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Axions coupled to nucleons might be copiously emitted from core-collapse supernovae (SNe). If
the axion-nucleon coupling is strong enough, axions would be emitted from the SN as a burst and,
reaching Earth, may excite the oxygen nuclei in water Čherenkov detectors (16O + a → 16O∗).
This process will be followed by radiative decay(s) of the excited state (16O∗ → 16O + γ) provid-
ing a strategy for a direct detection of axions from a Galactic SN in large underground neutrino
Čherenkov detectors. Motivated by this possibility, we present an updated calculation of axion-
oxygen cross section obtained by using self-consistent continuum Random Phase Approximation.
We calculate the branching ratio of the oxygen nucleus de-excitation into gamma-rays, neutrons,
protons and α-particles. These results are used to revisit the detectability of axions from SN 1987A
in Kamiokande-II.

I. INTRODUCTION

Core-collapse supernovae (SNe) are recognized as powerful laboratories for particle physics [1]. Notably, the SN
neutrino burst has been observed once in coincidence with SN 1987A explosion [2–5]. Despite the sparseness of
the neutrino data, this detection is considered a milestone in astroparticle physics allowing one to probe not only
fundamental neutrino properties, but also to constrain novel particle emission [6, 7]. Indeed, if weakly-coupled exotic
particles were emitted from a SN core together with neutrinos, they would reduce the energy budget available for
neutrinos, shortening the duration of the observed burst.

From the absence of a sizable reduction of the SN 1987A neutrino burst duration, several scenarios have been con-
strained. These include the emission of axions [6, 8–11], scalar bosons [12], sterile neutrinos [13–15], dark photons [16],
light CP -even scalars [17], dark flavored particles [18] and unparticles [19] (see [20, 21] for a list). These constraints
are based on an indirect signature on the observable neutrino burst. However, if novel particles are strongly-coupled
with matter, one would expect them to be trapped in the SN core, analogously to neutrinos, and to be emitted
from their last-scattering surface producing a burst. In this scenario one may wonder if such a burst can lead to an
observable signal in large underground neutrino detectors.

In this context, the case of direct detection of axions from SN has been studied in relation to the SN 1987A event.
If the axion-nucleon coupling gaN is strong enough, axions emitted during a SN explosion may lead to a detectable
signal in large water Čherenkov neutrino detectors, as proposed in the seminal paper by Engel et al. [22]. The authors
proposed to look for axion-induced excitation of oxygen nuclei with the subsequent emission of a photon to relax the
system

a+ 16O → 16O∗ → 16O+ γ . (1)
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Had an axion burst occurred during the SN 1987A explosion, for sufficiently high values of gaN it would have been
detected at Kamiokande II (KII) water Čherenkov detector [2, 3], as pointed out in [22]. The absence of such a signal
thus places stringent constraints on the axion-nucleon coupling.

Given the recent interest in axion emission from SNe, we find it timely to revisit the calculation of the axion-oxygen
cross section by using refined nuclear models. There are various problems in carrying out this calculation. First,
since the energy range of strongly-coupled SN axions is O(10 MeV), axions excite the nucleus in a region where
single-particle and collective excitation modes overlap. Therefore, a theory describing both kinds of excitations in a
unique framework is required. A second problem emerges because these excitation energies allow for nucleon emission,
which has to be considered in the theory describing the excitation of the nuclear system. Finally, a third problem is
connected to the specific characteristics of the axion-nucleon coupling, allowing only nuclear unnatural parity states
to be excited. Experimentally, in the region of interest, these states are poorly known since their cross section is
overwhelmed by the contribution of the natural parity states. Therefore, there is no experimental guide to set up a
phenomenological model for nucleon-nucleon interactions.

We tackle these problems by describing the nuclear excitation with the continuum Random Phase Approximation
(CRPA) theory which considers the excitation of the continuum spectrum, i.e. the one-nucleon emission. Furthermore,
our approach is self-consistent, in the sense that we use the same effective nucleon-nucleon interaction to describe the
nuclear ground state as well as the excited states. Since this interaction has a finite range, it does not require any
further renormalization parameter to stabilize the CRPA results [23].

In this article we estimate the axion-nucleus cross section and evaluate the uncertainty related to the nuclear model.
The plan of our work is as follows. In Section II, we revise the axion-nucleon Lagrangian which is the starting point
of our calculations. In Section III, we obtain the axion-nucleus cross section. In Section IV, we present our self-
consistent nuclear model where the ground state is described by using the Hartree-Fock (HF) and the excited states
by the CRPA. In Section V, we discuss the results obtained by calculating the axion-16O cross section. In Section VI,
we apply these results to calculate the gamma-ray spectrum from oxygen de-excitation. Then, in Section VII we
estimate the expected axion event rate in the Kamiokande-II experiment under the assumption of a supernova similar
to the SN 1987A explosion. Finally, in Section VIII we summarize our results and conclude.

II. AXION-NUCLEON INTERACTION

The axion interaction with nucleons is described by the following Lagrangian [22]

LaN (r, t) =
gaN
2mN

ψ̄N (r, t)γµγ5(C0 + C1τ3)ψN (r, t)∂µa(r, t) , (2)

where gaN is the axion-nucleon coupling constant, mN is the nucleon mass, ψN = (p, n)T is the nucleon doublet,
a is the axion field, τ3 = diag(1,−1) is the third Pauli matrix, and C0 = (Cp + Cn)/2 and C1 = (Cp − Cn)/2
are the model-dependent iso-scalar and iso-vector couplings connected with the axion-proton Cp and axion-neutron
Cn model-dependent constants. For definiteness, in the following we will fix Cp = −0.47 and Cn ≃ 0, as in the
Kim-Shifman-Vainshtein-Zakharov (KSVZ) axion model [24, 25].

From a theoretical standpoint, the axion-nucleon interactions are particularly interesting since they receive an
unavoidable contribution from the defining coupling of axions to gluons, just like the photon coupling. Furthermore,
contrarily to the axion-photon coupling, it is theoretically difficult to suppress these couplings in axion models without
spoiling the solution of the strong-CP problem of Quantum Chromodynamics (QCD) [26–28]. Hence, the detection
of a pseudo-scalar particle with a sizable coupling to nucleons would be a strong indication of the QCD axion.

The phenomenology associated with the interaction in Eq. (2) has been extensively explored in recent years (see,
e.g., Refs. [29–38]). One of the most efficient laboratories to study these interactions is a SN explosion (see, e.g.,
Refs. [6, 8–11]). In particular, the detection of neutrinos associated with SN 1987A has provided a valuable argument
to constrain the SN axion production. For the purpose of the current paper, it is particularly interesting the case
of axions so strongly-coupled with matter to be trapped in the SN core, analogously to neutrinos. In this case,
corresponding to gaN ≳ 10−7 [39], axions thermalize and are emitted from their last-scattering surface producing a
burst. Our aim is to explore the possibility of detecting this burst in large neutrino underground Čherenkov detectors
due to the axion absorption on oxygen nuclei.

The description of this process is highly non-trivial, involving the interaction of an elementary particle, the axion,
with a many-body system. We first study the interaction between the axion and a single nucleon, assumed to be
a structureless particle (see Sec. III), and, in a second step, we consider the nucleus as a many-nucleon system (see
Sec. IV).
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III. AXION-NUCLEUS CROSS SECTION

We are interested in describing a process where an axion is absorbed by a nucleus which reaches an excited state.
From the Lagrangian density of Eq. (2) we obtain the following Hamiltonian operator describing the interaction
between axions and nucleons

HaN (r, t) = − gaN
2mN

ψ̄N (r, t)γkγ5(C0 + C1τ3)ψN (r, t)∂ka(r, t) ≡ − gaN
2mN

J k(r, t)∂ka(r, t) , (3)

where the index k assumes values from 1 to 3. The transition amplitude describing this process can be expressed as

Mif =

∫
d3r dt ⟨f |HaN (r, t)|i⟩ = − gaN

2mN

∫
d3r dt ⟨Ψf |J k(r, t)|Ψi⟩ ⟨0|∂ka(r, t)|p⟩ , (4)

where we have separated the contribution of the hadronic current J k from that of the axion field a(r, t). The state
|p⟩ describes an axion of momentum p, and |0⟩ is the physical vacuum. We express the axion field in a plane wave
basis

a(r, t) =

∫
d3q√
2ϵq

(
e−iϵqt+iq·r bq + eiϵqt−iq·r b†q

)
, (5)

where bq and b
†
q are the axion creation and destruction operators. In Eq. (5) we assume a unitary volume of dimensions

[energy]−3 to provide the axion field with the correct dimensions. Since we neglect the axion rest mass, we have ϵq = |q|
in natural units. By inserting the expression of Eq. (5) in the axion matrix element term of Eq. (4), we obtain

⟨0|∂ka(r, t)|p⟩ = ipk
e−iϵpt+ip·r√

2ϵp
. (6)

We express the nuclear matrix element of Eq. (4) in Heisenberg representation

⟨Ψf |J k(r, t)|Ψi⟩ = ⟨Ψf |eiHtJ k(r, 0)e−iHt|Ψi⟩ = ei(Ef−Ei)t ⟨Ψf |J k(r)|Ψi⟩ , (7)

where H is the Hamiltonian describing the nuclear system and Ψi and Ψf its eigenstates. In the last step we have
defined J k(r, 0) ≡ J k(r).
By inserting Eqs. (6)-(7) in Eq. (4) and carrying out the time integration with the usual procedure, as indicated

for example in Ref. [40], we obtain

Mif = − gaN
2mN

2πδ(Ef − Ei − ϵp)√
2ϵp

∫
d3r ⟨Ψf |J k(r)|Ψi⟩ ∂keip·r . (8)

We now proceed with the usual multipole expansion of the plane wave factor eip·r. Without loss of generality, we fix
the direction of p along the z-axis. This leads to

eip·r =

∞∑
l=0

il
√

4π(2l + 1)jl(pr)Yl,0(Ω) , (9)

where p ≡ |p| and r ≡ |r|, jl is the spherical Bessel function, Yl,0 the spherical harmonic and Ω indicates the angular
polar coordinates relative to the position of r. By using this expression we can rewrite the matrix element in Eq. (8)
as

Mif =

∞∑
l=0

M l
if = − gaN

2mN

2πδ(ω − ϵp)√
2ϵp

ϵp

∞∑
l=0

il−1
√
4π(2l + 1)Ll,0 , (10)

where ω = Ef − Ei is the nuclear excitation energy and M l
if stands for the l-th term of the sum. In this expression,

Ll,0 is defined as:

Ll,0 =
i

p

∫
d3r ⟨Ψf |J k(r)|Ψi⟩ ∂k [jl(pr)Yl,0(Ω)] . (11)
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Notice that we have multiplied by ϵp and divided by p which, in our assumption of axion zero mass, are the same
quantity. The nuclear states Ψ are identified by a total angular momentum J and a parity Π. We are interested in
even-even nuclei, specifically the 16O, whose ground states are always characterised by J = 0 and Π = +1. We can
rewrite Eq. (11) as

Ll,0 =
i

p
⟨JM ; Π|

∫
d3rJ k(r)∂k [jl(pr)Yl,0(Ω)] |00;+1⟩ ≡ ⟨JM ; Π|Tl,0|0 0;+1⟩ , (12)

where J , M and Π are the angular momentum, its third component and the parity of the final nuclear state, respec-
tively. We apply the Wigner-Eckart theorem [41] and obtain

Ll,0 = (−1)J−M

(
J l 0

−M 0 0

)
⟨JΠ||Tl||0+⟩ , (13)

where we used the Wigner 3-j symbol, and we indicate with ⟨JΠ||Tl||0+⟩ a reduced matrix element [41] for the angular
part, and an integration on r. For the properties of the 3-j symbol we have l = J and M = 0.

Because of the orthogonality properties of the 3-j symbol, there are no interference terms between amplitudes with
different angular momentum excitations. Therefore, the total cross section can be expressed as [22]

σ(ϵp) =

∫
dω

T
∑
J

(
dρ

dω

)
J

∣∣M J
fi

∣∣2 =
4π2g2aN
m2

N

∑
J

ϵp (2J + 1)
∣∣⟨JΠ||TJ ||0+⟩

∣∣2 δ(ϵp − EJ) , (14)

where T is the observation time and we have exploited the property of the delta function δ2(E) = T /2π δ(E) in
the limit T → ∞. Here, the squared matrix element |M J

fi|2 is obtained by averaging the transition amplitude over

nucleon initial states and summing over final states while (dρ/dω)J = 4 δ(ω−EJ) is the nuclear states density for the
excitation level JΠ with energy EJ .

IV. THE NUCLEAR MODEL

The transition operator TJ,M is obtained from the Hamiltonian in Eq. (3) describing the axion-nucleon interaction,
implying that TJ,M is a one-body operator. Thus, the total axion-absorption cross section by a nucleus is mediated
by the interaction with a single nucleon, which is part of a nuclear system composed of interacting nucleons.

In Appendix A, we show that in the non-relativistic limit the nucleonic current J k in Eq. (3) reduces to

J k(r) −→
A∑
i=1

[C0 + C1τ3(i)]σ
kδ3(r− ri) , (15)

where σk indicates the Pauli matrices and the sum runs over all the A nucleons. We express the transition matrix
element in Eq. (14) as

⟨JΠ||TJ ||0+⟩ =
i

ϵp

∫
d3r ⟨JΠ||

A∑
i=1

(C0 + C1τ3(i))σ · ∇(jJ(pr)YJ,0(Ω))||0+⟩ . (16)

The evaluation of this matrix element requires models describing the nuclear ground and excited states in terms of
nucleonic degrees of freedom. The starting point is the definition of a basis of single-particle wave functions related
to each individual nucleon. In our calculations, this single particle basis is generated by solving a set of spherical HF
equations [42].

The excitation induced by the operator in Eq. (15) is described by promoting nucleons lying on single-particle
states below the Fermi surface (hole states h) to single-particle states above it (particle states p). In the present
approach, we use the RPA theory for the description of the excited states, and leading to the following expression of
the transition matrix element

⟨JΠ||TJ ||0+⟩
RPA

=
i

ϵp

∫
d3r

∑
p,h

A∑
k=1

[
XJΠ

ph ⟨p||(C0 + C1τ3(k))σ · ∇(jJ(pr)YJ,0(Ω))||h⟩

−Y JΠ

ph ⟨h||(C0 + C1τ3(k))σ · ∇(jJ(pr)YJ,0(Ω))||p⟩
]
. (17)
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In this equation the RPA amplitudes X and Y are real numbers obtained by solving the secular RPA equations
[43, 44], |p⟩ and |h⟩ are the particle and hole states. The explicit expressions of the single particle matrix elements
are obtained in Appendix B. This derivation shows that only unnatural parity states are excited. This selectivity in
exciting the nucleus is a specific feature of pseudo-scalar particles. All other probes excite both natural and unnatural
parity states.

Equation (17) shows a sum on the p and h indices indicating that the full configuration space spanned by the single-
particle states has to be considered. Usually, this configuration space is obtained by choosing boundary conditions
for all the states, implying that only discrete states are considered. The sum in p is running up to infinity and it is
obviously truncated in practical calculations. This is the procedure commonly adopted in the so-called discrete RPA
calculations, which works well for the description of the lowest nuclear states in the discrete spectrum.

On the other hand, we are interested in a broad range of axion energies, from few MeV up to hundreds of MeV.
For this kind of excitation spectrum, the discrete RPA is not adequate since one has to consider also the possibility of
a nucleon emission. For this reason, we carried out our calculations by considering the CRPA which can be formally
expressed by including in Eq. (17) an integration on the energy of the particle state. The solution of the CRPA
equations is not straightforward as in the discrete RPA case. We briefly present in Appendix C our method of solving
the CRPA equations proposed in Ref. [23]. Our formulation allows us to use finite-range nucleon-nucleon interactions.
In the CRPA calculations we use the same interaction adopted in the HF calculations.

V. AXION ABSORPTION BY 16O

In this Section, we present the results obtained by applying the theoretical formalism discussed in the previous
sections to a specific case: the total absorption of an axion by the 16O nucleus, the most abundant target for axions
in water Čherenkov detectors.

We have already pointed out that we use the same effective nucleon-nucleon interaction in both the HF and RPA
calculations. We considered finite-range interactions to obtain the stability of the RPA results without any further
renormalization constant related to the dimensions of the configuration space. The interactions we have adopted are
of Gogny type [45]. More specifically, we have considered the D1S parameterization [46] used in the compilation of
the AMEDEE data base [47]. Another parameterization we have considered is the D1M force [48], fitting a wider set
of data with respect to that used to define the D1S and generating an equation of state of neutron matter which does
not collapse at high densities. The last interaction we have used is the D1MT which is obtained by adding to the D1M
parameterization one tensor and one tensor-isospin term. The method used to select the values of the parameters
defining these tensor terms is described in Ref. [49]. The comparison among the results obtained with the different
interaction gives an estimation of the theoretical uncertainties of our calculations.

A. The ground state

A first validity test of our calculations is done by comparing our results with the observables related to the ground
state of 16O. We compare in Tab. I binding energies and root-mean-square (rms) charge radii obtained in our HF
calculations with the experimental values taken from Ref. [50] and Ref. [51], respectively. The charge distributions are
shown in Fig. 1 and the good description of the surface part of the empirical charge distribution of Ref. [52] confirms
the agreement with the charge radii shown in Tab. I.

The quality of the description of the ground-state properties obtained with the three forces is comparable. Also the
single-particle energies of the bound states shown in Tab. II are rather similar for the three calculations. We observe
that the energies of the 1p1/2 states, for both protons and neutrons, are very similar. The empirical data, taken
from Ref. [50], have been obtained by considering the level scheme of neighboring nuclei. This implies the use of the
so-called Koopmans’ theorem which is strictly valid only in a mean-field description of the nucleus [43]. While the
empirical single-particle energies of the states below the Fermi level are reasonably well described by our calculations,
this is not the case for those states above it. In particular, we remark that empirical data show a bound proton 2s1/2
state, while all our calculations predict it in the continuum.

This good description of the 16O ground-state is not unexpected, since the force parameters have been chosen to
describe it. The parameter choice is done by fitting with HF and Hartree-Fock-Bogoliubov calculations of a large set
of binding energies and charge radii all through the set of isotopes composing the nuclear chart, from Z = 6 up to
Z = 130. This large data set includes also binding energy and charge radius of 16O, in which we are interested.
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D1S D1M D1MTd exp
B/A (MeV) 7.976 8.112 7.975 8.025
Rch (fm) 2.699 2.793 2.760 2.759

TABLE I. Binding energies per nucleon, B/A, and rms charge radii, Rch, obtained in the HF calculations with the interactions
used in our work. The experimental value of the binding energy is taken from the compilation of Ref. [53] and that of the
empirical radius from [54].

PROTONS
D1S D1M D1MTd exp

2s1/2 1.11 0.85 0.83 -0.10
1d5/2 -2.24 -2.33 -2.25 -0.60
1p1/2 -12.52 -11.95 -12.04 -12.11
1p3/2 -18.62 -17.67 -17.74 -18.44
1s1/2 -35.41 -32.78 -32.93 -

NEUTRONS
D1S D1M D1MTd exp

2s1/2 -1.87 -2.21 -2.23 -3.27
1d5/2 -5.61 -5.77 -5.78 -4.14
1p1/2 -15.66 -15.14 -15.25 -15.65
1p3/2 -21.86 -20.95 -21.02 -21.81
1s1/2 -38.65 -36.09 -36.19 -

TABLE II. Energies, in MeV, for bound single-particle states. The lines divide the particle states, above the Fermi level, from
the hole states, below the Fermi level. The empirical values, taken from [50], have been obtained from the level scheme of
neighbouring nuclei [51].

B. The excitation spectrum

The description of the excitation spectrum is not as good as for the ground state. Furthermore, the different
interactions produce results that are not as uniform as in the the ground state case. A discussion about the spectrum
of the natural parity excitations is done in Ref. [23]. In this article, we focus our attention on the spectrum of the
unnatural parity states since they are the only ones that axions can excite.

In Fig. 2 we compare the spectrum of unnatural parity states obtained in our discrete RPA calculations with the
experimental spectrum from Ref. [53]. We have considered all the unnatural parity multipoles from 0− up to 5+. In
Fig. 2 we did not insert the 2− states since they are presented separately. Each multipole is identified by a specific
color: black for 0−, red for 1+, green for 3+, blue for 4− and cyan for 5+.
The sequence of the levels predicted by our calculations is different from the experimental one. In addition, each

interaction generates a specific sequence of levels. Since we are dealing with a nucleus with the same number of protons
and neutrons, the type of particle-hole p-h excitations is the same in both cases. For this reason, the identification of
excitations of isoscalar (IS) and isovector (IV) type is relatively easy. In the first case, the X amplitudes of the RPA
for protons and neutrons have the same sign, and in the IV case they have opposite sign.

The first couple of excited states in the experimental spectrum is that of the 0−. We observe that an analogous
pair of excited states appears in the excitation spectrum of the D1S interaction. These two 0− states are dominated
by the (1p−1

1/2⊗2s1/2) excitations. The IS state at 10.52 MeV is about 3 MeV lower than the single-particle excitation

energies, while the IV state at 14.78 MeV is roughly 1 MeV higher. This indicates that the interaction is attractive
in the IS channel and repulsive in the IV one. This picture is not reproduced in the spectrum of the other two
interactions which are so strong in the IS channel that the excitation energy is below zero. In our calculations this
produces imaginary solutions of the RPA equations. For these two interactions the first 0− states at about 14 MeV
are of IV type.

Another test case is the 4− state. The relatively high value of the angular momentum and the negative parity
implies that this state is characterized by a simple p-h structure. The lowest energy states are dominated by the
(1p−1

3/2⊗1d5/2) proton and neutron pairs. Also in this case, we obtain a couple of two excited states of IS and IV type

whose energies are respectively lower and higher than the energies obtained by the pure single-particle transitions.
The consequences of the different structure of the RPA solutions for these states are evident in Fig. 3, where we

show the transverse form factors of an inelastic electron scattering process. The shape of the IV solutions, shown
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in the lower panel of Fig. 3 and compared with the experimental data of Ref. [55], are rather similar for all the
interactions. On the contrary, the IS solutions (upper panel) obtained with the D1M and D1MT interactions show a
minimum which is not present in the D1S result. This happens since the D1S result is a pure IS combination of the
main p-h excitation, i.e. (1p−1

3/2 ⊗ 1d5/2), as the similarity with the IV case indicates. The strong attraction in the IS

channel of the D1M and D1MT interaction lowers the pure IS state below zero. In these two cases, the first 4− states
contain a strong mixing of the dominant (1p−1

3/2 ⊗ 1d5/2) pair with the (1p−1
3/2 ⊗ 2d5/2) and (1p−1

3/2 ⊗ 3d5/2) p− h pairs.

The 2d5/2 and also 3d5/2 particle states have additional nodes with respect to the 1d5/2 state and this produces the
minimum in the form factor.

Since the 2− excitation is particularly relevant for the absorption of the axion, we show in Fig. 4 the probability of
electromagnetic transition B(M2) against the excitation energies. We compare our results with the experimental data
taken from Ref. [56]. Our calculations generate more states than those experimentally identified. The characteristics
outlined above for the other excitation multipoles are repeated also in this case. In the D1S case, we identify in the
states at 3.77 MeV and at 12.05 MeV IS and IV structures of the (1p−1

3/2 ⊗ 1d5/2) and (1p−1
1/2 ⊗ 1d5/2) protons and

neutron excitation pairs. The D1M and D1MT interactions are so strong in the IS channel that we obtain imaginary
solutions of the RPA equations. Also the states around 12 MeV are a collective mixture of p-h excitation pairs which
contaminate the IV character of the main p-h pairs.
The detailed structure of the excitation spectrum is well understood by analysing the RPA solutions. On the

other hand, for excitation energies above 13 MeV the particle emission channel is open. This process is described by
the CRPA. We compare in Fig. 5 the solution obtained with RPA and CRPA calculation for the 2− excitation, by
showing the total photo-absorption cross sections calculated by using the two different theories. The energy of the
RPA peaks is rather similar to that of the CRPA results. In both kinds of calculation there is a remarkable peak
above 20 MeV and another one just below. This latter peak is present in all the CRPA calculations but absent in the
D1MT results obtained with the RPA. These results are analogous to those observed for the case of natural parity
excitation presented in Ref. [23]. It is not possible to compare these results with experimental cross sections since the
contribution of the 2− multipole, which is the largest among the unnatural parity states, is three orders of magnitude
smaller than the data [57]. The total photo-absorption cross section is dominated by the electric dipole [23].

C. The axion-nucleus cross section

The CRPA wave functions have been used to calculate the total cross section for the absorption of an axion by
the nucleus of 16O. In all the calculations we used the KSVZ-like couplings, i.e. Cp = −0.47 and Cn = 0.0 with
gaN = 2.0 × 10−9. This cross section is shown in Fig. 6 for the case of the D1M interaction. The contribution
of all the excitation multipoles is explicitly shown as well as the total cross section which is the sum of all these
contributions. We have considered energies up to 200 MeV since we wanted to study the relevance of the various
multipoles at different energy regimes. In the range below 20 MeV the cross section is dominated by the 2− excitation.
This is the reason why, previously, we have paid particular attention to this excitation multipole. The 0− and 1+

multipoles are also relatively important at lower energies. The contribution of higher multipoles is irrelevant.
The total axion absorption cross sections up to 30 MeV, obtained with the three different interactions, are shown in

Fig. 7. The total cross sections have been calculated by considering all the multipole excitations up to 5+, but in the
figure we explicitly present only the contribution of the 0−, 1+ and 2− excitations. In all cases, the 2− cross section
coincides with the total one for energies below 20 MeV. A peak of the 0− at 22-23 MeV is important. In order to
estimate uncertainties on different nuclear models, we have calculated the total strength of the cross sections, i.e. the
energy-integrated cross section, for the different nuclear models. The maximum relative difference in these quantities
is between the D1S and D1MT results and it amounts to about 4%. However, we remark that the difference between
the peak values of the cross sections are, at most, order 60% because the RPA implicitly gives large uncertainties on
the excited levels.

VI. MODELLING THE RADIATIVE DECAY

For the calculation of the axion induced emission spectra we adopted a two-step approach similar to [22, 58]. In a
first step, we calculated the population of excited states in 16O caused by axion absorption, using the RPA approach
discussed above. In the second step, which will be presented below, we calculated the de-excitation process and
the resulting gamma ray spectrum. Excited oxygen states decay via gamma-emission. For states above the particle
separation energies, the decay is dominated by particle emission. Emissions of neutrons, protons, α-particles, and
photons were considered. Due to the fact that highly excited states in 16O are populated by the interaction with
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axions, secondary nuclides created after emission of a first particle may also still be in excited states above their
particle separation energies. This requires to include the possibility of an emission of another particle from these
secondary nuclides. At the initial excitation energies relevant here, it is not necessary to include tertiary particle
emission because the tertiary nuclides are created at excitations below their particle emission thresholds. To compute
the total gamma-spectra, de-excitations by gamma-cascades in the primary (16O), secondary and tertiary nuclides
were taken into account. Neutron-, proton- and α-emission from 16O and the secondary nuclides was included in the
calculation of the total particle spectra. The summed spectra were obtained with the SPECTRUM code [59] that
follows multiple particle emission and gamma-cascades by using pre-calculated transmission coefficients and cascade
information, as well as the initial population of the excited states obtained by the RPA.

The transmission coefficients for the four channels were computed using the methods implemented in the SMARAGD
Hauser-Feshbach reaction code [60, 61], with spin/parity-selection rules applied in the calculation of the energetically
allowed transitions. Particle emission was treated in an optical model, using the microscopic optical potential shown
in Ref. [62, 63] for neutrons and protons, and the global optical potential used in Ref. [64] for α-particles. The photon
emission from an excited state was treated as described in Refs. [61, 65]. Further details on the calculation of the
transmission coefficients are found in Ref. [61]. These transmissions are also used in the SMARAGD code to generate
the information required to follow the gamma-cascades and finally to generate the resulting total gamma-spectra from
de-excitation of all participating nuclei with the SPECTRUM code. The spectra obtained in this way were then used
to predict events in Kamiokande-II, as discussed in the following section.

VII. EXPECTED AXION EVENTS IN KAMIOKANDE-II

We used our cross section to revisit the estimation of the number of events predicted in the KII water Čherenkov
detector, which collected relevant data for neutrino events at the time of SN 1987A [2, 3]. The number of expected
events in the detector can be obtained as [66]

Nev = Fa ⊗ σ ⊗ R ⊗ E , (18)

where Fa is the predicted axion flux from SN 1987A, folded with the detection cross section σ, the detector energy
resolution R and the detector efficiency E . Notice that our estimation in Eq. (18) improves the results in Ref. [22]
by taking into account the detector response to gamma-cascades which occur during the oxygen de-excitation. From
Eq. (18), the differential events number dNev/dE can be written as [67]

dNev

dE
= NT

∫ +∞

0

dϵR(E, ϵ) E(E)Fa(ϵ)σ(ϵ) , (19)

where ϵ and E are the energy of the incident axion and the detected energy of the de-excitation photon, respectively;
NT is the number of targets in the detector given by NT = NAM/Mmol, where NA = 6.02 × 1023 is the Avogadro’s
number, M = 2.4 kton is the KII detector mass and Mmol = 18.1 g is the molar mass of the oxygen nucleus. In this
expression, the detector resolution R is modeled as [68]

R(E, ϵ) =
∑
ω(ϵ)

1√
2πσ2

e−(E−ω(ϵ))2/2σ2

BR [ω(ϵ)] , (20)

where ω(ϵ) is the energy of the photon emitted to relax the oxygen nuclei from an excited state of energy ϵ, while
BR [ω(ϵ)] is the branching ratio associated with this process. We highlight that our approach takes into account
also the possibility of de-excitation mechanisms without photon emission. Indeed, the oxygen nuclei could also decay
by emitting α-particles, protons or neutrons, which are undetectable. In particular, the branching ratio for photon
emission from a given excited level accounts for ∼ 50% of the total de-excitation processes. Furthermore, here we
assume that the detected energies are distributed around the true de-excitation energies with a Gaussian line-shape
of width σγ = 0.6

√
Eγ(ϵ)/MeV, while the detector efficiency can be parameterized as [3]

E = max
[
0 , 0.93− e−(E/9 MeV)2.5

]
, (21)

assuming that the efficiency to detect gamma-rays is comparable with the one to detect positrons at the same energy [3].
Finally, the isotropic axion flux is given by

Fa(ϵ) =
1

4πd2
dNa(ϵ)

dϵ
, (22)
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where the axion energy spectra dNa/dϵ are taken from Ref. [39].

The behavior of dNev/dE for gap = Cp gaN = 10−6 and for the three different nuclear models is shown in Fig. 8. We
can observe that the detected energies of the de-excitation photons lie in the range 4−10MeV in quite good agreement
with Ref. [22]. However, in our case the differential number of axion-induced events peaks around E ∼ 5MeV since
the oxygen nuclei mainly relax by emitting photons of energies E ≃ 4.4 MeV and E ≃ 5.4 MeV. These values are
slightly different from the main energy of detected photons E ≃ 5.5MeV suggested in Ref. [22].
By integrating over the detected energies it is possible to estimate the number of observed events Nev in the detector.
Figure 9 shows Nev as a function of the axion-proton coupling gap for the three different nuclear models employed.
Comparing our results with the observed neutrino events in KII (∼ 11) [2, 3], we observe that for gap ≲ 10−6 axion-
induced events would have been submerged by neutrino events. Furthermore, it is worth noticing that the updated
cross-section calculation gives an event rate comparable to Ref. [22] for gap ∼ 10−6 − 10−5, while it is higher for
gap ≳ 10−5. In particular, we observe that the number of events obtained in our work increases quadratically with
the coupling while in Ref. [22] it first saturates and then decreases. This behavior is mainly due to the different SN
flux employed. Indeed, while in the simple toy model adopted in Ref. [22] the axion luminosity rapidly decrease for
gap ≳ 10−4, Fig. 1 of Ref. [39] (which is obtained by integrating over a realistic SN model) shows that for those values
of the coupling the axion luminosity approaches a plateau (see also Ref. [69]) and then the dependence on the strength
of nuclear interactions is essentially determined by the cross section σ ∝ g2ap. Finally, we note that the estimated
number of events is implicitly affected by uncertainties due to the nuclear model employed. These uncertainties are
O(40%) in the weak coupling regime and they increase up to O(80%) for strongly coupled axions.

VIII. SUMMARY AND CONCLUSIONS

In this paper we analyzed in great detail the possible signal induced by SN axions in large underground neutrino
water Čherenkov detectors. In particular, we considered the process a+ 16O → 16O∗, where supernova axions excite
the oxygen nuclei in the detector water. The subsequent de-excitation of 16O∗ may allow for a direct detection of
axions from a Galactic SN. Motivated by this possibility, we presented an updated calculation of the axion-oxygen
interaction cross section using state-of-the-art nuclear models. These are based on the Hartree-Fock theory for the
description of the ground state, and on the Continuum Random Phase Approximation to describe the excited states.
Moreover, the detectable radiative decay of the excited oxygen nucleus is considered. We considered de-excitation by
emissions of photons, neutrons, protons, and α-particles. The calculations involved the use of transmission coefficients
and cascade information obtained from the SMARAGD Hauser-Feshbach reaction code, as well as the SPECTRUM
code for multiple particle emission and gamma cascades. We used this information to revise the estimation of axion-
induced events in the Kamiokande-II detector in relation to the SN 1987A explosion event. Our result leads to
updated constraints on the axion-nucleon coupling, in a region complementary with the supernova cooling bound,
towards higher axion-nucleon couplings, as discussed in Ref. [39].
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Appendix A: Nucleonic current

In this Appendix we obtain the explicit expression of the nucleonic current J k defined in Eq. (3)

J k(r, t) ≡ ψ̄f (r, t)γ
kγ5(C0 + C1τ3)ψi(r, t) , (A1)



10

where ψ indicates the nucleon wave function and γk are the Dirac matrices. Expanding in plane waves the nucleon
wavefunctions, we obtain∫

d3rJ k(r, t) = (C0 + C1τ3)

√
Ef +m

2Ef

√
Ei +m

2Ei
ū(pf , sf )γ

kγ5u(pi, si)e
−i(Ef−Ei)t , (A2)

where u indicates the usual Dirac spinor, ū = γ0u† and τ3 = diag(1,−1) the third Pauli matrix. In the non-relativistic
limit we neglect the lower components of the Dirac spinor and we obtain

ū(pf , sf )γ
kγ5u(pi, si) −→ χ†

sf
σkχsi , (A3)

where χs is the Pauli spinor and σ a Pauli matrix. The k-th component of the nucleonic current can be expressed as

J k(r, 0) = (C0 + C1τ3)σ
kδ3(r− ri) , (A4)

where ri is the generic position where the i-th nucleon can be found.

Appendix B: Single-particle matrix elements

We work in a spherical basis and we express the single-particle wave functions as

ϕ(r) = Rt
nlj(r)

l∑
µ=−l

1/2∑
s=−1/2

⟨lµ1
2
s|jm⟩Yl,µ(Ω)χsχt ,≡ Rt

nlj(r)χt |l, j,m⟩ , (B1)

where t is the isospin index, Rt
nlj is the radial wavefunction, Yl,µ are the spherical harmonics, χs and χt are the spinors

for the third component of the spin and isospin, n is the principal quantum number, l, j are the orbital and total
angular momenta, respectively, and m is the z-axis component of the latter. We indicate with ⟨|⟩ the Clebsch-Gordan
coefficients.

By using the properties of the spherical Bessel functions jJ and of the spherical harmonics we can write

∇(jJ(pr)YJ,0(Ω)) =

p

[√
J + 1

2J + 1
jJ+1(pr)YJ+1,J,0(Ω) +

√
J

2J + 1
jJ−1(pr)YJ−1,J,0(Ω)

]
, (B2)

where we have defined the vector spherical harmonics as

YL,J,M (Ω) =
∑
N,q

⟨LN1q|JM⟩YL,Neq , (B3)

with q = ±, 0 defined as

e± = ∓ 1√
2
(ux ± uy) ; e0 = uz , (B4)

where ui for i = x, y, z are unit vectors in cartesian coordinates.
The matrix element of Eq. (17) between two generic states a and b can be written as

⟨a||σ · ∇i(jJ(pr)YJ,0(Ω))||b⟩ =

p

[√
J + 1

2J + 1

∫
dr r2jJ+1(pr)R

∗ t
nalaja(r)R

t
nblbjb

(r) ⟨lajama||σ · YJ+1J,0||lbjbmb⟩+

+

√
J

2J + 1

∫
dr r2jJ−1(pr)R

∗ t
nalaja(r)R

t
nblbjb

(r) ⟨lajama||σ · YJ−1,J,M ||lbjbmb⟩

]
, (B5)

with

⟨lajama||σ · YJ+1J,0||lbjbmb⟩ =

(−1)J+jb+3/2

√
(2ja + 1)(2jb + 1)

4π
ξ(la + lb + J + 1)[

κa + κb + J + 1√
J + 1

](
ja jb J
1
2 − 1

2 0

)
, (B6)
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and

⟨lajama||σ · YJ−1J,0||lbjbmb⟩ =

(−1)J+jb+3/2

√
(2ja + 1)(2jb + 1)

4π
ξ(la + lb + J + 1)[

κa + κb − J√
J + 1

](
ja jb J
1
2 − 1

2 0

)
, (B7)

where ξ(L) = 0 if L is odd and ξ(L) = 1 if L is even, and

κ = (l − j)(2j + 1) . (B8)

By interchanging the indices a and b we obtain two results differing only by a phase factor, therefore Eq. (17) can be
expressed as

⟨JΠ||TJ ||0+⟩
RPA

=
i

ϵp

∫
d3r

∑
p,h

A∑
k=1

[
XJΠ

ph +(−1)J+jp+jh+1Y JΠ

ph

]
⟨h||(C0 + C1τ3(k))σ · ∇i(jJ(pr)YJ,0(Ω))||p⟩ , (B9)

where X and Y are real numbers obtained by solving the secular RPA equations [43, 44].

Appendix C: Continuum RPA

In this Appendix, we indicate with ϵh and ϵp the single particle energies of the hole and particle states, respectively.
If the excitation energy ω of the system is larger than |ϵh|, the nucleon lying on this state can be emitted and
leave the system. The RPA approach which explicitly considers the emission of a particle is called Continuum RPA
(CRPA), where continuum refers to the fact that for ϵp > 0 the independent particle model Schrödinger equation has
a continuous spectrum. In this case, the single particle wave function has an asymptotically oscillating behavior.

The RPA secular equations [43] with the continuum can be written as

(ϵp − ϵh − ω)Xν
ph(ϵp) +

∑
[p′]h′

∑∫
ϵp′

[
V ph′hp′(ϵp, ϵp′)Xν

p′h′(ϵp′) + V pp′hh′(ϵp, ϵp′)Y ν
p′h′(ϵp′)

]
= 0 ,

(ϵp − ϵh + ω)Y ν
ph(ϵp) +

∑
[p′]h′

∑∫
ϵp′

[
V hpp′h′(ϵp, ϵp′) Y ν

p′h′(ϵp) + V hh′pp′(ϵp, ϵp′)Xν
p′h′(ϵp′)

]
= 0 .

(C1)

where X and Y are the unknowns, the symbol [p] indicates the set of quantum numbers characterizing the particle
state except the energy. The states in the continuum are considered by introducing the symbol∑∫

ϵp

≡
∑

ϵF≤ϵp≤0

+

∫ ∞

0

dϵp , (C2)

which sums on the discrete energies and integrates on the continuum part of the spectrum. With V abcd we indicate
the antisymmetrized matrix element

V abcd = ⟨ab|V |cd⟩ − ⟨ab|V |dc⟩ , (C3)

where V is the effective nucleon-nucleon interaction. Our method of solving the CRPA equations [23] consists in
reformulating the secular equations in Eq. (C1) with new unknown functions which do not have explicit dependence
on the continuous particle energy ϵp. These unknown functions are the channel functions f and g defined as

fνph(r) =
∑∫

ϵp

Xν
ph(ϵp)ϕp(r, ϵp) , (C4)

and

gνph(r) =
∑∫

ϵp

Y ν∗
ph (ϵp)ϕp(r, ϵp) , (C5)
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where ϕp(r, ϵp) are eigenfunctions of the single particle Hamiltonian H. Thus, also f and g are eigenfunctions of the
same Hamiltonian

H[fνph(r)] = ϵpf
ν
ph(r) and H[gνph(r)] = ϵpg

ν
ph(r) . (C6)

We multiply the expressions in Eq. (C1) by ϕp(r, ϵp), and, by exploiting the orthonormality properties of the ϕps we
obtain the following equations [23]

H[fph(r)]− (ϵh + ω) fph(r) = −Fph(r) +
∑

ϵp<ϵF

ϕp(r)

∫
d3r1ϕ

∗
h(r1)Fph(r1) ,

H[gph(r)]− (ϵh − ω) gph(r) = −Gph(r) +
∑

ϵp<ϵF

ϕp(r)

∫
d3r1 ϕ

∗
h(r1)Gph(r1) ,

(C7)

where we have defined

Fph(r) =
∑
[p′]h′

∫
d3 r2V (r, r2)

{
ϕ∗h′(r2)

[
ϕh(r) fp′h′(r2)− fp′h′(r)ϕh(r2)

]

+ g∗p′h′(r2)

[
ϕh(r)ϕh′(r2) − ϕh′(r)ϕh(r2)

]}
, (C8)

and Gph is obtained from the above equation by interchanging the f and g channel functions. The last terms of
Eq. (C7) are the contributions of particle wave functions ϕp which are not in the continuum. These equations are
solved by imposing the proper boundary conditions, which in our case consist in indicating the particle-hole excitation
pair with ω > |ϵh| from where the nucleon is emitted. These particle-hole (ph) pairs are called open channels and the
CRPA secular equations are solved a number of times equal to the number of the open channels, each by imposing
that the particle is emitted only in one open channel called elastic. The boundary conditions are imposed on the radial
parts of the f and g functions. For an open ph channel, the outgoing asymptotic behavior of the channel function

fp0h0

ph is

fp0h0

ph (r → ∞) → Rp0
(r, ϵp) δp,p0

δh,h0
+ λH−

p (ϵh + ω, r) , (C9)

where λ is a complex normalization constant and H−
p (ϵh+ω, r) is an ingoing Coulomb function if the emitted particle

is electrically charged or a Hankel function for neutrons. The radial part of the single particle wave function Rp is
the eigenfunction of H for positive energy. In the case of a closed channel, the asymptotic behaviour is given by a
decreasing exponential function

fp0h0

ph (r → ∞) → 1

r
exp

[
−r

(
2m|ϵh + ω|

ℏ2

) 1
2

]
, (C10)

in analogy to the case of the channel functions gp0h0

ph ,

gp0h0

ph (r → ∞) → 1

r
exp

[
−r

(
2m|ϵh − ω|

ℏ2

) 1
2

]
. (C11)

We solve these CRPA secular equations by expanding f and g on the basis of Sturm functions Φµ
p which obey the

required boundary conditions in Eq. (C9)–Eq. (C11) [23]. In the independent particle model, i.e. V = 0, the particle
emission process is described by considering that a particle lying on the hole state h0 is emitted in the particle state
p0. The CRPA considers this fact in the elastic channel and, in addition, takes care of the fact that the residual
interaction mixes this direct emission with all the other ph pairs compatible with the total angular momentum of the
excitation. In Appendix B we have shown that the one-body transition operator can be expressed in the form

TJ,M (r) =

A∑
i=1

FJ(ri)θJ,M (Ωi)δ
3(ri − r) , (C12)
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where we have separated the dependence on the radial and angular coordinates in FJ(ri) and θJ,M (Ωi), respectively.
The transition matrix element in Eq. (B9) for a specific open channel p0h0 is

⟨JΠ||TJ ||0+⟩
RPA

p0h0
=

∑
ph

[
⟨jp||θJ ||jh⟩

∫
drr2

(
fp0h0

ph (r)
)∗
Rh(r)FJ(r) +

+(−1)J+jp−jh ⟨jh||θJ ||jp⟩
∫
drr2gp0h0

ph (r)R∗
h(r)FJ(r)

]
. (C13)

The cross section is obtained by summing, incoherently, on all the open channels p0h0 the square moduli of the above
transition amplitude.
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FIG. 1. Charge densities obtained with the three interactions used in our work compared with the empirical one (black line)
taken from the compilation of Ref. [52].
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FIG. 2. Spectrum of magnetic states of 16O. Each multipole transition is identified by a specific color: 0− black, 1+ red, 3+

green, 4− blue, 5+ cyan. The 2− states are not included. The experimental energies are taken from the compilation of Ref. [53].
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FIG. 3. Electron scattering transverse form factors for the excitation of the 4− excited states. In the upper panel we show the
results for the IS state, while in the lower panel for the IV state. The experimental data are taken from Ref. [55] and refer to
the excitation energy ω = 18.975 MeV.
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FIG. 4. The 2− excited states of 16O obtained with our discrete RPA calculations by using the three interactions we have
considered. In this figure we show the B(M2) values expressed in terms of µ2

N fm2, against the excitation energies. The
experimental data are taken from Ref. [56].
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FIG. 5. Total photo-absorption cross section for the excitation of the 2− multipole. The curves indicate the CRPA results
while the vertical lines the discrete RPA results.
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FIG. 6. Total cross section for the absorption of an axion by the 16O nucleus. These results have been obtained by using the
D1M interaction. The contribution of the various multipoles is indicated. The thick black line show the total cross section
obtained by summing all the contributions. These results are obtained by fixing gaN = 2× 10−9.
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FIG. 7. Total cross section for the absorption of an axion by the 16O nucleus in the energy range up to 30 MeV, obtained
by fixing gaN = 2 × 10−9. The three panels show the results obtained by using the three interactions we have considered.
We show separately the contributions of the 0−, thin continuous black lines, 1+, dotted red lines and 2−, dashed green lines,
contributions. The thick continuous black lines show the total cross sections total cross section obtained by summing the
contributions of the unnatural parity multipoles up to 5+.
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FIG. 8. Differential number of axion-induced events in KII water Čherenkov detector for the three different nuclear models
employed. Here the axion-proton coupling is gap = 10−6.

FIG. 9. Predicted number of axion-induced events in KII water Čherenkov detector for the three different nuclear models
employed as a function of the axion-proton coupling. The solid line is obtained by exploiting the results for cross section
introduced in this work and the spectra computed in Ref. [39], while the dashed lines displays the number of events estimated
in [22]. The grey band defines the region where the number of events due to axions is submerged by neutrino events.
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