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Resonant axion and dark photon production in magnetic white dwarfs

Nirmalya Brahma®,” Ella Iles®,” Hugo Schérer,’ and Katelin Schutz®

Department of Physics and Trottier Space Institute, McGill University,
Montréal, Québec H3A 2T8, Canada

® (Received 7 October 2025; accepted 16 March 2026; published 3 April 2026)

Using magnetic white dwarfs as a case study, we show that the emission of sub-MeV bosons from stellar
plasmas can be substantially modified in the presence of a magnetic field. In particular, the magnetic field-
induced anisotropy and cyclotron resonance both significantly affect the in-medium dispersion relations of
the Standard Model photon. As a result, resonant level crossing between photons and other light bosons
occurs under environmental conditions that differ from the resonance criteria in unmagnetized environ-
ments. We find that the magnetic field opens additional regions within magnetic white dwarfs where
resonance can occur. These findings motivate revisiting astrophysical constraints on light bosons in
systems where the cyclotron frequency is comparable to or larger than the plasma frequency.
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I. INTRODUCTION

Axions are one of the most well-motivated extensions of
the Standard Model (SM) owing to the fact that their
existence can address the strong-CP problem [1-6] and that
they arise in the context of many string theories [7-11].
Axions can interact with SM photons via the interaction
Lagrangian
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where F* = %e’“’"’ﬂF «p 18 the dual of the electromagnetic
field strength F* and where g,, is a model-dependent
coupling [12—15]. Similarly, dark photons arise as the
gauge bosons for the simplest extension of the SM gauge
group with an additional U(1)" [16], which is yet another
feature of many string theoretic constructions [17,18].
Their dimension-four kinetic mixing with the SM photon,

K 1
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is one of the most well-studied portals to a dark sector
[19,20], characterized by the dimensionless kinetic mixing
parameter k and Stiickelberg mass m, [21].
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The production of these light, beyond-SM (BSM) bosons
can be efficient in hot, dense stellar plasmas [22]. Because of
their long mean free path, BSM particle production can have
alarge impact on stellar energy transport and evolution, even
if the emission rate is low. Various stellar observables are
sensitive to this energy loss, enabling some of the tightest
constraints on axions, dark photons, and other light degrees
of freedom [23-43]. BSM particles emitted from stellar
interiors can also convert back to photons in the stellar
atmosphere [44-51], providing more ways to constrain BSM
physics using stars.

In many stellar environments, BSM particles can be pro-
duced resonantly, leading to an emission rate that is enhanced
by orders of magnitude compared to continuum emission.
Such resonant production occurs when the kinematics of the
SM photon and the BSM particle match, leading to a level
crossing. In a vacuum, the photon dispersion relation w = k
can never cross the dispersion relation of a massive BSM
particle. However, in a medium, photons (sometimes referred
to as plasmons) have nontrivial dispersion relations that are
described by the real, Hermitian part of the photon self-
energy tensor, Re[1*¥, which can be computed using thermal
field theory both for on-shell and off-shell excitations [52].
For instance, in a classical plasma, the on-shell transverse
mode of the photon has the same dispersion relation as a
massive particle with an effective mass given by the plasma
frequency imparted by the free electrons, w, = e+\/n,/m,.
In general, I[T* is a function of the photon kinematics and the
properties of the ambient environment such as the temper-
ature and density. It is crucial to accurately determine IT* in
stellar environments in order to establish where resonant
conversion between photons and BSM states can occur, as
mismodeling of the criteria for resonant conversion can
strongly impact stellar bounds on BSM physics [28].
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The photon self-energy in a magnetized plasma is
qualitatively very different than in plasmas without mag-
netic fields, primarily due to the local anisotropy imparted
by a background vector field and the Landau quantization
of the electrons [53—-62]. In an isotropic plasma, the photon
equations of motion (EOM) are diagonalized by decom-
posing the photon field into two degenerate transverse
modes and one longitudinal mode. In contrast, the trans-
verse and longitudinal EOM are highly coupled in mag-
netized plasmas, making it necessary to find the new
independently propagating “normal modes” of the photon
by diagonalizing the EOM. These propagating modes,
which are generally all distinct from each other, are rotated
away from the transverse and longitudinal directions to a
degree that depends on both the magnitude and direction of
the magnetic field. The magnetic field does not have to be
strong in an absolute sense in order to affect the propaga-
tion of photons; i.e., it can be well below the Schwinger
field value for QED, B = m2/e ~ 4.4 x 1013 G. Rather,
the relevant comparison is between the electron cyclotron
frequency wp = eB/m, and the plasma frequency w,.
Environments with wp 2 @, will have propagating electro-
magnetic excitations that are substantially different from
their transverse and longitudinal counterparts in an iso-
tropic plasma [62], as depicted in Fig. 1.

Previous treatments of stellar energy loss from axions
and dark photons have typically not accounted for the
strong magnetic fields in stars, in part because they can be
challenging to model astrophysically. In this work, we
therefore treat magnetic white dwarfs (MWDs) as a case
study to highlight the impact of magnetic fields in deter-
mining the resonant emission rate of axions and dark
photons. Despite their Fermi-degenerate electron densities,
MWDs can host strong enough magnetic fields such that
wp X wp. Their surface magnetic fields have been mea-
sured to be as large as ~10° G [63-67], with models
generally predicting internal field strengths that are orders
of magnitude stronger. Furthermore, MWDs have relatively
simple equations of state compared to other strongly
magnetized compact objects such as neutron stars, circum-
venting the need to account for more exotic states of matter.
We find that, in large volumes of MWDs, resonant
production of BSM particles can be enabled purely by
the presence of a magnetic field. This underscores the need
for more detailed studies on how magnetic fields affect
stellar constraints on BSM physics.

The rest of this article is organized as follows. In Sec. II,
we compute the emissivity that arises from the resonant
mixing of SM photons with axions and dark photons in an
ambient magnetic field. In Sec. III, we discuss the proper-
ties of MWD interiors and relevant observables. In Sec. IV,
we compute the emissivity of axions and dark photons from
MWDs, finding that it can potentially exceed the SM
emissivity in unconstrained regions of parameter space.
Concluding remarks follow in Sec. V.
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FIG. 1. A depiction of the polarization vectors Re[¢;e~***] for
two propagating plasma normal modes in a configuration where
the magnetic field (coming out of the page) is perpendicular to the
direction of propagation. These two normal modes, which are
orthogonal to the magnetic field (purely in the plane of the page),
have components that are both transverse and longitudinal to the
direction of propagation. The third normal mode is parallel to the
magnetic field and is purely transverse to the direction of
propagation. All three normal modes have distinct dispersion
relations, providing new opportunities for resonant conversion to
BSM states.

II. PARTICLE PRODUCTION VIA RESONANT
CONVERSION IN MAGNETIZED PLASMAS

A. Dispersion relations in a magnetized plasma

The anisotropy generated by magnetic fields has a strong
impact on the dispersive properties of photons in a plasma.
Specifically, modifications to the plasma dispersion rela-
tions can be captured by the plasma mixing matrix © whose
elements are given by

”I.I

—(e,) Ty €y, (3)

where ¢/, represents the polarization vector of the Ith
polarization and where I1% is the retarded photon self-
energy tensor. We take the self-energy from Ref. [62], where
it was computed in a magnetized background using the real-
time formalism of thermal field theory in the long-wave-
length limit, @ > vk, where v is the typical velocity of a
charged particle in the plasma. In this limit, over the course of
one oscillation, the wavelength of plasma excitations is
longer than the distance traveled by thermal particles. This
allows us to neglect the effects of backreactions and electron
diffusion. Even in this limit, we treat the plasma as locally
homogeneous, because the plasma frequency and magnetic
field vary on scales much longer than the wavelength of
plasma excitations.
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A common way of decomposing the self-energy tensor is
to project onto the transverse and longitudinal directions
with respect to the photon propagation K*:

angle 0y from the direction of photon propagation, i.e.,
K* = (w,0, ksinfg, kcosOg). In the basis of transverse
and longitudinal modes, 7 is diagonal in an isotropic

plasma. The diagonal entries of st have real parts that are

ey =(0,1,0,0), €, = (0,0, cos 0, —sinOp), iven by the transverse and longitudinal form factors

T1 T2 g y g T
1 ] and 7, appearing in the dispersion relations, w}, =

€L = 02 — 12 (k. 0, wsin G, cos b)), (4) k%L + mp . More generally, in the presence of a back-

ground magnetic field, in the basis of transverse and
longitudinal modes, the Hermitian part of the plasma
mixing matrix takes the form

where we have chosen a coordinate system such that the

external magnetic field EO points along the z axis at an
|
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where H denotes the Hermitian part,l ¢y = cos Op, and sy = sinfp. The first term corresponds to contributions from the
magnetized vacuum (i.e., at zero electron density) due to nonlinear QED effects that are relevant for B 2 B;. Since we
restrict ourselves to magnetic fields below the Schwinger value, we neglect this term in the remainder of this work. The
second term, which is the focus of this paper, arises in a magnetized plasma. The form factors 7, 7 , and 7, were computed
under different environmental conditions using thermal field theory as detailed in Ref. [62]. In MWDs where the electrons

are degenerate, the form factors can be approximated in the long-wavelength limit (I_c' — 0) as

o 2 B 3 w = 1443, 1) =302,
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where w,, = w/m, and where we note that in a degen-

o 2 _
erate plasma th.e plasma fr.equen.cy 1§ given by w, =
4ran,/m.p,, with the nondimensionalized chemical po-
tential p,, = u/m, = \/1 + (37°n,)*>/m2. In this work,
we primarily consider the electron contribution to the
response tensor. Specifically, we are interested in scenarios
where wp 2 w,, which is much more easily satisfied for
electrons since wg/w, ~ 1//m.

"Note that, in the literature, it is common to denote the
Hermitian part of the self-energy tensor and the corresponding
mixing matrix as Re[[1*] and Re|z"], respectively. This is a moot
point for isotropic plasmas, where the self-energy tensor is purely
symmetric. However, this distinction is important in the context
of this work where we deal with anisotropic plasmas where these
tensors have antisymmetric components.

In the low-frequency limit (w® ~ a)Iz, < wgm,), the form

factors can be well approximated (at the subpercent level)
as 7 ~ w?, and

Wy’ @y (@ /)

? = (wp/m)*

(7)

Ty &

T~ ~
[

@* = (wp/pn)*’

In this limit, the form factors share a similar functional form
as the one derived using classical kinetic theory in a cold,
magnetized plasma [68,69], with the main difference
being the form of the plasma and cyclotron resonance
frequencies. For instance, note that the cyclotron resonance
happens at the frequency wg/u,, in a degenerate plasma.

The nondiagonal form of ; couples the equations of
motion for the transverse and longitudinal modes in the
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plasma. To obtain the independently propagating normal
modes, this mixing matrix has to be diagonalized by
solving for the eigenvalues {z;} and eigenvectors {€4}
with I = 1, 2, 3 for the three normal modes. Note that the
eigenvalues are guaranteed to be real, since we are con-
sidering the Hermitian part of the plasma mixing matrix.
Each normal mode then has its own distinct dispersion
relation, w? = k? + x;. As an example, in Fig. 1, we show
two of the propagating normal modes in a degenerate
plasma propagating in a direction perpendicular to the
magnetic field.

B. Production rate

The resonant production of a BSM state occurs when the
propagating plasma normal modes have a kinematic level
crossing with that BSM state. In such a situation, the net
BSM production rate I'” in some part of phase space can be
computed from detailed balance in terms of the absorption
rate T%, giving I'” = ¢=®/TT"A. The resonant production
|

rate of a particle X per unit volume from the /th plasma
normal mode then has the form

dnAI—>X d3p
. (2n)3F§’~X’ ®)

where P¥ = (w, p) is the four-momentum of the BSM state
X with P? = m%. This rate determines the particle flux,
which is relevant for direct detection experiments like axion
helioscopes. In this paper, we instead focus on the energy-
loss rate per unit volume (emissivity):

O = [ oy ©)

Integrating Q over the whole volume of the star yields a
“dark luminosity” which is the relevant quantity for
anomalous energy-loss signatures. For the explicit cases
at hand [62],

Oux = / dp  my ol y Gayler - Bol* X = axions, (10)
- (2’”)3 (ew/T - 1) (m%( - ﬂ[)z + (a)r}l/)z szi/ X = dark photons7

where Bj) = P"Fg”PU is the magnetic field four-vector in the rest frame of the BSM particle. The production rate in
Eq. (10) has a Lorentzian resonance width I'/, related to the in-medium damping associated with the eigenvalues of the anti-
Hermitian part of .

For the purposes of this article, we mainly focus on the resonant production of X from on-shell photons in the plasma
which happens when there is a kinematic level crossing, P? ~ K? (i.e., m% ~ 7). In astrophysical environments, the
eigenvalues of the Hermitian part of the plasma mixing matrix are generally much larger than the eigenvalues of the anti-
Hermitian part, F; < ! /w [28,70]. We have explicitly checked that this weak-damping limit is applicable to the plasmas of
interest in this work, even including the effects of strong magnetic fields. The production rate in Eq. (10) can then be
expressed in terms of a delta function:

B 2 rs(me — 2 le; - By|> X = axions,
QA’—»X_/( p myxs(my ﬂ])x{gy|1 ol (11)

27)  (e®/T =1) K*m?, X = dark photons.

In general, z; is a function of both w and k. However, having imposed a resonant level crossing with a BSM state, z; is now
formally a function of the energy and the orientation angle with respect to the magnetic field direction,

n=n(w k= N mg(, 0p). The delta function can, thus, be expressed as

dﬂ[ -

Z .

ki
w=Q,

and where the resonant frequency Q; = () is obtained by solving for the resonance condition /|, o = m?%. We
emphasize that we ultimately enforce the resonance criterion with a delta function in the energy (or frequency) domain. With the
exception of situations where 7; is independent of @ (e.g., for the transverse modes in an isotropic plasma), resonance occurs at
one particular value of @ given a fixed magnetic field and plasma frequency. This determines a resonant “shell” in frequency
space that depends on the ambient conditions in the plasma. Performing the @ and ¢ integrals, we then obtain

13
(e/ r -1) K*m3, X = dark photons, (13)

Z,m3 /2 — m> 2 le; - Byl? X = axions,
Q /d COS@BZ ,mX my % {ga}’| 1 0‘
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where we note that Z;, Q;, and ¢; are all functions of 5. A
subtle point to emphasize here is that different values of 0y
will generate a unique set of eigenmodes with distinct
eigenvalues and eigenvectors. As such, the sum over [ has
to be done before performing the integral over 0. The two
cases of parallel (93 = 0) and perpendicular (03 = 7/2)
propagation are analytically tractable, and, hence, in the
following subsections we explore these limits before dis-
cussing arbitrary values of 0p.

C. Propagation parallel to the magnetic field

The dispersion relations for propagation parallel to the
magnetic field are @® = k> + x; for the magnetized plasma
normal modes I = 1, 2, 3 with effective masses

2 2
) K
L T3 = E(I)ﬁ (14)

12 7T E (0p /)

and polarization vectors

1

1
= —(0,+i,1,0), &=
Ve U Y

= (k,0,0, ).

(15)

The resonant frequencies for level crossing between the
BSM state and the photon in Eq. (12) are given by

wB//um

Q1,2(93 =0)= iﬁ, Q(0p =0) = @Dy,
G
(16)
with corresponding wave renormalization Z factors
2(wpw,)? | @? -3 ?
Zl,2: ! 2P 712)— 5 Z3—7§ (17)
MyHm | Mx my

Evidently, the longitudinal mode of propagation remains
unaffected by the magnetic field, which is expected due to
the inherent symmetry when 6z = 0 (i.e., the motion of
charged species in the plasma is unaffected when moving
parallel to the magnetic field). In the top panel in Fig. 2, we
show the resonant frequencies Q;(0z = 0) as a function of
w,/my for several values of wp/my. One key effect of
strong magnetic fields is to broaden and shift the resonance
near w, ~ my so that resonance can occur over a broader
range of plasma frequencies. This can allow for resonant
conversion in large volumes of a star where resonance
would not occur in the absence of a magnetic field. Since
Q, >my >0 is required for resonance to occur, the
resonance criteria for these two modes can be expressed as

w
I=1:1<22< [1+-28 (18)
my My

I=1 —== wp/mx =10
—_— =2 wp/myx =1.1
— I=3 —= wp/mx=03

\

Q[/mx

——

10° 10
wp/mx

FIG. 2. Resonant frequencies w = €; from Eq. (12) as a
function of the plasma frequency (a proxy for stellar radius)
assuming different cyclotron frequencies for modes propagating
parallel (top) and perpendicular (bottom) to the magnetic field. In
an isotropic plasma, resonant conversion occurs when w,, = my
(transverse) or when @ = w,, (longitudinal). The former con-
dition is satisfied over a broad range of energies in a thin shell
inside the star, while the latter is satisfied over a broad range of
stellar radii at one radius-dependent energy. Magnetic fields
broaden the resonance at @, = my to a wider range of plasma
frequencies (radii) while preventing the resonance at w = w,, for
some plasma frequencies. In the regime w, 2 g, the resonance
condition reduces to that of an isotropic plasma. The temperature
enters as a relevant scale in the problem by determining the
degree to which different resonance frequencies €; are Boltz-
mann suppressed. Overall, strong magnetic fields enable resonant
conversion in more regions of position-energy space as compared
with an isotropic plasma of the same temperature and density.

<2 (19)

my

I =2: ;/max [O,l— o
My,

We, thus, take dQ;(0 = 0)/dcosfy to be zero in any
regions of a WD where these criteria are not met. For
wg/(myu,,) < 1, resonant production from transverse
modes occurs only in a thin spherical shell where
w, ~ my, matching the isotropic case studied in earlier
works.

Since the propagation of longitudinal modes is exactly
the same as it would be in an isotropic plasma, the resonant
production rate is [70,71]
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dQ5(05 = 0)  @p\/@p —mk

dcos By

g3y|l§0|2 X = axions,
 8a(e”/T 1) 8

(20)
K2m?, X = dark photons,

where EO is the external magnetic field in the rest frame of the medium. However, the production rate from the transverse
modes / = 1, 2 is modified by the anisotropy caused by the magnetic field:

dQ,(0p = 0) _ wpwy,\/Q — my

deosOp  Amul(e™/T —1)

Note that the axion production rate from transverse modes
vanishes when 0 = 0, since the transverse polarization
vectors are by definition orthogonal to the background
magnetic field.

D. Propagation perpendicular to the magnetic field

A similar analysis can be carried out for 0 = x/2,
which also allows for simple analytical diagonalization of
the plasma mixing matrix. The effective masses in this case
are found to be

i (e[ e
1.2 o® 12, — 0} R R + Uz '
m m

T3 = CU%,, (22)

with the I = 1, 2 polarization vectors lying perpendicular to
the magnetic field and the I = 3 polarization vector lying
parallel to the magnetic field. The corresponding resonant
frequencies of Eq. (12) are given by

T Wp m 2
Q, (93 = 5) = O[F (CUp — my)] 60?7 - ((a;_p>/+_)1
(23)

Q, (93 :’5) = /K + a?, (24)

where O is the Heaviside step function.

In Fig. 2, we show these resonant frequencies Q;(6p =
7/2) to contrast against the ;(6z = 0) case. We see that
the resonant frequencies differ significantly between these
two special orientations, implying anisotropic production
of dark photons and axions as discussed further below.

The resonance criteria for 8z = 7/2 are

I=1: L> [1+—, (25)

Db _

(21)

=3 {0 X = axions,
k> X = dark photons.

|

with dQ;(0g = 7/2)/dcosfp =0 in regions of a WD
where these criteria are not satisfied. As in the 83 = 0 case,
in the limit wg/my — O the resonance criteria and emis-
sivities reduce to the values obtained assuming an isotropic
plasma. Similarly, the / = 3 mode in this case is identical to
the transverse mode in an isotropic plasma, with resonant
conversion occurring in a thin spherical shell of the WD
where @ p ~ Myx. For axion production, the conversion rate
also depends on the projection of the B field along the
respective polarization vectors:

€12 Byl* =0, le3 - By = 0?B*/ (0 = k%), (27)
whereby it is evident that the 1,2 modes do not resonantly
produce axions if 0z = /2.

E. Propagation in any direction

While the 83 = 0 and 0z = n/2 cases are helpful to
build intuition, in realistic astrophysical environments it is
necessary to integrate over arbitrary magnetic field ori-
entations. For arbitrary values of 6, the primary challenge
lies in solving the characteristic equation of 7t (in the 7', L
basis), which is a cubic polynomial. While this equation
simplifies considerably in the two special cases discussed
above, it becomes more intricate for general 63. We employ
a version of Cardano’s method to obtain the roots [72].
Once the eigenvalues are determined, the corresponding
eigenvectors—which are particularly crucial for computing
axion couplings due to the dot product with B,—are
extracted using standard techniques. The new polarization
vectors € = {€, €5, €, } are obtained from € = {€},, €7, €] }
by using € = € - A, where the diagonalizing matrix A is
obtained by adjoining all the eigenvectors of 7.

By solving for the eigenvalues and eigenvectors at each
point inside a WD and across all plasma propagation
directions, we can compute the emissivity via Eq. (13).
Figure 3 shows the differential emissivity dQ/dQ as a
function of #p at three representative plasma frequencies.
The relative contribution of different 05 to the total
emissivity varies substantially, particularly for axion pro-
duction due to the sensitivity to (¢; - By). For instance, the
differential axion emissivity drops sharply at 0z = n/2
because of the lack of transverse production. These results
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FIG. 3. Angular profile of the differential emissivity of 7 keV

dark photons and axions, summed over all eigenmodes at
three representative plasma frequencies. Here, we assume a
temperature 7 = 0.2 keV relevant to MWDs and a cyclotron
frequency wp = 6 keV, corresponding to a magnetic field
strength of ~5.17 x 10! G inside the MWD. See Sec. III for
further details on the range of possible internal magnetic field
strengths in MWDs.

emphasize that, in magnetized environments, the emissivity
is highly directional, highlighting a significant qualitative
difference compared to emission from an isotropic plasma.
Despite the fact that the differential emissivity dQ/dQ is
strongly dependent on 8z, we emphasize that the total
emissivity Q does not depend on the orientation of the
magnetic field. The integral over 8z and the sum over [ in
Eq. (13) account for all possible sources of energy loss
from every configuration. To see this, note that we can
always choose local coordinates where the magnetic field
points along the z axis to perform the sum and integral
before moving to another region of the star and construct-
ing similar local coordinates there. Thus, the only thing that
affects the integrated dark luminosity is the magnitude of
the magnetic field as a function of position, even if the
direction of the magnetic field varies within the star.

III. MAGNETIC WHITE DWARFS

MWDs are particularly compelling astrophysical targets
to search for new physics. One appealing feature of WDs
is the absence of nuclear reactions to generate energy inside
the star. This implies that the primary SM cooling mech-
anisms are plasmon production of neutrinos from inside the

WD and photon emission from the surface [73]. Adding
novel BSM cooling channels can, therefore, have a rela-
tively clear impact on the observed properties of WDs. For
instance, their luminosity function appears to favor addi-
tional energy-loss mechanisms beyond these standard
predictions [39,74], although these findings could be the
result of survey selection effects [75]. Some WDs have
pulsating brightness variations, and the rate at which this
period decreases depends on the cooling rate of the star.
The pulsation period change rate is, thus, another observ-
able from which we can constrain extra BSM cooling
mechanisms [76]. The initial-final mass relation, which
relates the final mass of a WD to the initial stellar mass
(S8My), is also affected by extra BSM energy-loss
channels throughout the lifetime of the star [77]. All of
these observable WD properties highlight the importance of
the dark luminosity, defined as the total energy-loss rate
through BSM particle production channels.

Aside from the BSM constraints they provide, WDs are
appealing targets because of their relative simplicity. The
nearly isothermal temperature profiles and density profiles
of WDs are relatively well known and can be calculated for
different WD masses and ages. To capture the variation in
density and temperature between different WDs, we con-
sider an ensemble of WDs at two representative masses
simulated using the modules for experiments in stellar
astrophysics (MESA) framework [78-83]. In particular, we
adopt the 0.5M, model from Ref. [84] and the 1.3M
model from Ref. [85], which make use of a grid of cooling
models from Ref. [86]. The temperature and plasma
frequency as a function of radius for these models are
shown in Fig. 4. The plasma frequency profile is relatively

=<

2 1 \\\
- \
A I
2, 1 T
Y 1 : \\\\
0 ' .
. — M =13M,
— M =05M,

----- 90th percentile

0.010

0.005
7/Re

0.000

FIG. 4. Temperature and plasma frequency profiles for real-
izations of MWDs with different masses simulated using MESA
[84,85]. The median profiles are shown as solid lines within the
68% containment bands.
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robust to different realizations at the same WD mass but
varies substantially between WDs with different masses.
The heaviest WDs we consider, which have smaller radii
and correspondingly larger densities, have plasma frequen-
cies that are about an order of magnitude larger than those
of the lightest WDs. This indicates that the magnetic fields
in heavy WDs have to be correspondingly larger to have the
same impact as they would in lighter WDs. Meanwhile, the
temperature profiles exhibit a somewhat broader variation
between WDs of a given mass due to the impacts of
different cooling models and ages but do not vary quite as
much between WDs of different masses. Since the temper-
atures in a given realization are relatively uniform through-
out the WD, we take the 90th percentile temperature profile
as a suitable representative for hot WDs of a given mass.
Because the BSM emission rates are exponentially sensi-
tive to the temperature (due to the phase space factor in the
emissivity integral), we also consider WDs with the median
temperature profile, finding that the results are qualitatively
similar to those obtained using the 90th percentile temper-
ature profile.

Several hundred MWDs have been observed, with
measured surface magnetic fields ranging from 10° to
10° G [63-67]. Several models have been put forward to
describe the magnetic field configuration of the WD
interior [66,87-93]. However, from an observational point
of view, the internal field structure remains poorly con-
strained and may differ substantially from the measured
values at the surface. Various models predict that the core
magnetic field strength can be more than 100x stronger
than the surface magnetic field [84,90], while other models
establish theoretical upper bounds on the internal field
strength extending up to 10'°-10'® G [94-96]. Given this
uncertainty, we adopt a simplified model assuming a
uniform magnetic field inside the MWD, which we vary
in order to quantify the effects of different magnetic field
strengths. This simplified model is purely for illustrative
purposes, and the use of more realistic magnetic field
profiles will be the topic of future work. As argued in the
previous section, our calculation of the dark luminosity
depends neither on the orientation of the magnetic field nor
on the magnetic field pointing coherently in some direction
over any appreciable volume of the star.

IV. EMISSION FROM MAGNETIC
WHITE DWARFS

To facilitate the comparison of energy-loss rates between
different models, we adopt fiducial values of the dark
photon kinetic mixing &y =«/107'° and axion-photon
coupling gio = g,,/1071° GeV~'. We also present BSM
luminosities in terms of two benchmark luminosities that
meaningfully contribute to WD energy loss: (i) photon
cooling from the surface of the WD (i.e., Mestel’s cooling
law), which is dominant for the majority of WDs, and

(i) neutrino emission via the plasmon decay process, which
is the dominant cooling channel for young, hot WDs. For
the purposes of comparison with resonant conversion to
BSM states, which leads to emission throughout a large
volume of the WD, we adopt an effective photon energy-
loss rate per unit mass of 3.3 x 1073 ergsg™'s™! x
(T/107 K)*3 throughout the entire WD [73]. To obtain
a volumetric emissivity (i.e., Q,) analogous to Eq. (13), we
multiply the effective photon energy-loss rate per unit mass
by the MWD densities as appropriate for the 0.5M and
1.3M 5 MWD density profiles considered in this work.
Meanwhile, we adopt the energy-loss rate per unit volume,
Q,, from Ref. [34] for the neutrino plasmon process. Since
this process involves in-medium photons in the initial state,
the phase space factors in the emissivity are the same as
those appearing for resonant conversion, making this an
especially relevant comparison.

In Fig. 5, we show an example of the differential
emissivity profile dQ/dQ at 0z = zn/4. For resonant
conversion to axions and dark photons in an isotropic
plasma, the longitudinal mode dominates the emissivity
over a broad range of stellar radii, while the transverse
modes appear as a sharply peaked resonance at one specific
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FIG. 5. Differential emissivities for 7 keV dark photons and

axions at Oy = /4 assuming the 0.5My MWD plasma fre-
quency profile and assuming that the temperature is in the 90th
percentile of MWDs at that mass. We assume a cyclotron
frequency of wz =6 keV (5.17 x 10!! G) inside the MWD.
The dashed line denotes the emissivity from the resonant
conversion of longitudinal modes, computed assuming dispersion
relations for an isotropic plasma. Similarly, the vertical dotted line
denotes the radius r; where resonant conversion of transverse
modes is possible.
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stellar radius r = r;; where the plasma frequency matches
the mass of the BSM state. In contrast, in the presence of a
magnetic field, resonant conversion to axions and dark
photons can occur over broad ranges of radii for all three
normal modes of propagation. Consequently, magnetic
fields allow multiple plasma modes to simultaneously
contribute to the resonant production of BSM states across
different radii where such production was previously
thought to be kinematically forbidden. Furthermore, the
bifurcated structure of the / = 3 mode is a direct conse-
quence of the magnetic field-induced anisotropy. The field
introduces an angular dependence to the photon effective
mass; consequently, the gap in the emissivity profile arises
because the resonance condition with the modified effective
mass is not met for photons propagating at 0z = z/4, in
contrast to the isotropic case. A common trend among the
three normal modes is that resonant conversion tends to
have the largest local emissivity at the largest kinematically
accessible radius. This is primarily because of the relatively
steep density profile and flat temperature profile, which
causes the thermal number density of photons to be most
highly suppressed at small radii where w, > wp > T.

In Fig. 6, we show the total emissivity from resonant
conversion for several dark photon and axion masses
summed over all three propagating normal modes.
Isotropic plasmas have no emissivity from resonant con-
version in regions where r > rj, because it is not kinemat-
ically possible. In the magnetized case, because of the altered
plasma dispersion relations, the outer layers of the star
(r > rj) can support resonant conversion into axions and
dark photons, even when @, < my. This opens the possibil-
ity of resonant BSM particle production for values of my that
are larger than the maximum plasma frequency, which would
otherwise be impossible in the absence of a magnetic field.

In Fig. 7, we show how varying the internal magnetic field
impacts the local emissivity. In the limit where wp < w),
everywhere in the star, the emissivity converges to the
isotropic limit, as expected. As the magnetic field strength
increases, the differences become more pronounced, for
instance, with emission in regions where r > rj,. For large
enough values of the cyclotron frequency, the resonant
frequencies in the outermost regions of the star become
highly Boltzmann suppressed, quenching resonant conver-
sion rates.

For axion production, emission via resonant conversion
has been relatively overlooked compared to other produc-
tion channels. However, as discussed in Ref. [71] and
shown in Fig. 8, the production rate from resonant con-
version can be comparable to or even much larger than
other production channels. For keV-scale axion masses, the
typical production mechanisms considered in previous
studies are Primakoff production (via photons scattering
onnuclei) and 2 — 1 coalescence [42,77,97,98]. Comparing
these rates (calculated using the expressions from
Refs. [97,99]) to resonant conversion in Fig. 8, we find that,

— m=15keV
m = 25 keV
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FIG. 6. Total emissivity for several dark photon and axion
masses assuming the 0.5M o MWD plasma frequency profile and
assuming that the temperature is in the 90th percentile of MWDs
at that mass. We assume a cyclotron frequency of wz = 6 keV
(5.17 x 10'! G) inside the MWD. The dashed lines denote the
emissivity from the resonant conversion of longitudinal modes,
computed assuming dispersion relations for an isotropic plasma.
Similarly, the vertical dotted lines denote the radii where resonant
conversion of transverse modes is possible. Note that even when
using the dispersion relations of an isotropic plasma, we still
assume wp = 6 keV, since a magnetic field is necessary for axion
production.

in the presence of strong magnetic fields, resonant conver-
sion is by far the dominant mode of production. This is
primarily due to the ~B? scaling of the resonant conversion
rate, in contrast to the other rates which are independent of the
magnetic field.

Meanwhile, sub-keV axions with m, < T are typically
assumed to be produced via electron-nucleus bremsstrah-
lung, a process which is Boltzmann suppressed at high
axion masses [100—103]. There is some model dependence
in relating processes purely involving factors of g,, with
ones involving the coupling to electrons, described by the
Lagrangian

gae -
LD z—me(aﬂa)ey"yse. (28)

A useful parametrization for comparing the axion-electron
and axion-photon couplings is [104]
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FIG. 7. The same as Fig. 6 but fixing the BSM particle mass at
7 keV and varying the strength of the magnetic field.
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where C,, and C,, are dimensionless coefficients and
where f, is the axion decay constant. One representative
scenario is the Dine-Fischler-Srednicki-Zhitnitsky-type
axion, which has a tree-level coupling to electrons such
that C,, = C,, [14,15,105]. Meanwhile, for Kim-Shifman-
Vainshtein-Zakharov-type [12,106] axions (also known as
W-phobic axions), the coupling to electrons does not
appear fundamentally but rather as an effective coupling
through loop-suppressed diagrams, yielding C,, = 1.6 X
10_4Ca7 [45,107]. We emphasize that, while we refer to
QCD axion scenarios to motivate representative values of
Cye/Cqy» the axions considered in this work belong to the
broader class of axionlike particles and are not limited to
the QCD axion paradigm. Despite the fact that resonant
conversion can occur only near the surface of the WD, we
find that it can be comparable to or dominate over
bremsstrahlung production of sub-keV axions for models
with C,/C,, €[1.6 x 107*,1], as shown in Fig. 8. For
completeness, we also show the rate for electro-Primakoff
(EP) production, where an axion is emitted from the photon
exchanged between an electron and a nucleus undergoing
Coulomb scattering. The ratio of the emissivities between
EP and bremsstrahlung is given by [45,99,101]

Resonant === Primakoff
=== Bremsstrahlung === Coalescence
10° 4 m, = 7 keV
Do 2
3 10
<
~ 107!
&
X
R —4
®‘§10 ”———~\
H‘NG% ’f”’ )
1077 -7 I
- 1
””’ I
107 | ma= 1072 keV
Cue = Cq
e et -
2 104 //” ~\\\
~ / \
~ I \
s \
< 10" X
- \
ol \
~FS10-2 | [ b
S P T RIS
’ \
1072 = . . . - l\
0.0 02 0.4 0.6 0.8 1.0
r/Rwp
FIG. 8. Axion emissivity via resonant conversion for m, 2 T

(top) and m, <T (bottom) compared to emissivity from
other axion production channels. For heavier axions, the relevant
channels are Primakoff off of nuclei and 2 — 1 coalescence. For
lighter axions, bremsstrahlung is the relevant channel. In com-
puting these rates, we assume the same MWD properties as in
Fig. 6 and further assume that the MWD is comprised of carbon.

QEP a2 C(l}’ 2 T 2
Qbrem ~4”2 <Cae> <me> ‘
For WD temperatures (7" < keV), the EP emissivity is
always highly subdominant compared to bremsstrahlung.
The cooling of MWDs can be significantly enhanced by
the emission of BSM particles, which carry energy away as
they freely escape the stellar interior. This energy loss is
quantified by the dark luminosity Ly = f dV Qy, which is
shown in Fig. 9 for both dark photons and axions.
Specifically, we show contours in parameter space where
Ly =L, and Ly = L,, the fiducial photon luminosity via
Mestel’s law [73] and the neutrino luminosity via the
plasmon process [34]. Note that these contours do not
constitute bounds on the parameter space but rather
indicate interesting regions of parameter space where the
BSM and relevant SM luminosities are comparable.
When including the effects of magnetic fields on the
plasma dispersion relations, there are competing effects that
contribute to the overall luminosity: Resonant conversion is
possible in distinct regions of the star, and the local
emissivity can either be suppressed or enhanced depending

(30)
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FIG. 9. Contours of constant dark luminosity where Ly = L, (left) and Ly = L, (right) for axions (top) and dark photons (bottom).
Note that these contours do not constitute a constraint. We assume plasma frequency profiles corresponding to 0.5M , (transparent lines)
and 1.3M, (opaque lines) MWDs and assume temperatures corresponding to the 90th percentile values for each WD mass. Solid lines of
different colors correspond to resonant conversion rates determined using different cyclotron frequencies. We also show the luminosity
contours arising from resonant conversion computed assuming the dispersion relations for an isotropic plasma (dotted). For axion
emission, the Primakoff and coalescence luminosities are subdominant to resonant conversion. Bremsstrahlung emission at low masses
is also subdominant to resonant conversion unless C,, ~ C,,. Existing limits from stellar energy loss [42,43,77,108] are shown as gray

shaded regions.

on the exact configuration and local environment. Therefore,
the question of whether the emission is enhanced or
suppressed by the magnetic field is likely sensitive to
the assumed magnetic field profile. In this work, adopting a
uniform magnetic field reveals that emission from a
magnetized plasma can differ by a factor of a few across
the parameter space relative to particle emission from an
isotropic plasma. The similarity in the two emission rates is
the result of compensating relative enhancement and
suppression across different stellar regions, since the two

emissivities can locally differ by orders of magnitude (see
Figs. 6 and 7). The net difference, integrated over a star,
could be much larger in the presence of more physically
realistic magnetic field profiles, which are expected to
vary spatially [66,90,94,109]. Regardless of whether we
use the dispersion relations for an isotropic or magnetized
plasma, we find that resonant conversion to axions and
dark photons can potentially be a very efficient source
of dark luminosity in MWDs. This strongly motivates a
more detailed study involving self-consistent simulations of
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MWDs with realistic magnetic field profiles, which we
leave to future work.

V. DISCUSSION AND CONCLUSIONS

Magnetic fields are ubiquitous in astrophysical plasmas
where tests of BSM physics often rely on resonant level
crossing between photons and BSM states. However, there
has been relatively little work exploring the effect of
magnetic fields on the photon dispersion relations that
are responsible for these level crossings. Therefore, in this
proof-of-concept work, we have used MWDs as a case
study to demonstrate how the resonant emission of axions
and dark photons is strongly affected by the altered
dispersion relations inside a magnetized plasma. We have
focused purely on the kinematic aspects of this effect,
which alter dark photon production despite the fact that the
coupling of dark photons to photons does not require the
presence of an ambient magnetic field (in contrast to
axions). The same kinematic arguments would also affect
the emission of other light bosons like B — L vectors and
scalars coupling to leptons and nuclei. We leave the
exploration of such models to future work.

We find that the local BSM emissivity inside MWDs is
qualitatively completely different compared to what one
would obtain using the dispersion relations of an unmag-
netized, isotropic plasma. Different normal modes of
propagation can resonantly convert to dark photons and
axions in distinct regions of the stellar plasma, and the
emissivities in those regions can be strongly enhanced or
suppressed (by many orders of magnitude) relative to the
isotropic case. Therefore, if they exist, BSM particles
could, in principle, probe the densities and magnetic fields
in different layers of the stellar interior. This raises the
tantalizing possibility of axion or dark photon astronomy,
where the internal structure of dense stars could be inferred
from their BSM emission profiles. We also found that
resonant conversion, which has long been known to be the
dominant channel for dark photon production in stars, can
also dominate over bremsstrahlung and Primakoff emission
for axions, in agreement with Ref. [71].

The present work, which serves to emphasize the impact
of internal magnetic fields, can be extended to treat BSM
particle emission assuming more realistic MWD magnetic
field profiles in a self-consistent way. Notably, we assumed
a static MESA-inspired model without accounting for any
backreactions from BSM energy loss. These backreactions
have been shown to be substantial in other stellar con-
straints on BSM physics [41-43] and could also be
important for MWDs. For simplicity, we also assumed a
uniform internal magnetic field; a more realistic configu-
ration could potentially increase the impact of anisotropy
on the emissivities and dark luminosity. In fact, realistic
magnetic field configurations, characterized by complex
radial and angular dependencies [66,90,94,109], could
provide a significantly larger parameter space for resonance

conditions to be satisfied. Such spatial variability would
likely yield distinct phenomenological signatures and
would require a dedicated numerical study, as the reso-
nance geometry becomes increasingly nontrivial compared
to the uniform-field limit. Even with the simplifying
assumptions we made in this work, we found that the
emissivity from BSM states in a magnetized plasma could
be comparable to the relevant SM energy-loss channels in
unconstrained regions of parameter space. This indicates
that, with self-consistent simulations, it may be possible to
set very strong new constraints on axions and dark photons.
We leave an exploration of this to future work.

While we focused on the dark emissivity and luminosity,
other properties of MWDs can be used to constrain BSM
physics. For instance, axions produced in the core of
MWDs can convert to photons before they escape the
magnetosphere, giving rise to x-ray emission from the star.
The null observation of this signal yields strong constraints
on axions [44-48]. It would be interesting to explore
whether including the resonant conversion channel in
these analyses could provide a strong constraint on g,
alone (since the dominant production channel is typically
assumed to be from bremsstrahlung emission, these
searches have thus far been sensitive to the product g,,gq,)-

Our work raises several other possible extensions of these
types of searches. For example, BSM particles emitted from a
magnetized plasma are produced from one of the three
normal modes, whose properties (dispersion and polariza-
tion) are highly dependent on the ambient density, temper-
ature, and magnetic field. If the BSM particles reconvert in a
different ambient environment (whether in the stellar mag-
netosphere or in a terrestrial detector [110]), the resulting
photon will be in some nontrivial superposition of the local
normal modes, possibly leading to distinct polarimetric or
absorption signatures [111,112]. Another interesting dis-
tinction is that, in contrast to the integrated dark luminosity,
searches for BSM particles converting back to photons can be
highly directionally dependent. Since we find a very strong,
model-dependent directional dependence in the emissivity
(i.e., depending on the relative orientation of the magnetic
field and outgoing particle), there could potentially be a large
impact on the expected signal strength. This further motivates
future work incorporating more realistic models of internal
magnetic fields, including the directional profile rather than
just its magnitude. Finally, we have focused primarily on
MWDs as a model system due to their relative simplicity, but
any environment where wg 2 @, will be subject to the same
considerations that are discussed here. Neutron stars are a
noteworthy example. We leave exploration of all of these
extensions to future work.
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