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Axions are hypothetical particles that could address both the strong charge-parity prob-
lem in quantum chromodynamics and the enigmatic nature of dark matter. However, if
axions exist, their mass remains unknown, and they are expected to interact very weakly
with the electromagnetic field, which explains why they have not been detected yet. This
study proposes a way to substantially augment the axion-photon interaction by confining
the photons within high-quality-factor dielectric resonators, increasing their intensity and
lifetime, and thus the possibility of interacting with axions in the background. In view of
this, we study resonant axion-mediated photonic transitions in millimeter-sized spherical
dielectric resonators, based on fully analytical calculations to the first order in perturbation
theory. Such resonators exhibit high-lifetime Mie resonances in the microwave part of the
spectrum, with a separation that can be tailored with the radius of the sphere to match the
expected axion frequency, allowing axion-mediated photonic transitions when particular
selection rules are fulfilled. We predict experimentally accessible axion mass regimes
where such triply resonant transitions can be realized with standard dielectric resonators.
We propose an experiment for probing such interactions named DARK-ROSE.
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I. INTRODUCTION

One of the main mysteries in our current understanding of the physical world is dark matter,
which is believed to constitute a significant portion of the total mass of the universe [1–5]. Despite
its abundance and crucial role in explaining the structure and formation of the universe, dark matter
remains undetected due to its weakly interacting nature. A potential candidate for this is the axion
[6], an elementary particle proposed independently as a solution to the strong charge-parity (CP)
problem in quantum chromodynamics (QCD) [7]. Essentially, this problem revolves around the
nonviolation of CP symmetry by the strong nuclear force. This is quantified by a parameter named θ ,
which has been measured as zero (�10−10) in all experiments [8], suggesting a puzzling fine-tuning
problem. In order to solve this problem, in the 1970’s Roberto Peccei and Helen Quinn proposed
a new field, known as the Peccei-Quinn field [9], from which the axion particle emerges [10,11].
Given that the existence of axions offers a promising solution to both the enigmatic nature of dark
matter and the strong CP problem, the research on them is vitally important.
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Motivated by the original proposal for axions discussed earlier, the concept was extended beyond
the strict framework of QCD, leading to proposals that constitute a broader class of axionlike
elementary particles [6,7,12–19] that serve more general theoretical and observational purposes. The
common property of all axion and axionlike particles is that they are bosons that interact very weakly
with the electromagnetic (EM) field through a mixing between the electric and the magnetic field.
Interestingly, such a mixing of the electric and the magnetic field is possible (without the need for
cosmic axions) in exotic solid-state materials, so-called magnetoelectric (ME) or Tellegen materials.
This class of materials was first conceptually conceived by Tellegen [20], while independently, the
ME effect (equivalent to Tellegen) was conceptualized by Landau and Lífshíts [21] and predicted in
Cr2O3 by Dzyaloshinskii [22], followed by experimental verifications [23]. However, until now, the
observed ME phenomena are negligible in most materials with the exception of certain topological
insulators, also called axion insulators [24–27], and more specifically, the antiferromagnetically
doped topological insulators, where axion quasiparticles can arise due to the intrinsic magnetic
properties and the unique structure of the material [28–31].

Now, a possible enhanced coupling between axion quasiparticles (solid-state axions) and cosmic
axions [28,29] has generated proposals for a new generation of cosmic axion detectors named
TOORAD (topological resonant axion detection) [32]. We note here that searching for cosmic
axions is like tuning a radio: it needs a specific frequency but we do not know what that frequency
is (where the role of the frequency is played by the mass of the axion). In this respect, the TOORAD
experiment will search for cosmic axions with a mass of 0.7–3.5 meV/c2, it complements,
rather than replaces, more established experimental avenues such as haloscopes and helioscopes.
Haloscopes, like ADMX [33–35], are designed to detect axions from the Galactic dark matter halo
(masses ∼µeV/c2) by converting them into photons inside a microwave cavity tuned to the axion
mass. More recently, dielectric Haloscopes [36,37] and plasma Haloscopes [38–40] have also been
proposed. In contrast, helioscopes such as CAST [41,42] and the next-generation IAXO [43,44]
aim to detect axions produced in the Sun via their conversion into x-rays in a strong magnetic field.
Together, these approaches, along with others, cover complementary regions of the axion parameter
space.

If axions (pseudoscalar bosons with spin S = 0) exist, they will interact with the photon (vector
boson with spin S = 1) in a very specific way. A photon γi could absorb an axion α to produce a
photon γf with increased frequency, i.e., γi + α → γf . Alternatively, a photon γi could produce an
axion α and a photon γf with a lower frequency (γi → γf + α). Such processes that involve two
photons and one axion [45] are obviously allowed and can be viewed as axion-mediated transitions
from photon γi to photon γf . We note here that for photons with energies in the ∼µeV scale that
we will consider in this work, the momentum is on the order of ∼µeV/c, while the momentum
of nonrelativistic dark matter axions (like the ones investigated with Haloscopes [36]) with mass
∼µeV/c2 is expected to be on the order of ∼neV/c, which is negligibly small compared to that
of the photons. In view of this, the axion acts as an energy reservoir, enabling photonic transitions
without significant momentum mismatch [46].

Since the axion-photon-photon coupling constant gαγ γ is very small, here we propose a strategy
to substantially enhance the photon intensity and lifetime inside a high quality-factor (Q) dielec-
tric resonator, increasing in this way the probability for axion-photon interactions when axions
with specific mass exist in the background, and particular selection rules are being respected. A
conceptually related approach employing (super)conducting cylindrical cavities was discussed in
Refs. [47–49]; however, here we extend the concept to all-dielectric spherical resonators, providing
fully analytical calculations to first order in perturbation theory and deriving the corresponding
selection rule based on group theory. At first, in Sec. II we define the distinct multipolar eigenstates
of the electromagnetic field inside a spherical dielectric resonator. In Sec. III, we come up with
the axion-photon interaction expressed through a new term in the Maxwell Lagrangian. In Sec. IV,
we set up the resonant axion-mediated photonic transitions evaluated to first order in perturbation
theory and establish the selection rules that govern such transitions. This approach is sufficient for
our purposes, while at the same time allowing for a deeper insight into the underlying physics. In
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Mie resonance frequencies 

FIG. 1. Discrete photonic Mie resonance frequencies for a spherical dielectric resonator of radius S
corresponding to fundamental (ν = 1) TE (blue) and TM (red) modes of angular momentum �. The dots
indicate the presence of additional modes beyond the displayed range.

Sec. V, which is devoted to the discussion of our results, we provide our fully analytical calculations
for the enhancement of the axion-mediated photonic transition rates in the presence of an optical
resonator and give specific results. The last section summarizes the main findings of the paper.

II. PHOTONIC RESONANCE FREQUENCIES OF A SPHERICAL MIE RESONATOR

We will consider a homogeneous and isotropic dielectric sphere (relative permittivity ε, relative
permeability μ) of radius S in air (free space permittivity ε0, free space permeability μ0). Scattering
of light by such a sphere can be solved analytically in the framework of Mie theory [50–52],
assuming a spherical expansion of both incoming and outgoing fields. By doing so, multiple peaks
appear in the corresponding scattering cross-section spectrum, the so-called optical Mie resonances.
Each Mie mode is characterized by the polarization type: magnetic type (transverse electric, TE) or
electric type (transverse magnetic, TM), the angular momentum index �, and the magnetic number
m. We note here that due to spherical symmetry, these modes are degenerate (2� + 1 degeneracy).
Although these modes have a finite lifetime, when the refractive index of the scatterer is high
and the losses are small, the lifetime is long, leading to measured quality factors on the order of
Q ∼ 101–103 for materials such as silicon [53], titania [54,55], alumina [56,57], or other novel
ceramics [58] for small multipole indices (� � 5), depending on the particle size and the frequency
band. The quality factor of the resonances scales with the � index [59], while for high values of �

[whispering gallery modes (WGMs)] the measured quality factors are on the order of ∼105–1010

[60–65]. We note here that these quality factors correspond to room temperature. Throughout
this work, we restrict our analysis to fundamental modes with radial index ν = 1. In Fig. 1, we
schematically show the resonance frequencies of the different spectrally separated Mie modes of a
spherical dielectric resonator. The electric and magnetic fields, inside the sphere, of a TE mode with
resonance frequency ω1 are given by the expressions [66–68]

EM�m(r; ω1) = aM�m j�(q1r)X�m(r̂),

BM�m(r; ω1) = −i
√

εμ

q1c
aM�m∇ × ( j�(q1r)X�m(r̂)), (1)
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TABLE I. Character table of the O(3) Lie group (� =
1, 2, 3, . . .). Rθ are rotation operations through an angle θ (θ ∈
[0, π ]) about an axis, and I is the inversion operation.

O(3) Rθ IRθ

D(�=0)
g 1 1

D(�=0)
u 1 −1

D(�)
g

sin (2�+1)θ/2
sin θ/2

sin (2�+1)θ/2
sin θ/2

D(�)
u

sin (2�+1)θ/2
sin θ/2 − sin (2�+1)θ/2

sin θ/2

while those of a TM mode with resonance frequency ω2 are given by the expressions

EE�m(r; ω2) = i

q2
aE�m∇ × ( j�(q2r)X�m(r̂)),

BE�m(r; ω2) =
√

εμ

c
aE�m j�(q2r)X�m(r̂), (2)

where q1,2 = ω1,2
√

εμ/c, c = 1/
√

ε0μ0 being the velocity of light in vacuum; j� are the spher-
ical Bessel functions that are finite everywhere; and X�m(r̂) are the vector spherical harmonics,√

�(� + 1)X�m(r̂) ≡ −ir × ∇Y�m(r̂). The expansion coefficients aP�m, P = E , M, have units of
electric field (V/m).

The symmetry group of a spherical particle, which involves both proper and improper rotations,
is the O(3) Lie group. The character table of the O(3) group is shown in Table I. The subscripts g
(gerade) and u (ungerade) denote the parity of the multipole, i.e., g for even parity and u for odd
parity. We note here that if we assign the index P = 1 for magnetic multipoles (TE) and P = 2
for electric multipoles (TM), then the sum P + � defines the parity of the Mie mode (even or odd)
[68,69].

III. AXION-PHOTON INTERACTION

The interaction between axion and photon is described by an additional term in the Maxwell
Lagrangian [8,45,70–74] (Lagrangian density, units eV/m3)

Lαγ γ = −gαγ γ α(r, t )E · B, (3)

where α(r, t ) is the axion field in units of eV, gαγ γ = g̃αγ γ /μ0c, where g̃αγ γ is the axion-photon-
photon coupling constant expressed in units eV−1. We note here that, although the factor 1/μ0c
is taken as unity in natural units, it must be explicitly included when working in the SI system
[38,73,75,76], as we do throughout this paper. In the presence of this term, the Maxwell equations,
in a linear medium (ε, μ) without conventional [77] free sources (the axionic terms now play the
role of sources), can be recast as follows [8,72,73,78]:

∇ · (ε0εE) = gαγ γ B · ∇α(r, t ), ∇ · B = 0 ,

∇ × E = −∂B
∂t

, ∇ ×
(

1

μ0μ
B

)
= ∂ (ε0εE)

∂t
+ gαγ γ

(
E × ∇α(r, t ) − ∂α(r, t )

∂t

)
, (4)

whereby by setting the following constitutive relations:

D = ε0εE − gαγ γ α(r, t )B, (5)

H = 1

μ0μ
B + gαγ γ α(r, t )E, (6)
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we obtain the following set of equations:

∇ · D = 0, ∇ · B = 0 ,

∇ × E = −∂B
∂t

, ∇ × H = ∂D
∂t

. (7)

Equation (7) is identical to the common Maxwell equations in matter [77] (without free sources).
This is analogous to light traveling in an axionic medium [27,78] that mixes the E and B fields.

IV. AXION-MEDIATED PHOTONIC TRANSITIONS

In the case of cold dark matter, the axion can be considered as a coherent pseudoscalar classical
field [28,29,32,79]

α(r, t ) = A(r) cos �αt, (8)

where �α = mαc2/h̄ is the axion angular frequency and mα is the axion mass. In this treatment,
we approximate the galactic axion field as monochromatic, since its expected quality factor is very
large, namely, Qα ∼ 106 [80–82]. Since the axionic field varies in time with angular frequency �α , it
can induce inelastically scattered light beams with angular frequencies ω − �α (Stokes) and ω + �α

(anti-Stokes), as in typical Brillouin (inelastic) scattering of light by matter excitations [67,83–87].
In the special case where ω is a resonance frequency of the photonic resonator and ω ± �α is also a
(discrete) resonance frequency of the resonator, the so-called (triply) resonant transitions can occur
[88–92], provided that this is allowed by symmetry (as we shall see later on). We now proceed by
modeling this interaction. The constitutive relations (5) and (6) can be cast as a linear system in
matrix form as follows: (

D

H

)
=

(
ε0ε −gαγ γ α(r, t )

gαγ γ α(r, t ) 1
μ0μ

)(
E

B

)
, (9)

where the 2 × 2 matrix consists of one static part and one time-dependent part, as follows:(
ε0ε −gαγ γ α(r, t )

gαγ γ α(r, t ) 1/μ0μ

)
=

(
ε0ε 0

0 1/μ0μ

)
+

(
0 −gαγ γ α(r, t )

gαγ γ α(r, t ) 0

)
. (10)

By assuming exp (−iωt ) time dependence of the fields, we write the corresponding classical
Hamiltonian (energy) density in the following form:

H = 1

4
(E∗ · D + B∗ · H) = 1

4

(
E∗ B∗)(D

H

)

= 1

4
(E∗ B∗)

(
ε0ε 0
0 1/μ0μ

)(
E
B

)
+ (E∗ B∗)

gαγ γ α(r, t )

4

(
0 −1
1 0

)(
E
B

)

≡ H0 + δH(t ), (11)

with the star denoting complex conjugation. The H0 is a typical Hamiltonian density for an
electromagnetic wave traveling in a linear medium [77] having relative permittivity ε and relative
permeability μ (unperturbed Hamiltonian), while the term δH(t ) that contains all the axionic
information can be considered as a small time-dependent perturbation. The axion-mediated photonic
transitions arise from this dynamical perturbation of the system.

Since the axion-photon coupling is very weak, we can apply the Born approximation up to
the first order to calculate the transition amplitudes. In view of this, the useful information is

000078-5



EVANGELOS ALMPANIS

provided by the overlap integral G (transition matrix element), where the perturbation matrix δV̂ (t )
is sandwiched between the final and initial states, i.e, G = 〈f| δV̂ (t ) |i〉, where

|i〉 =
(

Ei

Bi

)
e−iωit , (12)

〈f| = (E∗
f B∗

f )eiωf t , (13)

and

δV̂ (t ) = gαγ γ

A(r) cos(�αt )

4

(
0 −1
1 0

)
= gαγ γ A(r)

2

(
0 −1
1 0

)
(e−i�αt + ei�αt ). (14)

The overlap integral (transition matrix element) reads

G = π [δ(ωi − ωf + �α ) + δ(ωi − ωf − �α )]g, (15)

where

g = gαγ γ

∫
V

d3rA(r)(B∗
f (r) · Ei(r) − E∗

f (r) · Bi(r)). (16)

The δ functions in Eq. (15) express energy conservation in the optical transitions that involve
absorption and emission of one axion by a photon. The volume V is taken as the volume of the
sphere since the electromagnetic field decays rapidly outside of the resonator.

Now, it is straightforward to show that δV̂ remains invariant under proper rotations Rθ , while
changes sign under inversions (I) and improper rotations (IRθ ), since A(r) is a pseudoscalar,

i.e., A(r)
E , Rθ−−−→ 1 · A(r) and A(r)

I, IRθ−−−→ −1 · A(r). Therefore, δV̂ is an irreducible tensor operator,
which has the symmetry of the D(�=0)

u irreducible representation of the Lie group O(3). This means
that δV̂ operating on an eigenvector of the P� irreducible subspace, transforms according to the
relevant direct product representation

D(�=0)
u ⊗ D(�)

g = D(�)
u , D(�=0)

u ⊗ D(�)
u = D(�)

g . (17)

These considerations lead to a straightforward selection rule for the photonic transitions de-
scribed above: the photonic mode must undergo a change in parity, while the angular momentum
index � remains conserved, for axion absorption (anti-Stokes) and axion emission (Stokes) pro-
cesses. In Fig. 2, we show a schematic representation of axion-mediated photonic transitions with
respect to the mentioned selection rule, provided that the frequency difference of the optical modes
is 
 f = �α/2π , where �α/2π is the frequency of the axion. In the left-hand panel, we show the
anti-Stokes process, where an axion is absorbed by the photonic transition from the TE� mode
with lower frequency to the TM� mode with higher frequency, while in the right-hand panel
we show the inverse process (Stokes) where an axion is emitted by the photonic transition from
the TM� mode with higher energy to the TE� mode with lower energy. We also note that the same
selection rule is deduced by explicitly (analytically) doing the algebra for the

∫
B∗

f;P�m · Ei;P′�′m′

and
∫

E∗
f;P�m · Bi;P′�′m′ products and making use of the angular integration properties of the vector

spherical harmonics. We note here that these integrals also produce a factor δmm′ , which implies
that the initial and final photon modes must have the same azimuthal index m. In scatterers of
perfectly spherical shape, this index is degenerate, whereas in realistic experiments this degeneracy
is typically lifted by small asymmetries such as weak deformations from the spherical shape,
localized coupling elements (loop or prism couplers) positioned at fixed azimuthal angles, or
controlled surface defects, among others.

V. RESULTS AND DISCUSSION

We now assume a spherical lossless high-index dielectric particle of radius S in air. The relative
dielectric permittivity of the sphere is ε = 12, while its relative magnetic permeability is μ = 1.
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FIG. 2. Schematic representation of axion-induced photonic transitions between electromagnetic modes in
a spherical resonator. Left: An axion is absorbed, enabling a transition from a TE mode to TM mode with the
same angular momentum �. Right: The reverse process, where a transition from TM to TE mode is accompanied
by the emission of an axion. The initial and final photonic states are marked with open and solid circles,
respectively, while axions are represented by dashed arrows.

We will present our results in scaled units of the radius S, nevertheless the radius S can vary from
microns to centimeters, depending on the targeted frequency range (we will give specific examples
later). As discussed earlier, such particles support long-lifetime, spectrally separated, Mie modes of
the EM field, characterized by the indices P and �. For spherical particles, the resonant frequencies
can be calculated analytically using the T -matrix formulation, which is evaluated on the particle’s
boundaries [93]. Consequently, the refractive index of the surrounding medium shifts the resonant
frequencies accordingly. Since in such particles the TE� mode has always lower energy than the
corresponding TM� mode [51] (see Fig. 1), as the initial state we set the � multipole of magnetic
type (TE) and as the final state we take the � multipole of electric type (TM), for the axion absorption
process, to comply with the selection rule. The frequency difference between the initial and final
states must be adjusted to the axion frequency, ff − fi = �α/2π , to obtain the resonant transition.
We note here that the reverse process (axion emission) is also possible, as shown in the right-hand
panel of Fig. 2, and the transition matrix element is the same, so we will not discuss it for time
saving.

In Fig. 3(a), we show the corresponding resonance frequencies for both the TE and TM modes,
in scaled units, versus the � index, for � ranging from 6 to 10. Such values of � are typical for
high-Q Mie modes. We see an almost linear increase in the Mie mode frequencies with increasing
�. In Fig. 3(b), we show the scaled frequency difference 
 f S/c of modes with the same �. We
see that it remains almost constant 
 f S/c 
 0.05. This means that for axion masses in the range
of ∼µeV/c2, the particle radius would be in the millimeter scale, while the EM radiation will
be in the microwave range. Such spherical resonators exhibiting Mie modes can be fabricated
and measured experimentally using microwave radiation [55–57,94]. Microwave coupling to and
from the dielectric resonator can be achieved using a small loop or dipole antenna placed in the
near field, enabling efficient excitation and extraction of the desired resonant modes. The output
(converted) photons may be collected by a frequency- and polarization-selective antenna optimized
for the corresponding mode, as commonly realized in microwave resonator experiments. Since the
frequency separation between the initial and final photons is on the order of hundreds of megahertz,
well above the typical bandwidth of both the pump and the detector, no interference between
the input and output signals is expected. This separation is further reinforced by the fact that
the two signals also possess opposite polarization signatures. We note also here that no external
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FIG. 3. (a) Scaled resonance frequencies ( f S/c) for TE and TM modes of the spherical dielectric resonator
under consideration as a function of the angular momentum index �. The data highlight the splitting between
TE� and TM� modes at each �. (b) The corresponding frequency difference 
 f S/c = ( fTM�

− fTE�
)S/c,

quantifying the frequency difference as a function of �.

static magnetic field has to be applied in the proposed setup. We emphasize that the proposed
platform is fully scalable and can be adjusted to the targeted axion mass. In Table II, we show
the correspondence guidelines toward the selection of the resonator parameters for targeted axion
searches.

Furthermore, by targeting a specific mass window (e.g., an octave), it is possible to scan a
portion of this window while keeping the resonator size constant and varying the refractive index
of the surrounding medium instead. For example, embedding the resonator in a mixed-liquid
medium, where each liquid has a different refractive index (typically ≈1–1.4) and is transparent
in the microwave range, adjusting the concentration of the liquids allows for a gradual change
in the effective refractive index nm of the embedding medium, permitting continuous scanning
over roughly half the desired octave, since the new frequency difference scales approximately as

 f Snm/c.

Within this range of axion masses and particle radii, we can proceed with the calcu-
lation of the respective transition rates. The transition matrix element for axion absorp-
tion from Eq. (15) [making use of Eqs. (1) and (2)] after some straightforward algebra

TABLE II. Axion mass, resonator size, and electromagnetic frequency
correspondence.

Axion mass Radius of the resonator Frequency of EM radiation

1 eV/c2 62.5 nm ultraviolet band

1 meV/c2 62.5 µm terahertz band

1 µeV/c2 62.5 mm microwave band
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becomes

G = πgαγ γ

2

∫
V

d3rA(r)(E∗
E�m(r; ωf ) · BM�m(r; ωi ) − B∗

E�m(r; ωf ) · EM�m(r; ωi ))

= πgαγ γ A

2
√

εε0μμ0a∗
f;E�mai;M�mI (�; S, qi, qf ), (18)

where I (�; S, qi, qf ) = ∫ S
0 r2dr[(�2 + � + 1) j�(qir) j�(qf r)

qiqf r2 + j′�(qir) j′�(qfr) + j�(qir) j�(qf r) +
j′�(qir) j�(qf r)

qf r + j′�(qfr) j�(qir)
qir

]. In Eq. (18), we assumed A(r) to be homogeneous in the volume of
the sphere, i.e., A(r) ≈ A, since the de Broglie wavelength of the axion is very large (on the order
of kilometers [32]). The coefficients ai;M�m, af;E�m can be calculated analytically with respect to the
one-photon vacuum energy [67].

Now, we proceed to estimate the order of magnitude of the photon-to-photon transition rate
mediated by galactic axions with mass mα = 1 µeV/c2. For this mass, the radius of the spherical
dielectric resonator must be set at 62.5 mm so that, for � = 10 the input TE�=10 resonates at
4.697 GHz (h̄ωi = 1.943 × 10−5 eV), while the output TM�=10 mode resonates at 4.939 GHz
(h̄ωf = 2.042 × 10−5 eV). We set an indicative |g̃αγ γ | on the order of ∼10−13 GeV−1. To com-
pute the axion field amplitude |A|, we use the local dark matter density, typically taken to lie
in the range 3 × 1014 � ρDM � 4 × 1014 eV/m3 [28,70,71,73], where we use the formula |A| =√

2ρDMh̄3/c/mα from Ref. [73], which results in |A| 
 2.48 × 103 eV for ρDM = 4 × 1014 eV/m3.
Based on these inputs, the prefactor π

2
|g̃αγ γ ||A|

μ0c

√
εε0μμ0 evaluates approximately 1.2 × 10−29 A

s/(V m). The field amplitudes |ai;M�m|, |ai;E�m| normalized to the one-photon vacuum energy
[67] ( 1

4

∫
V (εε0|E |2 + 1

μ0
|B|2) = h̄ωi(f) ) of the initial and the final photon states, respectively, are

found to be |ai;M�m| = 4.76 × 10−5 V/m and |af;E�m| = 5.10 × 10−5 V/m. The radial integral yields
|I (�; S, qi, qf )| = 3.85 × 10−7 m3. Substituting all values into Eq. (18), we obtain a matrix element
magnitude |G| 
 0.7 × 10−25 eV. Applying Fermi’s golden rule, i.e., Rαγ γ = 2π

h̄ |G|2�(Ef ) and
using an optical density of states �(Ef ) 
 1

π
2

h�f

 4.8 × 108 eV−1, where �f 
 3.2 × 10−4 GHz is

the full width at half maximum of the final resonance (the quality factor is Qf 
 h̄ωf
h�f


 1.5 × 104),

we find a photon-to-photon transition rate Rαγ γ 
 0.2 × 10−25 Hz. In practice, dielectric resonators
are pumped with multiple photons, which accumulate in the cavity and enhance the transition
probability. Assuming that the maximum sustainable electric field in silicon (that better corresponds
to the given relative permittivity) is Emax 
 3 × 107 V/m [95,96], the corresponding theoretical limit
on the number of stored photons is N � 1.5 × 1025 (N = Umax

h̄ωi
, where Umax = 1

2εε0
∫

V |Emax|2dτ

is the maximum stored energy inside the resonator). This leads to a maximum transition rate of
R̃αγ γ = N × Rαγ γ 
 3.4 × 10−2 Hz. The corresponding output power (photon energy × transition
rate) Pout = (h̄ωf ) × R̃αγ γ would be on the order of ∼10−25 W, which is a theoretical upper limit
for the given setup. However, in practice, the number of accumulated photons inside the cavity is
determined by the input power Pin, the quality factor of the incoming resonance frequency Qi and the
corresponding frequency fi, through the relation N = PinQi/2πh f 2

i . For a realistic continuous input
power of Pin = 100 W, the number of accumulated photons in the resonator will be N 
 2 × 1019,
where Qi 
 2 × 104. This results in output power on the order of Pout ∼ 10−30 W, which, although
small, is not unusual of dark-matter searches.

To find ways for improving the output signal strength, we next investigate the scaling of Pout

with the relevant intrinsic and external parameters of the system, paying particular attention to the
scatterer size. In the upconversion approach, the first key step is to tailor the frequency splitting
between the TE and TM modes so that it matches the unknown axion mass under investigation. As
shown in Fig. 4(a), the separation fTM − fTE (=mαc2/h) can be continuously tuned by varying the
sphere radius S, thereby selecting a specific target axion mass window at fixed material parameters.
Although Fig. 4(a) shows only the representative case � = 10, the same inverse-radius trend
(mα ∝ S−1) persists for higher-order Mie modes. Quantitatively, within the asymptotic description
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FIG. 4. (a) Frequency difference between TM and TE Mie modes, fTM − fTE, for angular momentum
� = 10 as a function of the sphere radius S. The secondary vertical axis indicates the equivalent axion mass
mα (µeV/c2) corresponding to the mode splitting. (b) Magnitude of the corresponding modal amplitudes
|a| for TE and TM modes, showing comparable scaling behavior with increasing S. (c) Absolute value
of the overlap integral |I| entering the transition matrix element, exhibiting a monotonic increase with the
resonator size. (d) Normalized output power Pout/[PinQiQf |gaγ γ |2|A|2εμ] (dimensionless quantity), which
remains approximately constant across the considered range of S.

[59], the TE-TM frequency splitting at S = 25 mm decreases from about 0.59 GHz for � = 10 to
about 0.54 GHz for � = 100. At S = 95 mm, the corresponding values are approximately 0.155
and 0.142 GHz, respectively. Thus, increasing � up to � = 100 produces only a modest reduction
of the TE-TM splitting, while the dominant dependence remains the inverse scaling with the sphere
radius. The other two panels of Fig. 4 clarify how the relevant photon-cavity quantities entering the
transition matrix element G evolve with S. Panel (b) shows that the one-photon field amplitudes of
the TE and TM modes of the same � remain of comparable magnitude and decrease similarly with
increasing radius. Panel (c) shows that the radial overlap integral |I|, which quantifies the spatial
overlap between the initial and final resonant modes in Eq. (18), increases monotonically with S.
Now, we express the output power Pout extracted from the spherical dielectric resonator in terms
of the phenomenological parameters, in order to elucidate how it scales with the relevant cavity
characteristics:

Pout

PinQiQf |g̃aγ γ /(μ0c)|2|A|2εμ = π2 |aTM|2|aTE|2|I|2
(h fi )2

ε0μ0. (19)
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The right-hand side of Eq. (19) remains nearly constant under radius variation, as shown in
Fig. 4(d). The weak variation observed in Fig. 4(d) indicates that, for the spherical Mie modes
considered here, the photon-cavity characteristics (including the quality factors, which are indepen-
dent of S) remain practically unaffected by the size of the spherical resonator. This provides the
freedom to target different axion masses by varying the radius S without significantly altering the
cavity-dependent contribution to the output power, apart from limitations imposed by the material
breakdown threshold. We note, however, that the axion field amplitude |A| is not strictly independent
of S. Since |A| ∝ m−1/2

α and the resonant condition implies approximately mα ∝ S−1 [see Fig. 4(a)],
we find |A|2 ∝ S. Therefore, while the factor shown in Fig. 4(d) remains essentially unchanged,
the absolute output power acquires an additional approximately linear dependence on the resonator
radius through the axion field amplitude. We now define the quantity Pout

Pin|g̃aγ γ |2|A|2 ≡ C(�), which
depends only on �. Mathematically, according to the asymptotic relations [59], the parameter C(�)
grows with � approximately as C(�) ∝ �4, indicating a preference for modes with higher � due to
their higher quality factors. Nevertheless, in physically realizable systems, this enhancement cannot
be pursued indefinitely. Practical considerations, including material losses, finite axion coherence
time, and other physical constraints, impose an upper limit on the usable cavity quality factors, as
will be discussed later on.

To further enhance the sensitivity limit within the proposed physical framework, several ad-
vanced techniques can be explored, pushing the boundaries of current technological capabilities.
Whispering gallery modes that are photonic resonances with high angular momentum indices
�, can achieve Q factors on the order of ∼105–1010 [60–65]. From a practical standpoint, in
whispering-gallery modes the excitation is naturally dominated by modes with |m| = � [63,88],
which are concentrated near the surface of the sphere, so the requirement δmm′ is automatically
satisfied, while the spectral separation between TE and TM WGMs with the same indices can be
predicted analytically [59] despite the richness of the spectrum. If we assume, as a moderate case,
� = 14, then the mathematical values of our lossless-cavity quality factors grow to Q ∼ 1010. This
improvement would significantly increase the optical density of states �(Ef ) by additional orders
of magnitude. However, when the resonator quality factor exceeds the axion field’s intrinsic quality
factor (Qα ∼ 106), the effective enhancement of the optical density of states becomes limited by
Qα , and further increments do not contribute additional enhancement of Rαγ γ . By taking this into
account, the mathematical value of the parameter C(�) is enhanced by a factor ∼107. Furthermore,
materials such as silicon carbide and fused silica or diamond that have low intrinsic losses and
can handle higher electric fields than silicon by 1 and 2 orders of magnitude, respectively [95,97],
are capable of sustaining larger numbers of photons (N ∼ 1027–1029) without breaking down. We
note however that refractive-index nonlinearities may occur at high field intensities, introducing
additional noise into the measured signal. Therefore, materials such as diamond, which possess
exceptionally high thresholds for nonlinear effects, may be preferable. To efficiently pump more
photons inside the cavity, advanced pumping technologies such as Klystrons could be explored to
provide the necessary energy and maximize the number of photons N . As today’s Klystrons can
provide orders of magnitude higher input power to the resonator, than the Pin = 100 W assumed
before, a direction for future efforts would be to mitigate overheating while increasing the input
power, with strategies such as pulsed pump operation as well as the development of thermal
management techniques, to approach the theoretical upper limit of detectability. As an optimistic
example, Pin = 10 kW on a diamond resonator at a cryogenic environment would increase the output
power by a factor ∼102. These two improvements, combined, could substantially increase the output
power previously calculated by an order ∼109, resulting in Pout ∼ 10−21 W, a level within reach of
state-of-the-art cryogenic microwave receivers.

The signal-to-noise ratio (SNR) in a haloscope-type search is governed by the Dicke radiometer
equation

SNR = Pout

kBTsys

√
tint

w
, (20)
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where kB is the Boltzmann’s constant, Tsys the total system noise temperature (including all thermal,
quantum, and detector contributions), w the detection bandwidth, and tint the integration time per
frequency step. For a cryogenic receiver with Tsys 
 5 K and w 
 1 Hz, it is Pout/(kBTsys) 
 14.5.
Requiring a target sensitivity of SNR 
 5 yields tint = (5/14.5)2 
 1.2 × 10−1 s. Thus, an SNR
of order 5 can be achieved with an integration time of approximately tint ∼ 0.1 s per frequency
step. The expected axion signal bandwidth is 
 fα ∼ fα/Qα . For an axion mass mα = 1 µeV/c2,
the corresponding axion frequency is fα = mαc2/h 
 2.4 × 108 Hz, giving 
 fα ∼ 2.4 × 102 Hz.
Choosing the scan step size to be comparable to the axion linewidth, 
 fstep 
 
 fα , corresponds
to an effective scan quality factor Qscan ≡ fα/
 fstep ∼ Qα ∼ 106. The number of frequency steps
required to cover one octave (a factor-of-2span in axion frequency) is therefore Nsteps 
 Qscan ln 2 

7 × 105. With tint 
 0.12 s per step, the corresponding scan time is Toct = Nstepstint ≈ 23 h. Conse-
quently, an octave in frequency can be scanned in approximately one day under these assumptions.
We should also keep in mind that different sphere sizes allow parallel searches. Finally, we note
that recent progress in superconducting microwave single-photon detectors operating at gigahertz
frequencies [98–101] suggests an alternative, fully digital readout scheme, in which the SNR is
governed by photon-counting statistics rather than by an effective noise temperature. Such devices
have demonstrated rapid advances in sensitivity and may eventually provide a complementary route
toward the detection of extremely weak axion-induced signals. Nevertheless, their deployment in
a broadband, long-term axion haloscope search remains technologically more challenging than the
cryogenic linear-receiver approach adopted here.

Moving to higher axion masses, for instance to mα = 1 meV/c2, the characteristic frequency
of the signal is pushed into the terahertz regime and the effective mode volume of the dielectric
resonator is correspondingly reduced (S = 62.5 µm—see Table II). In this frequency range, the
situation is qualitatively different from the microwave case discussed above: single-photon detec-
tion technology in the infrared and terahertz domains is substantially more mature, offering high
quantum efficiencies and low dark-count rates. It is therefore natural, at these higher axion masses,
to abandon the purely radiometric readout paradigm and to consider instead a photon-counting
detection scheme. We note, however, that reducing the resonator radius to S = 62.5 µm decreases
|A|2 by a factor of 10−3, as discussed earlier. Since Pout ∝ |g̃αγ γ |2|A|2, the same output power
can be retained by increasing the coupling constant |g̃αγ γ | by a factor of

√
103. Thus, instead of

|g̃αγ γ | = 10−14 GeV−1, we use |g̃αγ γ | 
 3.16 × 10−13 GeV−1 for this higher-mass reference case.
In this estimate, the previously assumed input power should be understood as an optimistic peak
pulsed power rather than as a continuous-wave input power for a micron-scale dielectric resonator.
For a single-photon detector with overall efficiency η and dark-count rate Rdark, the number of
detected signal photons in an integration time tint is Nsig = ηPouttint/(h f0), while the background
contribution is Ndark = Rdarktint. The corresponding signal-to-noise ratio is

SNR = Nsig√
Nsig + Ndark

. (21)

In the ideal shot-noise limit (Nsig � Ndark), we obtain t (shot)
int = SNR2h f0/(ηPout ). For representa-

tive values f0 
 5 THz, η 
 0.5, Pout = 10−21 W, and a target SNR 
 5, this yields t (shot)
int ∼ 170 s

per frequency step. For an axion mass mα = 1 meV/c2, the corresponding axion frequency is
fα = mαc2/h 
 2.4 × 1011 Hz, giving 
 fα ∼ 2.4 × 105 Hz. Choosing the scan step size 
 fstep 


 fα therefore corresponds to an effective scan quality factor Qscan ≡ fα/
 fstep ∼ Qα ∼ 106. The
number of independent frequency steps required to cover one octave is then Nsteps 
 Qscan ln 2 ≈
7 × 105, and the total scan time Toct = Nsteps t (shot)

int ≈ 3.7 years. Including realistic dark counts
in the dark-count-limited regime modifies the required integration time according to t (dark)

int =
(SNR h f0/(ηPout ))2Rdark, which can lengthen Toct further, depending on the achievable dark-count
rate of the infrared/terahertz detector. However, parallel operation of multiple resonators could offer
a path toward substantially accelerating the overall survey time. We also note that the proposed
scheme achieves its maximum sensitivity under triply resonant conditions, with the enhancement
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progressively diminishing as the detuning between the axion frequency and the cavity mode splitting
exceeds the effective linewidth.

The above discussions correspond to an optimistic scenario illustrating the ultimate potential of
the proposed framework. However, a more moderate and technologically conservative benchmark
would be also instructive. Specifically, we now assume a similar implementation driven with a
continuous input power of Pin = 100 W and include a representative damping of the signal due
to thermal losses in the resonator by assuming an effective quality factor Qeff 
 10−1Q for each
resonant mode. Although such losses are expected to remain relatively small in low-loss dielectric
materials operated at cryogenic temperatures, they reduce the achievable output power compared to
the optimistic estimate. To facilitate a direct comparison with the optimistic scenario, we retain the
same target sensitivity (SNR = 5), integration times, scan rates, and octave-scan durations. Under
these assumptions, the corresponding couplings become |g̃aγ γ | 
 10−11 GeV−1 at ma = 1 µeV/c2

and |g̃aγ γ | 
 3.16 × 10−10 GeV−1 at ma = 1 meV/c2. These values define a baseline scenario
that may be regarded as a realistic first-generation implementation of a respective experiment,
whereas the optimistic scenario marks the sensitivity that could become accessible through future
improvements in resonator performance, thermal management, and drive technology.

A future experiment based on this framework could be named DARK-ROSE, which stands
for DARK matter search via resonant optical scattering experiment. Figure 5 illustrates the pro-
jected DARK-ROSE sensitivity within the broader axion landscape. Existing exclusions from
haloscopes (RBF + UF [102,103], ADMX [33–35]) and the helioscope CAST [41,42] delimit
the currently probed parameter space, while the semitransparent gray-scale overlays indicate
projected sensitivities from HAYSTAC [104] and TOORAD [28,29] (haloscopes), MADMAX
[105] (dielectric haloscope), IAXO [43,44] (next-generation helioscope), and the UPLOAD-CMC-
II-Cryo upconversion experiment [48], providing complementary (future) coverage across the
µeV/c2 to meV/c2 mass window. The rose-shaded DARK-ROSE region is obtained from the two
benchmark calculations discussed above, namely, for ma = 1 µeV/c2 and for ma = 1 meV/c2,
assuming a target sensitivity of SNR = 5. The corresponding dotted boundary in Fig. 5 represents
the optimistic scenario based on cryogenic operation, high-Q resonators and peak excitation. The
benchmark points defining the optimistic scenario are (ma = 1 µeV/c2, |g̃aγ γ | 
 10−14 GeV−1)
and (ma = 1 meV/c2, |g̃aγ γ | 
 3.16 × 10−13 GeV−1). The solid boundary denotes the baseline
scenario, corresponding to a cryogenic 100 W implementation including representative losses.
The benchmark points defining the baseline scenario are (ma = 1 µeV/c2, |g̃aγ γ | 
 10−11 GeV−1)
and (ma = 1 meV/c2, |g̃aγ γ | 
 3.16 × 10−10 GeV−1). Both scenarios assume identical integration
times and scan rates, with the change in sensitivity arising solely from the adopted experimental
parameters. The intermediate sensitivities are obtained from the scaling relations derived in this
section. As shown in Fig. 5, DARK-ROSE probes a broad axionlike parameter space extending
from the sub-μeV region toward the meV scale, overlapping part of the parameter space addressed
by resonant upconversion searches while remaining complementary to conventional haloscope and
helioscope techniques. Although the projected sensitivity does not reach the KSVZ and DFSZ QCD-
axion bands, a future development could explore a region that is currently largely unconstrained
and demonstrates the potential of resonantly enhanced axion-mediated photon-to-photon transitions
as a novel search strategy. Additionally, our approach might assist the shining through walls
[106–110] experiments, where strong laboratory-produced electromagnetic fields could generate
axions (through the Primmakoff effect) that then pass through opaque barriers and be detected on the
far side. Apart from the (dark matter) axions considered in this work, the underlying mechanism and
theoretical framework may also be extended to encompass solid-state axions (axion quasiparticles).
In particular, if the resonator material is chosen to be an antiferromagnetically doped topological
insulator [28–30] or a bianisotropic [111–113]/Tellegen metamaterial [114–119], it can intrinsically
support axionlike electromagnetic responses.

Finally, it is interesting to briefly comment on the potential of the spherical dielectric system
proposed here, compared to the cylindrical metallic cavity used in the UPLOAD experiment [49],
which is a mature technology. The UPLOAD experiment is an AC axion haloscope based on a
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FIG. 5. Constraints and projected sensitivities on the axion-photon-photon coupling |g̃αγ γ | as a function
of the axion mass ma. The DARK-ROSE projections are obtained from the two benchmark calculations
discussed in Sec. V (mα = 1 µeV/c2 and mα = 1 meV/c2), assuming SNR = 5. The dotted rose boundary
corresponds to the optimistic scenario, while the solid dark-red boundary corresponds to a baseline scenario
assuming a cryogenic 100 W implementation with representative losses included. For both scenarios, the
benchmark sensitivities are defined using integration times tint ≈ 0.12 s (for mα = 1 µeV/c2) and tint ≈ 170 s
(for mα = 1 meV/c2) per frequency step, for an axion coherence quality factor Qα 
 106. The intermediate
and extrapolated DARK-ROSE sensitivities are obtained from the scaling relations derived in Sec. V. The
dashed orange curve indicates the projected reach of the UPLOAD-II-Cryo upconversion experiment. Shaded
regions correspond to existing exclusion limits from CAST, RBF + UF, and ADMX, while semitransparent
gray-scale regions indicate the projected sensitivities of HAYSTAC, TOORAD, MADMAX, and IAXO
(datasets obtained from the AxionLimits repository maintained by C. O’Hare). The dashed lines show the
benchmark KSVZ and DFSZ QCD axion models. Both axes are logarithmic; the displayed parameter space
covers 2 × 10−7 eV/c2 � ma � 5 × 10−3 eV/c2 and 10−16 GeV−1 � |g̃aγ γ | � 10−9 GeV−1.

cylindrical metallic cavity, where the axion-mediated photon upconversion is expected through
different cylindrical eigenmodes. The sensitivity of the setup is determined by the so-called overlap
functions ξi j = 1

V

∫
ei(r) · b j (r)dV , where ei, j and bi, j are the mode electric and magnetic field real

unit vectors, such that 0 � ξi j � 1. For the cylindrical case, one finds ξi, j 
 0.4–0.5 for an optimum
mode pair selection (e.g., TE011-TM020) [49]. In contrast, for the spherical dielectric resonator
considered here, the normalized electric and magnetic mode profiles of TE and TM multipoles of
the same � are everywhere parallel inside the resonator volume, as can be seen from Eqs. (1) and (2).
In this case, the corresponding overlap reaches ξi j = 1 for any pair allowed by the selection rule.
We emphasize that the overlap coefficients ξi j are defined in terms of normalized mode profiles
and therefore quantify, in the present spherical geometry, only the angular overlap between the
participating modes, while the radial dependence is entirely contained in the radial overlap integral
I (�; S; qi, q f ). On the other hand, the matrix element G [Eq. (18)] for the spherical dielectric cavity
is reduced by a factor 1/

√
ε compared to a perfectly electric conducting (PEC) spherical cavity of

the same radius. The respective eigenmodes of the PEC spherical cavity have the same structure as
Eqs. (1) and (2) but without the

√
εμ factor, and their discrete wave numbers are fixed by the PEC

boundary conditions [52]. When the fields are normalized to the one-photon vacuum energy, the
photon field amplitudes in the dielectric sphere acquire an additional factor of 1/

√
ε, with respect to
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the PEC ones. These prefactors combined are responsible for the net 1/
√

ε reduction of the matrix
element G of the dielectric sphere compared to the PEC one. Overall, the spherical dielectric cavity
offers maximal geometric overlap (ξi j = 1) but a reduced matrix element G ∝ 1/

√
ε, with respect

to a PEC spherical cavity of the same volume, whereas the cylindrical metallic UPLOAD cavity has
smaller overlap (ξi j ∼ 0.5) but benefits from the larger photon field amplitudes of a PEC resonator.

VI. CONCLUSIONS

To summarize, we investigated (dark matter) axion-mediated photonic transitions within a
spherical, high-finesse dielectric resonator and derived the corresponding selection rule based on
group theory. Using the first-order Born approximation, we analytically computed the enhancement
of the transition rates associated with axion absorption and emission processes. The analytic scal-
ings identify experimentally accessible regimes, including millimeter-scale spheres at microwave
frequencies, and suggest scan strategies via the resonator size and the embedding medium refrac-
tive index. Importantly, the scheme operates without an external magnetic field. These findings
could have direct implications for the design of resonant axion devices. Moreover, the underlying
framework may also inspire future applications in engineered axionlike quasiparticle dynamics in
electromagnetic metamaterials.

DATA AVAILABILITY

All results were obtained through analytical calculations and can be independently reproduced.
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