which can become large
compared with the vanishing expectation value in vacuo
[34–37], and may mediate long-range forces in binary NS
systems [34,35,38]. Under these conditions, additional
observable effects can be used to constrain the axion
parameter space.
In this Letter, we take advantage of these and other

astrophysical aspects of NSs. The ultrastrong magnetic
fields of NSs allow us to test axion electrodynamics beyond
the strengths attainable in terrestrial laboratories. The
axion-photon coupling introduces additional terms in
Maxwell’s equations [20,39,40]. In this Letter, we highlight
that such coupling introduces a dynamo term in the
magnetic induction equation, which can be used to place
constraints on axion parameters, and to test models of
axions in dense matter. By studying the specific case of
crust-confined magnetic fields, we find that when the mass
and decay constant of the axion reach critical thresholds,
the dynamo supplies the star with additional magnetic

energy. As the magnetic field gets stronger, the stellar
interior is heated up by enhanced dissipation of electric
currents in the crust. This process increases the observable
thermal luminosity, in tension with observations of
thermally emitting, isolated NSs for a wide range of
parameters.
To reconcile the presence of axions in the interior of NSs

with observations, we appeal to one of the following
scenarios: (i) the axion mass, decay constant, and axion-
photon coupling constant (that determine the axion field
profile in dense matter and regulate the interaction with
electromagnetic fields) are below the critical values that
activate the axion dynamo in the magnetized crust; (ii) a
nonlinear saturation mechanism may halt the supply of
magnetic energy via the dynamo beyond a certain thresh-
old; or (iii) NSs do not source axions [34–36,38] (or they do
not couple with photons).
Maxwell-axion equations.—Two sets of Maxwell’s equa-

tions with axions are used in the literature: the set
preserving the duality symmetry [40–42], and the “stan-
dard” set, often used in direct axion searches [15,20,39]. In
this Letter, we employ the Maxwell-axion equations
derived in [40]. The practical advantage is that the dynamo
term appears explicitly in the magnetic induction equation.
We simulate the magnetothermal evolution of NSs with an
active axion dynamo, for highly and weakly magnetized
stars (for the latter, see the Supplemental Material [43])
and for different initial magnetic configurations (see the
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Supplemental Material [43]). The dynamo term is still
present in the standard set of Maxwell’s equations
[15,39,44,45], which we study in the Supplemental
Material [43] following Ref. [20].
We use an interior metric corresponding to a spherically

symmetric, nonrotating body, with the notation ds2 ¼
−e2νðrÞc2dt2 þ e2λðrÞdr2 þ r2dΩ2. In the absence of mag-
netic monopoles and magnetic currents, Maxwell’s equa-
tions read as [40–42]

∇ · ðE − gaγaBÞ ¼ 4πρc ð1aÞ

∇ × ½eνðBþ gaγaEÞ� ¼
∂ðE − gaγaBÞ

c∂t
þ 4πeν

c
J ð1bÞ

∇ · ðBþ gaγaEÞ ¼ 0 ð1cÞ

∇ × ½eνðE − gaγaBÞ� ¼ −
1

c

∂ðBþ gaγaEÞ
∂t

: ð1dÞ

In our notation, the ∇ operator includes the metric
factors. Here, a is the axion field, ρc denotes the charge
density, and J is the electric current density. The axion-
photon coupling is gaγ ¼ gγαEM=πfa, where fa is the axion
decay constant, gγ ¼ 0.37 [5], and αEM denotes the fine-
structure constant.
Since we are interested in the long-term evolution on

timescales of thousands to millions of years, and in the
highly conductive NS interior E ≈ ðv=cÞB (where
1 km=Myr ≲ v≲ 103 km=Myr is the electron drift veloc-
ity in the crust), one can adopt some simplifying assump-
tions. In Eq. (1b), we neglect the term proportional to
∂E=∂t (standard magnetohydrodynamics approximation)
and gaγ∂ðaBÞ=∂t, which is typically much smaller than J.
We also use ∇ × ðBþ gaγaEÞ ≈∇ ×B. In the induction
equation, we neglect gaγ∂ðaEÞ=∂t. We check numerically
that the terms above contribute with small or negligible
corrections to the magnetic field evolution. We use the
simplified version of Maxwell’s equations below:

∇ · ðE − gaγaBÞ ¼ 4πρc ð2aÞ

∇ × ðeνBÞ ¼ 4πeν

c
J ð2bÞ

∇ ·B ¼ 0 ð2cÞ

∇ × ½eνðE − gaγaBÞ� ¼ −
1

c
∂B
∂t

: ð2dÞ

The system is closed with the electric field derived from
a generalized Ohm’s law [46]

E ¼ J
σe

þ J ×B
enec

; ð3Þ

where σe denotes the electric conductivity, while e and ne
denote the electric charge and the electron number density,
respectively. Equation (3) is also employed in previous
works on axions [42,44,45]. We expect σe to remain in
the same range as in the case without axions, i.e., σe ∈
½1022; 1029� s−1 (see Figure 1 in Ref. [47] for the variation
of σe in the crust). In such a range, E≲ 10−15B, which
justifies the omission of terms such as gaγ∇ × ðaEÞ.
Inserting the generalized Ohm’s law in the induction
equation, we get

∂B
∂t

¼−∇× ½η∇× ðeνBÞþfH½∇× ðeνBÞ�×B− gaγcaeνB�;
ð4Þ

where η ¼ c2=ð4πσeÞ is the magnetic diffusivity and
fH ¼ c=ð4πeneÞ. The first term in Eq. (4) accounts for
Ohmic dissipation, and the second term for the Hall drift.
The critical effect of axions is to include the third,
dynamolike term. It may be interpreted as a dynamo or
antidynamo, depending on the overall sign, and can
increase or decrease, locally, the magnetic field strength
(see the Supplemental Material [43] for the case of the
standard axion-Maxwell equations [15,20]). The activation
of the dynamo is regulated by the interplay of the Ohmic
dissipative term, the Hall term, the magnitude of gaγ , and of
the axion gradient ∇a. Dynamos (without axions) also
appear when simulating the magnetic field amplification in
proto-NSs [48–51], such as in the case of the magneto-
rotational instability with the α-Ω dynamo, or due to
magnetized convection.
Axions in dense matter.—We now review the case of NSs

sourcing axions. In Refs. [34–37] it is shown that, under
certain conditions, the in medio axion potential has minima
at a=fa ≈�π, contrarily to the in vacuo potential, which is
minimized at a=fa ≈ 0. The axion field profile in dense
matter is the solution of the Klein-Gordon (KG) equation

□a −
∂V
∂a

¼ gaγ
4π

E ·B; ð5Þ

where V is the in medio axion potential. In vacuo, the axion
potential reads as [5,6]

V0ðaÞ ¼ −m2
πf2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4mumd

ðmu þmdÞ2
sin2

�
a
2fa

�s
; ð6Þ

where mu and md are, respectively, the up and down quark
masses, and mπ ¼ 135 MeV and fπ ¼ 93 MeV denote the
mass of the neutral pion and the pion decay constant,
respectively. Finite density corrections modify the axion
potential, which in the linear approximation reads as
[34,36,37]
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VðaÞ ≈
�
1 −

σNnN
m2

πf2π

�
V0ðaÞ; ð7Þ

where σN ¼ 59 MeV and nN is the nucleon number
density. Different forms of the in medio axion potential
have been derived [34–38]. We rely on the simple potential
in Eq. (7) exclusively to determine where the shift of the
axion field takes place (see below). This occurs above the
nuclear saturation density, which may be caused by exotic
phases in dense matter [36].
The key point in Refs. [34–36,38] is that the axion field

is shifted to a=fa ≈�π at densities above a critical value,
set by the condition that the prefactor ð1 − σNnN=m2

πf2πÞ
vanishes in the NS interior [34–37]. We denote the
corresponding critical radius with r ¼ rcrit. For r > rcrit,
the axion field decreases exponentially on a length scale of
the order of the inverse axion mass in vacuo m−1

a [35,36],
with ma ¼ mπfπ

ffiffiffi
z

p
=½fað1þ zÞ� (where z ¼ mu=md ≈

0.48 [5,37]).
Typically one has 108 GeV≲ fa ≲ 1018 GeV and

10−11 eV≲ma ≲ 10−2 eV [6,12] for the QCD axion.
For the parameters employed here (fa ≈ 1015 GeV and
ma ≈ 10−9 eV) and typical NS magnetic field strengths, the
electromagnetic backreaction on the axion field in the KG
equation is negligible compared with the potential term,
and the latter gives a stiff source. The solution to the KG
equation is a field that oscillates with a frequency close to
its Compton frequency, i.e., on a timescale far shorter than
the typical, secular timescales for the NS magnetothermal
evolution. On such long timescales, only the axion profile
time averaged over several oscillations plays a role, and
it shows negligible deviations from the stationary profile
(≲ few parts in 104). We approximate the latter as in
Ref. [36], i.e.,

aðrÞ ≈
8<
:

�πfa r ≤ rcrit

�πfa
rcrit
r e−maðr−rcritÞ r > rcrit:

ð8Þ

Below we employ a=fa ¼ π at high densities. We stress
that the numerical results presented in this Letter rely on
Eq. (8), and on the values of fa, ma, and rcrit.
The potential shift ΔV due to the sourcing of the axion

field is ΔV ≈ ðmπfπÞ2 (for a ≈ πfa) [34,36], and allows us
to determine an upper limit to the magnetic energy that the
dynamo can convert, which amounts approximately to
≲ 10% of the NS binding energy [52], and exceeds by
orders of magnitude the magnetic energy expected in
magnetars. However, for energies comparable to those of
magnetars (≈ 1048–1049 erg), the backreaction on the axion
field and nonlinear saturation mechanisms may become
important and may halt the growth of the magnetic energy.
The dynamo is active as long as ∇a is maintained in the

magnetized region of the star, and operates on a timescale
τdyn ≈ jgaγc∇aj−1 [cf. Eq. (4)]. Given the axion exponential

profile in Eq. (8), τdyn varies by several orders of magni-
tude, depending on fa. As shown below, the dynamo can
make an observable difference for isolated NSs when τdyn is
shorter than the typical cooling timescale (∼ 1 Myr), which
in the crust occurs for fa ≳ 3.6 × 1015 GeV.
The dynamo mechanism.—We employ the two-

dimensional, axisymmetric magnetothermal evolution
numerical code for NSs developed by the Alicante group
[46,53–58], recently modified to include hyperon species
(GM1A equation of state [59]) in Refs. [60,61]. We
consider a NS with mass M ¼ 1.8 M⊙ with superfluid
nucleons and hyperons, with electrons, muons, and an iron-
only outer envelope (cf. Refs. [60,61] for details, and
Refs. [62–64] for superfluidity in NSs). In principle, the
equation of state and several microphysical details are
affected by a large axion field. However, the magnetic
evolution is insensitive to such changes. Indeed, NS models
obtained with different equations of state without
axions (and hence with different structural and composi-
tional properties, cf. for example, Refs. [57,58] with
Refs. [60,61]) have a similar magnetic evolution, and we
expect the same for equations of state including axions.
Hence, we include the effect of axions only via Maxwell’s
equations. Below, we focus on the A2 initial, crust-confined
magnetic configuration, with a dipolar-poloidal, quadru-
polar-toroidal field (see Table I). Other configurations (both
crust-confined and core-threading) are considered in the
Supplemental Material [43].
The total magnetic energy Emag

tot and the redshifted
thermal luminosity Lγ of the NS model are displayed in
Fig. 1. Panel (a) reports the evolution of Emag

tot for stars
sourcing axions (blue, red, and orange curves) and without
axions (green curve). To improve the stability of the
simulations, we choose fa such that E

mag
tot grows on secular

timescales. The dynamo supplies magnetic energy in the
crust at a faster pace than the dissipative processes can
reduce it. The higher fa is, the shorter τdyn is. For the
orange curve, Emag

tot is 2 orders of magnitude higher than the
model without axions after 104.5 yr.

TABLE I. Initial magnetic field configurations considered in
this Letter. The polar surface strength of the dipolar-poloidal field
is Bdip. E

mag
tor and Emag

tot are the toroidal and total magnetic energy
respectively. lpol denotes the number of poloidal multipoles. All
the magnetic configurations are crust confined, except for the C1
configuration. The latter includes also a toroidal field in the core
region confined to an equatorial torus.

Configuration Bdip Emag
tor =Emag

tot lpol

A0 1.0 × 1010 G 93% 1
A1m2;2 1.0 × 1013 G 77% 2
A1 5.0 × 1013 G 35% 1
A2 3.0 × 1013 G 0 1
C1 2.0 × 1013 G 43% 1
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Figure 1(b) shows the corresponding cooling curves.
NSs without axions match the data of thermally emitting,
isolated NSs with inferred fields ≲ 1014 G at ≳ 104 yr [65]
(stronger initial fields match younger sources, cf. the
Supplemental Material [43]). In NSs sourcing axions,
the dissipation of intense electric currents that sustain
the growing magnetic field enhances the Joule heating
rate, increasing Lγ . In general, models without axions
overlap with the data for ≲ 1 Myr (see Refs. [60,61]);
models with axions overshoot the observed Lγ of several
sources with Lγ ≲ 1033 erg=s. We expect however Lγ to

saturate to a certain level, set by the balance between Joule
heating and cooling processes (> 1033 erg=s for the
parameters employed here).
In Figure 2 we display the magnetothermal maps of a NS

without axions (top panels) and with axions for fa ¼
5.8 × 1015 GeV (bottom panels). The left hemispheres
show the contours of the toroidal field Btor ¼ Bϕϕ̂.
Overplotted are the poloidal field lines (projected onto
the meridional plane). The right hemispheres display the
redshifted internal temperature T i. The dynamo mechanism
produces rich dynamics in the bottom panels. At

FIG. 1. Magnetic energy (a) and redshifted thermal luminosity Lγ (b) versus stellar age for different values of fa and for the A2 initial
magnetic configuration (cf. Table I). The black points correspond to thermally emitting, isolated NSs with inferred fields below 1014 G
(taken from Ref. [65]).

FIG. 2. Magnetic and temperature maps for the A2 configuration. The top panels correspond to a star that does not source axions; the
bottom panels to a star sourcing an axion field with fa ¼ 5.8 × 1015 GeV. The maps extend from the NS center to the bottom of the
outer envelope, i.e., the latter is not included in the plots. The crust is enlarged by a factor of 8 for visualization purposes. The scales in
the colorbars change in time to preserve a high level of detail.
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t ¼ 4 × 104 yr, Bϕ is approximately 1 order of magnitude
stronger for a star with axions (bottom panel) than for a star
without axions (top panel). The temperature map shows
that enhanced Joule heating due to the dynamo raises T i at
the equator with respect to the top panel.
We stress that, due to unavoidable theoretical and

numerical limitations [66–71], there is a limited capability
to reproduce realistic NS magnetic field configurations,
where small-scale fields (which enhanceOhmic dissipation)
may be endemic. However, a slight increase of fa promotes
the efficiency of the dynamo, so that the fa values studied
here should remain valid even with more complex configu-
rations. We also note that such values of fa allow us to test
gaγ ≈ 10−19 GeV−1, which is orders of magnitude smaller
than the sensitivity of ADMX (gaγ ≈ 10−16 GeV−1 [21]).
Conclusion.—NSs are ideal environments to test axion

electrodynamics, and can be used to derive constraints on
the axion parameter space, complementing ground-based
axion searches [7,8,11,20,21], and to assess proposed axion
models [34–38].
We find that the coupling of axions with photons leads to

the appearance of a magnetic dynamo term in the magnetic
induction equation. In NSs sourcing axions with a ≈�πfa
[34–36], the magnetic energy of the star increases by orders
of magnitude, for certain threshold values of the axion decay
constant and axion mass. The thermal luminosity Lγ

increases by roughly 1 order of magnitude with respect to
NSswithout axions due to enhanced dissipation of the strong
electric currents that sustain the growing magnetic field.
Values of Lγ in the range ≳1033 erg=s maintained by the
dynamo are in tension with available data, in particular with
mature NSs with ages ≳104 yr and Lγ ≲ 1033 erg=s [65].
The activation of the dynamo may be prevented under

certain conditions. It does not activate if fa andma are such
that the dynamo term is sufficiently small in the magnetized
crust. Moreover, one cannot exclude a priori an efficient
mechanism, which may saturate the magnetic energy of the
star beyond a certain threshold. Another possibility is that
the axion field is not shifted to a ≈�πfa in NS interiors
[34–38].
We conclude with some caveats. The results presented in

this Letter are calculated using the axion profile in Eq. (8),
which is an approximate solution to the KG equation.
Moreover, in realistic NS magnetic field configurations,
Ohmic dissipation may be enhanced due to the presence of
small-scale fields. However, a slight change in fa increases
the efficiency of the dynamo, so that the range of fa studied
in this Letter is expected to remain similar even in the
presence of more complex configurations.
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