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1. Introduction

Stars are powerful factories for feebly interacting particles such as neutrinos, gravitons, hypo-
thetical axions, and other new particles that are light enough to be produced by nuclear reactions
or by thermal processes in the stellar interior. Even when this particle flux cannot be measured, the
backreaction on stars can lead to observable consequences. This “energy-loss argument” has been
widely used to constrain new particle properties [1–17] and has enjoyed a lively recent resurrection
driven by heightened interest in low-mass particles, notably axions & friends, often called ALPs,1
WISPs,2 and FIPs (Feebly Interacting Particles), but also keV-range dark matter, and generally
low-mass dark sectors.

We summarize here the main arguments, observational evidence, and resulting constraints on
QCD axions as our main example. While a broader contemporary review is sorely missing, it would
be too ambitious here to summarize the explosive recent development. In the First Training School
of the COSMIC WISPers network in Sept. 2023 in Lecce (https://agenda.infn.it/event/34190/), one
of us (GR) gave lectures on the subject Axions and the Stars and the other (AC) related student
tutorials. Many years ago, GR gave similar lectures at an axion school (Nov. 2005) at CERN [14].
We use this opportunity to update the old Lecture Notes to contemporary times.

Broadly following the earlier structure, we review in Sect. 2 the properties of QCD axions. In
Sect. 3 we discuss the Sun as an axion source, notably by the Primakoff process, and review limits
on the axion-photon interaction strength by the measured neutrino flux and the CAST experiment
before mentioning in Sect. 4 axion-photon conversion in astrophysical magnetic fields. In Sects. 5–8
we review axion limits from globular-cluster stars, white-dwarf and neutron-star cooling, and
SN 1987A, and in Sect. 9 from black-hole superradiance. In Sect. 10 we mention the backreaction
of the axion field on the equation of state in compact stars, in Sect. 11 cosmological hot-dark-matter
bounds that complement stellar arguments, and conclude in Sect. 12.

2. Axion properties

We briefly review the phenomenological properties of QCD axions, the pseudo Nambu-
Goldstone bosons of the Peccei-Quinn (PQ) symmetry [19, 20]. All low-energy properties relevant
for stellar physics depend on one energy scale 𝑓𝑎, the axion decay constant or PQ scale. The axion
mass and interaction strength with standard particles scale with 𝑓 −1

𝑎 , meaning that for axions, feeble
interactions correlate with small mass. The original Weinberg-Wilczek axion [21, 22] assumed 𝑓𝑎

at the weak-interaction scale of 246 GeV, implying an axion mass in the 100 keV range, the small
𝑚𝑎 allowing for first astrophysical bounds [7–10]. Here we consider invisible axions with much
larger 𝑓𝑎 and much smaller 𝑚𝑎, effectively eliminating any production threshold.

1The term axion-like particle was long used for a pseudoscalar Higgs-like boson. The acronym ALP, specifically
denoting a particle with a generic two-photon vertex, gained circulation since 2006 with Joerg Jaeckel’s talk at Moriond
in March 2006 [18] and in an earlier seminar by Andreas Ringwald at the University of Zurich on 11 January 2006.

2WISP was invented by Andreas Ringwald in his talk Low-Energy Photons as a Probe of Weakly Interacting Sub-eV
Particles at the 3rd ILIAS-CERN-DESY Axion-WIMP Workshop, Patras, Greece, on 21 June 2017 (https://axion-
wimp2007.desy.de/e30/e122/talk_Ringwald1.pdf). Occasionally, the acronym is also interpreted as Weakly Interacting
Slim Particle. It also suggests something a bit eerie, like a ghostly Will-o’-Wisp.
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2.1 Defining properties

The quantum theory of strong interactions contains a CP-violating termΘ(𝑔2
s /32 𝜋2)𝐺𝑏

𝜇𝜈𝐺
𝑏𝜇𝜈 ,

where 𝑔s is the strong gauge coupling constant, 𝐺 the gluon field-strength tensor, 𝐺 its dual, and 𝑏
a color index. Among other consequences, it induces a much larger neutron electric dipole moment
(EDM) than is experimentally allowed. The PQ solution of this strong CP problem consists of
dynamical symmetry restoration by adding the axion field Θ → Θ+𝑎/ 𝑓𝑎: the potential provided by
the CP-violating term drives 𝑎 to the CP-conserving minimum at 𝑎 = −Θ/ 𝑓𝑎. By construction, at
energies far below 𝑓𝑎 and the electroweak scale, the most general Lagrangian containing axions is

L𝑎 =
1
2
(𝜕𝜇𝑎)2 +

𝑔2
s

32 𝜋2
𝑎

𝑓𝑎
𝐺𝑏

𝜇𝜈𝐺
𝑏𝜇𝜈 + . . . (1)

This interaction with gluons is the defining property of QCD axions. The ellipsis stand for additional
model-dependent terms such as tree-level couplings to quarks of the type 𝜕𝜇𝑎

2 𝑓𝑎
∑

𝑞 𝐶
0
𝑎𝑞𝑞𝑞𝛾

𝜇𝛾5𝑞. As
we will see, often an axion-photon coupling obtains on top of the generic one implied by Eq. (1),
involving the ratio 𝐸/𝑁 of the electromagnetic and color anomalies.

At leading order in 1/ 𝑓𝑎, the axion can be treated as an external source and the low-energy
behavior of the theory is well described by the chiral Lagrangian, which elegantly provides some
of the most relevant axion properties. In a two-flavor approximation, with the quark mass matrix
𝑀𝑞 =

( 𝑚𝑢 0
0 𝑚𝑑

)
, and defining the matrix 𝑄𝑎 = 𝑀−1

𝑞 /Tr(M−1
q ), chosen so that no tree-level mass

mixing between the axion and the neutral pion arises, the crucial terms defining some of the basic
axion properties are

L𝑎𝜋 =
2𝑚2

𝜋

𝑚𝑢 + 𝑚𝑑

𝑓 2
𝜋

4
Tr

(
𝑈𝑀†

𝑎 + 𝑀𝑎𝑈
†
)

︸                                    ︷︷                                    ︸
from here we read the axion mass

+ 𝑚𝑑 − 𝑚𝑢

𝑚𝑑 + 𝑚𝑢

𝑖 𝑓 2
𝜋

4
Tr

(
𝜎3

{
𝑈, (𝜕𝜇𝑈)†

} ) 𝜕𝜇𝑎
2 𝑓𝑎︸                                                ︷︷                                                ︸

from here we read the axion-pion couplings

, (2)

where 𝑈 = 𝑒𝑖Π/ 𝑓𝜋 , with Π =
(

𝜋0 √
2𝜋+

√
2𝜋− −𝜋0

)
the pion matrix, 𝜎3 the third Pauli matrix, and 𝑀𝑎 =

𝑒𝑖 𝑎𝑄𝑎/2 𝑓𝑎 𝑀𝑞 𝑒
𝑖 𝑎𝑄𝑎/2 𝑓𝑎 .

2.2 Axion mass

Expanding the chiral Lagrangian in Eq. (2) to second order in the fields, it is straightfor-
ward to derive the axion mass from the quadratic axion term, leading to the traditional result
𝑚2

𝑎 =
𝑚𝑢𝑚𝑑

(𝑚𝑢+𝑚𝑑 )2
𝑚2

𝜋 𝑓 2
𝜋

𝑓 2
𝑎

. Including next-to-leading-order (NLO) corrections, the mass is [23]

𝑚𝑎 = 𝐶𝑚𝑎

𝑓𝜋𝑚𝜋

𝑓𝑎
=

5.69(5) meV
𝑓𝑎/109 GeV

where 𝐶𝑚𝑎
=
𝑧1/2

1 + 𝑧 + NLO = 0.457(4), (3)

where 𝑧 = 𝑚𝑢/𝑚𝑑 = 0.472(11) and 𝑧1/2/(1+ 𝑧) = 0.467. The accuracy and very good convergence
of the chiral expansion was confirmed [24], where the authors included QED and NNLO corrections,
both of which were found to be an order of magnitude below the NLO ones.
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2.3 Electric dipole portal

The defining axion-gluon interaction of Eq. (1) implies several of the generic hadronic axion
interactions, notably with nucleons and pions. The most fundamental is a model-independent
axion-nucleon-photon vertex, also called nucleon electric-dipole portal, represented by [25–27]

LEDM
𝑎𝑁𝑁𝛾 = − 𝑖

2
𝐶𝑎𝑁𝑁𝛾 𝜇𝑁

𝑎

𝑓𝑎
𝑁𝛾5𝜎𝜇𝜈𝑁 𝐹

𝜇𝜈 , (4)

where 𝐶𝑎𝑁𝑁𝛾 is a numerical coefficient, 𝜇𝑁 = 𝑒/2𝑚𝑝 = 1.05 × 10−14 𝑒 cm the nuclear magneton,
𝑁 = 𝑛 or 𝑝 is a nucleon field, and 𝐹𝜇𝜈 the EM field-strength tensor. With 𝑎 = Θ 𝑓𝑎, this vertex
reproduces the static nucleon EDM implied by the Theta term, in particular 𝑑𝑛 = Θ𝐶𝑎𝑛𝑛𝛾𝜇𝑁 . The
origin of the EDM can be understood in that the 𝐺𝐺 vertex implies a CP-violating pion-nucleon
coupling, which then leads to a nucleon EDM as shown in Fig. 1, where the solid dark blobs indicate
these CP-violating pion-nucleon vertices.

Figure 1: Diagrams for the nucleon EDM. The solid dark blobs indicate the CP-violating pion-nucleon
vertex. Switching the role of neutron and proton, one also finds an analogous proton EDM of nearly
opposite-equal strength. (Figure from the classic work [28].)

QCD sum rules imply 𝐶𝑎𝑛𝑛𝛾 = 0.022 to approximately 40% precision [29, 30], while previous
simpler estimates based on the effective chiral Lagrangian predicted larger values, either using
the MIT quark bag model [31], or the more sophisticated chiral loop [28] as reported in Table 1.
The best measurement 𝑑𝑛 = (0.0 ± 1.1stat ± 0.2sys) × 10−26𝑒 cm implies 𝑑𝑛 < 1.8 × 10−26 𝑒 cm at
90% C.L. [32] and thus Θ ≲ 1.3 × 10−10 within the error of the theory prediction [29, 30]. Its
smallness is the original strong CP problem. Other baryons acquire similar EDMs and especially
𝐶𝑎𝑝𝑝𝛾 ≃ −𝐶𝑎𝑛𝑛𝛾 up to small corrections [33]. A future proton storage ring could advance the Θ

sensitivity by 3 orders of magnitude [34].
Very recently, substantial progress has been made also in the calculation of the Theta term

in lattice QCD. One can compute the nucleon EDM directly in terms of CP-violating operators at
the quark level. Assuming the Theta term to be the only source of CP violation, Ref. [35] found

QCD Sum Rules Quark Bag Model Chiral Loop Lattice QCD
𝑑𝑛

[
10−16 𝑒 cmΘ

]
2.4 ± 1.0 [29] 8.2 [31] 12 [28] 1.52 ± 0.71 [35]

Table 1: Neutron EDM computed with different techniques. The quoted result [29] comes from v3 (2005)
of the arXiv posting (see also v4 (2005) of the arXiv posting for Ref. [30]), replacing the published result
(1999) that was erroneously a factor of 2 smaller.
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Θ ≲ 1.98 × 10−10 (90% C.L.), a result later confirmed by other groups. For a recent review of the
latest lattice results see Ref. [36], in particular the right panel of Fig. 4 for the neutron EDM induced
by the QCD Theta term.

Intriguingly, the EDM coupling provides a new channel to search for axion dark matter because
the classical axion field oscillations spawn time-varying nucleon EDMs [27, 37]. The vertex in
Eq. (4) also implies that stars can emit axions by 𝛾 + 𝑁 → 𝑁 + 𝑎 [38]. However, this process
dominates in a SN core only if both the axion-neutron and proton couplings vanish with high
precision everywhere. If such a situation is conceivable deserves further studies along the lines of
what was done for renormalization group evolution effects [39].

2.4 Interaction with nucleons and pions

The couplings to nucleons require some extra care, as they cannot be read directly from the
Lagrangians in Eq. (2), but involve matching hadronic physics to that of elementary quarks. The
generic interaction structure for the CP-conserving axion interaction with a fermion 𝜓 has derivative
structure so that it is invariant under the shift 𝑎 → 𝑎 + 𝑎0 as behooves a Nambu-Goldstone boson,

L𝑎𝜓𝜓 =
𝐶𝑎𝜓𝜓

2 𝑓𝑎
𝜓𝛾𝜇𝛾5𝜓𝜕𝜇𝑎. (5)

Here, 𝜓 is the fermion field, 𝑚 its mass, and 𝐶𝑎𝜓𝜓 a model-dependent numerical coefficient.
This structure often provides the same results as the pseudoscalar form −𝑖 (𝐶𝑎𝜓𝜓𝑚/ 𝑓𝑎) 𝜓𝛾5𝜓𝑎

and one defines the combination 𝑔𝑎𝜓𝜓 ≡ 𝐶𝑎𝜓𝜓𝑚/ 𝑓𝑎 as a Yukawa coupling and 𝛼𝑎𝜓𝜓 ≡ 𝑔2
𝑎𝜓𝜓

/4𝜋
as a fine-structure constant. But one has to be careful because the two interactions are physi-
cally distinct theories. This is seen, for example, in the scattering process 𝑎𝜓 → 𝑎𝜓, where the
derivative interaction has vanishing amplitude in the soft limit (as it should by the Adler zero
condition), which implies among others that the forward-scattering amplitude and thus possible
in-medium refraction vanishes, in contrast to the pseudoscalar interaction. In other words, the
two theories differ at the nonlinear axion level and to recover the same soft limit, one needs to
add the quadratic term 2𝑚 𝜓𝜓(𝑎/ 𝑓𝑎)2 to the Yukawa Lagrangian. It stems from the Lagrangians
𝜓(𝑖𝛾𝜇𝜕𝜇 − 𝑚 𝑒𝑖 2𝛾5 𝑎/ 𝑓𝑎 )𝜓 + 1

2 (𝜕𝑎)
2 and 𝜓(𝑖𝛾𝜇𝜕𝜇 − 𝑚)𝜓 + 1

𝑓𝑎
𝜕𝜇𝑎𝜓𝛾

5𝛾𝜇𝜓 + 1
2 (𝜕𝑎)

2 being equiva-
lent up to a field redefinition 𝜓 → 𝑒𝑖𝛾5𝑎/ 𝑓𝑎𝜓, although this equivalence strictly applies only on the
classical level and one has to worry about the well-known chiral anomaly. It is then not surprising
that some important axion rates, such as nucleon bremsstrahlung, give different results for the
derivative and pseudoscalar case [40, 41].

In models without direct axion-quark couplings, the leading-order coupling to nucleons is
roughly estimated to be, neglecting sea-quark contributions, [23]

𝐶𝑎𝑝𝑝 ≃ −𝑚𝑑Δ𝑢 + 𝑚𝑢Δ𝑑

𝑚𝑢 + 𝑚𝑑

and 𝐶𝑎𝑛𝑛 ≃ −𝑚𝑑Δ𝑑 + 𝑚𝑢Δ𝑢

𝑚𝑢 + 𝑚𝑑

. (6)

Here we introduced the matrix elements Δ𝑞 (𝑞 = 𝑢 or 𝑑) defined by 𝑠𝜇Δ𝑞 = ⟨𝑝 | 𝑞𝛾𝜇𝛾5𝑞 |𝑝⟩,
where |𝑝⟩ is the proton state at rest and 𝑠𝜇 its spin. With Δ𝑢 = 0.897(27) and Δ𝑑 = −0.376(27)
and 𝑚𝑢/𝑚𝑑 = 0.467 [23] one finds 𝐶𝑎𝑝𝑝 = 0.49 and 𝐶𝑎𝑛𝑛 = 0.03, compatible with zero within
uncertainties. This phenomenologically important fact derives from an accidental cancellation

6
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between 𝑚𝑢/𝑚𝑑 = 0.47 ≃ 1/2 and Δ𝑢/Δ𝑑 = −2.4 ≃ −2, i.e., between the 𝑢/𝑑 mass ratio 1/2 and
the 𝑢/𝑑 number ratio 2 of valence quarks in the neutron. A more precise analysis reveals [23]

𝐶𝑎𝑝𝑝 = −0.47(3) and 𝐶𝑎𝑛𝑛 = −0.02(3). (7)

These couplings arise from the model-independent axion coupling to gluons and apply, in particular,
to the KSVZ model that does not have any direct axion couplings to ordinary quarks or leptons.

For the DFSZ model, for which there are explicit axion couplings to quarks axial currents, the
nucleon interactions read [23]

𝐶𝑎𝑝𝑝 = −0.182(25) − 0.435 sin2 𝛽 and 𝐶𝑎𝑛𝑛 = −0.160(25) + 0.414 sin2 𝛽. (8)

Here, tan 𝛽 = 𝑣𝑢/𝑣𝑑 is the ratio of two Higgs vacuum expectation values of this model.3 𝐶𝑎𝑝𝑝 never
becomes very small as a function of 𝛽, whereas 𝐶𝑎𝑛𝑛 vanishes for sin2 𝛽 = 0.39(6), corresponding
to tan 𝛽 = 0.80(10). In this case 𝐶𝑎𝑝𝑝 = 0.346

However, the main interest is for processes in a nuclear medium (SN core, neutron star), where
nucleon properties significantly change. These finite-density modifications [44, 45] imply that𝐶𝑎𝑛𝑛

never vanishes everywhere in a compact star, so neutrons always produce some axions.
In analogy to axions, for completeness, we also report here the standard-model nucleon-pion

interactions [41, 46]

L𝑁𝑁 𝜋 =
𝑔𝐴

2 𝑓𝜋

[ (
𝑝𝛾𝜇𝛾5𝑝 − 𝑛𝛾𝜇𝛾5𝑛

)
𝜕𝜇𝜋

0 +
√

2 𝑝𝛾𝜇𝛾5𝑛 𝜕𝜇𝜋
+ +

√
2 𝑛𝛾𝜇𝛾5𝑝 𝜕𝜇𝜋

−
]
, (9)

with the axial-current coupling constant being 𝑔𝐴 = 1.2723(23). The coupling constant is often
expressed as 𝑔𝐴/2 𝑓𝜋 → 𝑓 /𝑚𝜋 with 𝑓 the “pion-nucleon coupling constant” and 𝑚𝜋 = 139.6 MeV
the charged pion mass. With 𝑓𝜋 = 92.4 MeV, this relation implies 𝑓 = 𝑔𝐴𝑚𝜋/2 𝑓𝜋 = 0.961.
The measured value is 𝑓 = 0.967–1.007 [47], compatible with 𝑓 = 1 often used in the older
axion literature, but essentially also compatible with 𝑔𝐴𝑚𝜋/2 𝑓𝜋 . Of course, none of the calculated
processes in a nuclear medium is so precise that these few-percent differences would matter.

Passing to the axion couplings to pions, they can be derived from the second term in Eq. (2).
Expanding the chiral Lagrangian, the leading order terms read [46, 48]

L𝑎𝜋 =

(𝑚𝑢 − 𝑚𝑑

𝑚𝑢 + 𝑚𝑑

+ 𝐶0
𝑎𝑢𝑢 − 𝐶0

𝑎𝑑𝑑

) 𝜕𝜇𝑎

3 𝑓𝜋 𝑓𝑎

(
𝜋0𝜋+𝜕𝜇𝜋− + 𝜋0𝜋−𝜕𝜇𝜋+ − 2𝜋+𝜋−𝜕𝜇𝜋0

)
+ 1

2

(𝑚𝑢 − 𝑚𝑑

𝑚𝑢 + 𝑚𝑑

+ 𝐶0
𝑎𝑢𝑢 − 𝐶0

𝑎𝑑𝑑

) 𝑓𝜋
𝑓𝑎
𝜕𝜇𝑎𝜕

𝜇𝜋0, (10)

where for completeness we added model-dependent terms, proportional to 𝐶0
𝑎𝑢𝑢 − 𝐶0

𝑎𝑑𝑑
, which

arise from tree-level coupling between axion and quarks, the ellipsis in our Eq. (1). Axion-pion
processes appear in the early universe just after the QCD confinement epoch [48].

3In the older axion literature, including the standard reference [23], cot 𝛽 = 𝑣𝑢/𝑣𝑑 was used instead. Therefore, what
was cos2 𝛽 in the axion-electron coupling is now sin2 𝛽. This change of convention was introduced in the 2018 edition
of the Review of Particle Physics [42] to homogenize notation with the Higgs literature. It is also used in the recent and
often-cited review [43]. Still, for each newer paper one needs to check which convention is followed. Notice that tan 𝛽 = 1
implies sin2 𝛽 = 1/2. It was argued that the possible range is tan 𝛽 = 0.25–170 [43], translating to sin2 𝛽 = 0.06–1.
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The nucleon-pion and nucleon-axion couplings allow for processes such as 𝜋 + 𝑁 → 𝑁 + 𝑎.
In addition, there is also a direct pion-nucleon-axion vertex [41, 46, 48]

L𝑎𝑁𝑁 𝜋 = 𝑖
𝐶𝑎𝑁𝑁 𝜋

𝑓𝜋

𝜕𝜇𝑎

2 𝑓𝑎

(
𝑝𝛾𝜇𝛾5𝑛 𝜋

+ − 𝑛𝛾𝜇𝛾5𝑝 𝜋
−
)
, where 𝐶𝑎𝑁𝑁 𝜋 =

𝐶𝑎𝑝𝑝 − 𝐶𝑎𝑛𝑛√
2 𝑔𝐴

. (11)

In nonrelativistic𝑁𝑁 bremsstrahlung, this direct coupling is subdominant, but matters in 𝜋𝑁 → 𝑁𝑎.
Such processes can be particularly relevant for supernova axions, both for their production and for
their detection on Earth [46, 49–51].

2.5 Interaction with electrons

The DFSZ model is a popular axion model that couples both to ordinary quarks and leptons. The
derivative interaction structure is analogous to that with nucleons, and the relation to the often-used
pseudoscalar structure is as discussed in Sect. 2.4. The DFSZ electron coupling is [52, 53]

𝐶𝑎𝑒𝑒 =
sin2 𝛽

3
and 𝑔𝑎𝑒𝑒 =

sin2 𝛽

3
𝑚𝑒

𝑓𝑎
= 1.50 × 10−14 𝑚𝑎

meV
2 sin2 𝛽. (12)

Here, tan 𝛽 is the ratio of two Higgs vacuum expectation values of this model (see footnote 3).
Sometimes a second variant of the DFSZ model is discussed (DFSZ-II), where the assignment

of PQ charges to electrons is opposite relative to quarks, meaning that nothing changes for the
hadronic interactions, whereas 𝐶𝑒 = − 1

3 cos2 𝛽 [43]. This case should not be confused with the
older 𝛽 convention (footnote 3), where 𝐶𝑒 = 1

3 cos2 𝛽old in the DFSZ-I model. For the anomaly
ratio, we have 𝐸/𝑁 = 8/3 for DFSZ-I and 𝐸/𝑁 = 2/3 for DFSZ-II.

a

γγ

e e

Figure 2: Feynman diagram contributing to the renormalization of the derivative coupling of the axion to
electrons and thus to a small effective axion-electron coupling even in the absence of a tree-level coupling.

In hadronic models such as KSVZ [54, 55], by definition axions do not couple to ordinary
quarks and leptons at tree level. Nevertheless, the axion-photon interaction implies a loop-induced
axion-electron interaction [56] (see Fig. 2), later corrected by a factor 1/2𝜋 [48], providing4

𝐶
loop
𝑎𝑒𝑒 =

3𝛼2
𝐸𝑀

8𝜋2

[
𝐸

𝑁
ln

(
𝑓𝑎

𝜇

)
− 2(4 + 𝑧)

3(1 + 𝑧) ln
(
Λ

𝜇

)]
, (13)

where Λ is the QCD scale and 𝜇 < Λ a renormalization scale. In the KSVZ model, 𝐸/𝑁 = 0, and
the first term drops out.

4In these Lectures Notes we use ln for the Napierian logarithm, and log for the logarithm with base 10.
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2.6 Interaction with photons

Another generic property of axions is their two-photon interaction that plays a key role for most
searches,5

L𝑎𝛾𝛾 =
𝐺𝑎𝛾𝛾

4
𝐹𝜇𝜈𝐹

𝜇𝜈𝑎 = −𝐺𝑎𝛾𝛾 E · B 𝑎. (14)

Here, 𝐹 is the electromagnetic field-strength tensor, 𝐹 its dual, and E and B the electric and magnetic
fields, respectively. The coupling constant is [23]

𝐺𝑎𝛾𝛾 =
𝛼

2𝜋 𝑓𝑎
𝐶𝑎𝛾𝛾 and 𝐶𝑎𝛾𝛾 = −2

3
4 + 𝑧
1 + 𝑧 + NLO + 𝐸

𝑁
= −1.92(4) + 𝐸

𝑁
, (15)

where the piece proportional to 𝐸/𝑁 is model dependent. 𝐸 and 𝑁 are the electromagnetic and
color anomaly of the axial current associated with the axion field. The other piece in 𝐶𝑎𝛾𝛾 is
instead model independent and arises from the axion coupling to gluons. The simplest case is the
KSVZ model [54, 55], that involves a new Higgs singlet with large vacuum expectation value (vev)
and the axion-gluon coupling arises through a triangle graph of a new heavy electrically neutral
quark. This implies 𝐸/𝑁 = 0 so that the axion-photon interaction arises solely through its mixing
with the 𝜋0 and 𝜂 mesons caused by the axion-gluon interaction. In the DFSZ model [52, 53], a
grand unified model in which axions also couple to charged leptons, 𝐸/𝑁 = 8/3. In the DFSZ-II
model mentioned in the previous section, 𝐸/𝑁 = 2/3, but with DFSZ we will always mean
the usual DFSZ-I model. The KSVZ and DFSZ models are often used as reference cases with
𝐶KSVZ
𝑎𝛾𝛾 = −1.92(4) and 𝐶DFSZ

𝑎𝛾𝛾 = 0.75(4), although, in principle, models with practically any value
for 𝐸/𝑁 can be constructed [57, 58].

Axions or similar pseudoscalars with a two-photon vertex (axion-like particles or ALPs) decay
into two photons with the rate

Γ𝑎→𝛾𝛾 =
𝐺2

𝑎𝛾𝛾𝑚
3
𝑎

64 𝜋
=
𝐶2
𝑎𝛾𝛾

4𝐶2
𝑚𝑎

𝛼2

64 𝜋3
𝑚5

𝑎

𝑚2
𝜋 𝑓

2
𝜋

= 3.14 × 10−25 s−1
(𝑚𝑎

eV

)5
𝐶2
𝑎𝛾𝛾 , (16)

where we used Eq. (3) in the second step. The age of the universe of 13.8 Gyr = 4.35 × 1017 s
reveals that axions decay on a cosmic time scale if 𝑚𝑎 ≳ 24 eV for |𝐶𝑎𝛾𝛾 | ≃ 1.

In the 𝐺𝑎𝛾𝛾–𝑚𝑎 parameter plane, the “ALP-scape” often shown for experimental searches and
bounds [59], QCD axions lie on a line, or rather, within a usually shown golden band that reflects
the model uncertainty of 𝐶𝑎𝛾𝛾 . A plausible range over a broad model range is |𝐶𝑎𝛾𝛾 | = 0.074–17.3
[57, 58], meaning |𝐶𝑎𝛾𝛾 |/2𝐶𝑚𝑎

= 0.081–19. We mention in passing that among standard-model
particles, the 𝜋0 and 𝜂 mesons lie in that band and are standard-model ALPs. Specifically, the pion
decay rate from the chiral anomaly is Γ𝜋0→𝛾𝛾 = (𝛼2/64 𝜋3) (𝑚3

𝜋/ 𝑓 2
𝜋) = 7.75 eV, very close to the

experimental world average of 7.71(11) eV [32], i.e., for 𝐶𝑎𝛾𝛾/2𝐶𝑚𝑎
= 1, it agrees with the axion

for 𝑚𝑎 → 𝑚𝜋 . Likewise, the 𝜂 meson with 𝑚𝜂 = 548 MeV has Γ𝜂→𝛾𝛾 = 516 eV, which is within
errors Γ𝜋0→𝛾𝛾 (𝑚𝜂/𝑚𝜋)3 is also on that line. In other words, 𝜋0 and 𝜂 are ALPs that lie on the line
defined by Eq. (16) with 𝐶𝜋𝛾𝛾 = 𝐶𝜂𝛾𝛾 = 0.914.

5We use the notation that a coupling constant in capital letters is dimensionful, 𝐺𝑎𝛾𝛾 with dimension of inverse
energy, whereas the dimensionless Yukawa couplings to fermions are denoted, for example, by 𝑔𝑎𝑒𝑒.
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3. The Sun as an axion source

3.1 How well do we know the inner Sun?

The Sun at an average distance of 149.6 × 106 km is the closest stellar factory for low-mass
particles, producing a neutrino flux at Earth of approximately 6.6× 1010 cm−2 s−1 with energies up
to 18 MeV. The overall process 2𝑒 + 4𝑝 → 4He + 2𝜈𝑒 proceeds through various nuclear reactions
of the PP chains and CNO cycle. In addition, thermal plasma reactions such as electron-nucleus
bremsstrahlung or plasmon decay 𝛾 → 𝜈𝜈 produce keV-range pairs, in total 3.1 × 106 cm−2 s−1 of
𝜈 at Earth and an equal 𝜈 flux [60–62]. Analogous processes produce keV-range axions that can be
constrained by the properties of the Sun, and more importantly, potentially detected by helioscopes
[63] such as the now-decommissioned CAST [64, 65], the future IAXO [66], and BabyIAXO that
is currently under construction [67, 68], providing a realistic axion detection opportunity.

How well do we understand the Sun as a particle source? The first solar neutrino observations
beginning in 1968 [69] inaugurated the solar neutrino problem, but also its solution in the form of
flavor conversion [70]. After decades of neutrino-oscillation research using solar, atmospheric, and
laboratory neutrinos, determining the mixing parameters has become precision science [71, 72].
After including the effects of flavor conversion, the predicted and measured solar neutrino flux
spectra agree extremely well [73–75]. It is intriguing that very recently, low-energy solar pp
neutrinos were measured for the first time in a dark-matter detector, PandaX-4T [76].

Another way to probe the inner Sun is helioseismology, where one uses the measured surface
motion from seismic waves (p modes) to infer the sound-speed profile, originally yielding impressive
agreement with standard solar models (SSMs). Since the early 2000s, however, agreement turned to
tension when modern determinations of the photospheric element abundances appeared. The exact
structure of the Sun depends on radiative energy transfer, which in turn depends on the opacity,
corresponding to the average photon mean free path. This depends on processes such as Compton
scattering, inverse bremsstrahlung (free-free transitions) as well as free-bound and bound-bound
atomic transitions—recall that heavier elements in the Sun are not fully ionized. The mass fraction
𝑍 of metals (everything other than hydrogen and helium, mass fractions 𝑋 and𝑌 with 𝑋 +𝑌 +𝑍 = 1)
is therefore a crucial SSM ingredient [77]. For the older GS98 composition [78], the photospheric
metal fraction is 𝑍/𝑋 = 0.02292 and in a SMM corresponds to 𝑍ini = 0.0187(13) and also implies
𝑌ini = 0.2718(56). (Gravitational settling reduces 𝑍 somewhat from 𝑍ini.) The modern AGSS09
composition [79], on the other hand, yields 𝑍ini = 0.0149(9) and 𝑌ini = 0.2613(55), leading to
strong tension with the seismic sound-speed profile and depth of the convective zone. It reaches
from the surface down to 0.713(1) of 𝑅⊙ (seismic determination) in agreement with 0.712(5) for the
SMM with GS98, but in tension with 0.722(5) for the one using AGSS09 [77]. This issue is called
the solar abundance, metallicity or opacity problem. Very recently (2022), however, yet a new
photospheric abundance determination was performed, using new observational material for the
Sun, updated atomic data, and up-to-date NLTE (non local thermal equilibrium) model atoms [80].
The resulting 𝑍 is similar to GS98, although the element distribution differs significantly. The
agreement with helioseismic information is again excellent and the authors think that the 20-year
solar abundance problem may be largely resolved.

Neutrinos from the sub-dominant CNO cycle are sensitive to the metal abundance, coming
primarily from 13N → 13C+ 𝑒+ + 𝜈𝑒 (𝐸max = 1.2 MeV) and 15O → 15N+ 𝑒+ + 𝜈𝑒 (𝐸max = 1.7 MeV),
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with a combined flux at Earth of 4.8 × 108 cm−2 s−1 for a GS98 model (high 𝑍), uncertainties
±15% and ±17% for the two components, whereas AGSS09 (low 𝑍) yields 3.5 in these units
[77]. Since 2020, the now-decommissioned Borexino experiment has succeeded in measuring this
combined flux against large backgrounds in the energy range 0.8–1.2 MeV and found ΦCNO =

6.7+1.2
−0.8 × 108 cm−2 s−1, strongly favoring the high-𝑍 case [81, 82].
It remains to be seen if these latest developments put to rest the solar opacity uncertainty,

but even if it is not completely settled, we know so much detail about the Sun that the remaining
uncertainties are not a major concern for its role as an axion source.

3.2 How much energy loss is allowed by Primakoff emission?

If the Sun were to radiate energy in the form of axions or other new particles, it would need to
burn faster to supply energy for both the measured photon flux and the new channel. At its age of
4.57 Gy, the Sun is roughly halfway to exhausting hydrogen in its center, suggesting that its axion
luminosity 𝐿𝑎 must not exceed 𝐿⊙ = 3.85 × 1033 erg s−1 for it to live as long, a rough estimate
supported by self-consistent solar models evolved with axion losses included [83].

As an often-used reference case, we consider hadronic axions or general ALPs that are primarily
produced by the Primakoff process 𝛾 + 𝑍𝑒 → 𝑍𝑒 + 𝑎 through their two-photon coupling 𝐺𝑎𝛾𝛾 in
the fluctuating electric fields of the stellar plasma [7, 84–86]. Besides temperature 𝑇 , two scales of
the plasma are important, the plasma frequency 𝜔p and Debye-Hückel screening scale 𝑘s given by

𝜔2
p = 4𝜋𝛼

∑︁
𝑖

𝑍2
𝑖
𝑛𝑖

𝑚𝑖

≃ 4𝜋𝛼 𝑛𝑒
𝑚𝑒

and 𝑘2
s = 4𝜋𝛼

∑︁
𝑖

𝑍2
𝑖
𝑛𝑖

𝑇
. (17)

The sum is over all charged particles, notably electrons and ions, masses𝑚𝑖 and number densities 𝑛𝑖 .
Near the solar center, 𝑇 = 1.3 keV, 𝜔p = 0.3 keV, and 𝑘s = 9 keV, and in our case an overall
hierarchy 𝑚𝑎 ≪ 𝜔p ≪ 𝑇 ≪ 𝑘s. The plasma frequency provides us with the photon dispersion
relation 𝑘2 = 𝜔2 − 𝜔2

p, i.e., photons propagate as if they had a mass 𝜔p, although in general media,
the dispersion relation is more complicated. The screening scale, on the other hand, tells us the
exponential decline of the electric field of a test charge in plasma and in this sense is also an effective
photon mass. The large hierarchy between plasma mass and screening scale is characteristic for a
nonrelativistic plasma and depends on 𝑚𝑒 ≫ 𝑇 as we can see in Eq. (17).

For Primakoff emission, one may safely neglect 𝑚𝑎 and 𝜔p relative to 𝜔, but with average
photon energies ⟨𝜔⟩ ≃ 3𝑇 , there is no strong hierarchy of a typical 𝜔 relative to 𝑘s. Ignoring recoil
and degeneracy effects one finds [84]

Γ𝛾→𝑎 =
𝐺2

𝑎𝛾𝛾𝑇𝑘
2
s

32𝜋

[(
1 +

𝑘2
s

4𝜔2

)
ln

(
1 + 4𝜔2

𝑘2
s

)
− 1

]
. (18)

Integrating over a thermal photon distribution, the energy-loss rate per unit volume is

𝑄 =
𝐺2

𝑎𝛾𝛾𝑇
7

4𝜋
𝐹 (𝜅2) , (19)

where 𝐹 (𝜅2) is a numerical factor with 𝜅 = 𝑘s/2𝑇 . In the Sun, 𝜅2 ≃ 12 ± 15% throughout
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and for these conditions 𝐹 (𝜅2) ≃ 1.842 (𝜅2/12)0.31 [87]. Integrating over a SMM, using 𝐺10 =

𝐺𝑎𝛾𝛾/(10−10 GeV−1), one finds an axion flux at Earth of

Φ𝑎 = 𝐺2
10 3.75 × 1011 cm−2 s−1 and 𝐿𝑎 = 𝐺2

10 1.85 × 10−3𝐿⊙ . (20)

The maximum of the distribution is at 3.0 keV, the average energy is 4.2 keV. A detailed recent
error analysis reveals that these traditional results are surprisingly accurate, the main uncertainty
of around 5% derives from differences between SSMs [86]. Conversely, after a future solar axion
detection by IAXO, the measured flux could probe details about the inner Sun [88].

Another recent reexamination of Primakoff emission goes beyond the static limit, allowing
for an energy shift of the final-state axion [89]. In a dynamical treatment, including electron
collective motion, Primakoff emission can be interpreted as transverse to longitudinal plasmon
decay 𝛾T → 𝛾L + 𝑎 or coalescence 𝛾T + 𝛾L → 𝑎 [85]. The solar axion spectrum is slightly
broadened and the overall emission rate reduced by 1–2% [89], a small modification, but perhaps
interesting if axions were detected and used to probe the Sun.

The solar-age requirement of 𝐿𝑎 ≲ 𝐿⊙ discussed earlier implies 𝐺10 ≲ 23. However, the
increased nuclear burning required to provide 𝐿𝑎 implies an increased inner 𝑇 and thus increased
neutrino fluxes, notably from 8B → 8Be∗ + 𝑒+ + 𝜈𝑒 (𝐸max ≃ 15 MeV). The flux at Earth is
5.46(67) × 106 cm−2 s−1 (GS98) and 4.50(54) in these units (AGSS09), to be compared with
the measured value of 5.20(10) [75]. The 8B flux roughly scales with 𝑇18

c of the solar central
temperature and self-consistent solar models imply [87, 90, 91]

Φ(8B)
ΦSMM(8B)

≃
(
1 + 𝐿𝑎

𝐿⊙

)4.4
. (21)

In Fig. 3 we show the range thus predicted for a high-𝑍 and low-𝑍 SSM [90] as a function of axion

Figure 3: Flux of solar 8B neutrinos as a function of assumed Primakoff axion losses. The predicted range
from a high-𝑍 and low-𝑍 SSM [90] as well as the measured value [75] are shown.
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losses as well as the measured range, suggesting a constraint

𝐺𝑎𝛾𝛾 ≲ 6 × 10−10 GeV−1, KSVZ: 𝑓𝑎 ≳ 0.4 × 107 GeV, 𝑚𝑎 ≲ 1.5 eV. (22)

The modified sound-speed profile provides additional constraints [87] and imply 𝐺10 < 4.1 from
a recent global analysis [90]. In view of the solar opacity problem, such limits seem a bit more
questionable, but should be reconsidered in view of the possible resolution discussed earlier.

3.3 Trapping limit

Is there a ceiling to this constraint, i.e., a value of 𝐺𝑎𝛾𝛾 so large that axions are again allowed?
The Primakoff mean free path (MFP) is the inverse of Eq. (18). For 4 keV axions and with
𝑇 ≃ 1.3 keV and 𝑘s ≃ 9 keV at the solar center we find 𝜆𝑎 ≃ 𝐺−2

10 6 × 1024 cm ≃ 𝐺−2
10 8 × 1013 𝑅⊙

and so one would need something like 𝐺𝑎𝛾𝛾 ≳ 10−3 GeV−1 for axions to be reabsorbed before
leaving the Sun. However, in this case they would contribute to radiative energy transfer much
more than photons. To avoid a strong modification of the Sun, their MFP should be less than that
of photons, about 10 cm near the solar center [92].

However, for QCD axions rather than generic ALPs, large 𝐺𝑎𝛾𝛾 also implies large 𝑚𝑎, specif-
ically 𝐺𝑎𝛾𝛾 = 𝐶𝑎𝛾𝛾 2.04 × 10−7 GeV−1(𝑚𝑎/keV). Therefore, the energy-loss argument can be
applied until the flux is Boltzmann suppressed when 𝑚𝑎 ≫ 𝑇 ≃ 1 keV. In this regime, axions are
primarily produced by photon coalescence (inverse decay) 2𝛾 → 𝑎 [93], not Primakoff production.
Coalescence has been invoked for heavy-ALPs production in the Sun [93, 94], horizontal-branch
stars [95], SN cores [96–99], or all main-sequence stars [100]. For photon energies 𝜔 > 𝑚𝑎 ≫ 𝑇

one may use Maxwell-Boltzmann statistics, providing an energy-loss rate per unit volume of

𝑄𝑎 =
𝐺2

𝑎𝛾𝛾𝑚
4
𝑎

128𝜋3

∫ ∞

𝑚𝑎

𝑑𝜔𝜔

√︃
𝜔2 − 𝑚2

𝑎 𝑒
−𝜔/𝑇 =

𝑔2
𝑎𝛾𝛾𝑚

6
𝑎𝑇

128𝜋3 𝐾2

(𝑚𝑎

𝑇

)
≃
𝑔2
𝑎𝛾𝛾𝑚

11/2
𝑎 𝑇3/2

128
√

2 𝜋5/2
𝑒−𝑚𝑎/𝑇 , (23)

where 𝐾2(𝑥) is a modified Bessel function of the second kind, which in Mathematica notation
is BesselK[2,x], and the last expression obtains for 𝑚𝑎 ≫ 𝑇 . (For the full expression including
quantum statistics see the Supplemental Material of Ref. [97].) Integrating over a SMM with the
KSVZ value 𝐶𝑎𝛾𝛾 = −1.92 we find 𝐿𝑎 < 0.04 𝐿⊙ if 𝑚𝑎 ≳ 41 keV. For this mass, 𝜏𝑎→𝛾𝛾 ≃ 8 s, to
be compared with 𝑅⊙ = 6.957 × 1010 cm = 2.32 s, so most of the produced axions escape.

Subsequent decays 𝑎 → 2𝛾 between Sun and Earth would produce hard solar X-rays (HXRs).
In the 30–100 keV range, such a flux from the quiet Sun was constrained by the RHESSI satellite
to below around 10−4 cm−2 s−1 keV−1 [101], approximately corresponding to an energy flux below
10−15 𝐿⊙. Axions so heavy would mostly decay before reaching the solar surface, roughly implying
𝑚𝑎 ≳ 80 keV to avoid excessive HXRs, the mass range of the original Weinberg-Wilczek axion.

3.4 Helioscope searches

The solar axion flux can be searched with the inverse Primakoff process where axions convert
to photons in a macroscopic 𝐵 field, the “axion helioscope” technique [63]. One would look at
the Sun through a “magnetic telescope” and place an X-ray detector at the far end. The conversion
can be coherent over a large propagation distance and can then be pictured as a particle oscillation
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phenomenon [102]. If an axion with energy 𝜔 travels a distance 𝐿 in a transverse magnetic field 𝐵,
the conversion probability is

𝑃𝑎→𝛾 =

(
𝐺𝑎𝛾𝛾𝐵

𝑞

)2
sin2

(
𝑞𝐿

2

)
≃
(
𝐺𝑎𝛾𝛾𝐵𝐿

2

)2
for |𝑞𝐿 | ≪ 1, (24)

where 𝑞 = 𝑘𝑎 − 𝑘𝛾 ≃ (𝑚2
𝑎 − 𝑚2

𝛾)/2𝜔 is the axion-photon momentum difference and the second
expression is for the ultrarelativistic limit.

Early helioscope searches were performed in Brookhaven [103] and Tokyo [104–106], whereas
the largest one was the now-decommissioned CAST experiment at CERN [65, 107–110]. It used
an LHC test magnet (𝐿 = 9.26 m, 𝐵 ≃ 9 T) that was mounted such that it could follow the Sun for
1.5 h at dawn and dusk (±8◦ vertical motion). The CAST operation can be seen in an impressive
YouTube movie (https://youtu.be/XY2lFDXz8aQ). For 𝑚𝑎 so small that the inverse axion-photon
momentum transfer is small compared with the magnet length, CAST found a limit [65]

𝐺𝑎𝛾𝛾 < 0.66 × 10−10 GeV−1 (95% C.L.) for 𝑚𝑎 ≲ 0.02 eV. (25)

For larger masses, many axion-photon oscillation wiggles fit within 𝐿 and as a function of energy,
the oscillatory piece in Eq. (24) averages to 1/2 so that ⟨𝑃𝑎→𝛾⟩ ≃ 2𝐺2

𝑎𝛾𝛾𝐵
2𝜔2/𝑚4

𝑎. The solar
axion flux scales with 𝐺2

𝑎𝛾𝛾 , so in this case the overall sensitivity scales with 𝐺4
𝑎𝛾𝛾/𝑚4

𝑎 and thus
degrades with mass as𝐺𝑎𝛾𝛾 ∝ 𝑚𝑎, a line parallel to the axion line in the𝐺𝑎𝛾𝛾–𝑚𝑎 parameter space
(see Fig. 4). It is this effect that makes it difficult to probe realistic QCD axion parameters in any
macroscopic axion-photon conversion scenario in the laboratory or in astrophysics. In this regime,
the CAST constraint is 𝐶𝑎𝛾𝛾 ≲ 20, an order of magnitude short of the KSVZ value. As the overall
sensitivity scales with 𝐶4

𝑎𝛾𝛾 means that four orders are missing in counting rate.

Figure 4: Solar bounds on the axion-photon coupling. The limit from the measured solar neutrino flux was
given in Eq. (22), the nearly identical one from the XENONnT experiment in Eq. (30). For small search
masses, CAST [65] used evacuated pipes, whereas for larger masses, 4He [107, 108] and 3He [109, 110] as
buffer gas provides photons with a pressure-dependent refractive mass to achieve resonance 𝑚𝑎 ≃ 𝑚𝛾 .
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The suppression by axion-photon momentum mismatch can be removed in a narrow mass range
by providing photons with a refractive mass in the presence of a low-𝑍 gas [111]. This method
was first used in the Tokyo experiment [105] and later in CAST with the results shown in Fig. 4.
For a plasma frequency 𝜔p = 𝑚𝛾 < 0.4 eV, 4He was used as a buffer gas with variable pressure
[107, 108]. At the cryogenic𝑇 = 1.8 K of the magnet bore, no larger vapor pressure can be achieved.
(Indeed, the superconducting magnet is cooled by liquid helium.) In this range, a typical limit of
𝐺𝑎𝛾𝛾 < 2.2 × 10−10 GeV−1 was achieved (see Fig. 4). The vapor pressure of 3He is larger and the
search range up to 0.64 eV was covered with a typical limit of 𝐺𝑎𝛾𝛾 < 2.3 × 10−10 GeV−1 [109].
Finally, the range up to 1.17 eV was covered [110] with pressure settings and exposure times such
as to follow the KSVZ axion line (see Fig. 4). While the actual limit fluctuates with mass, one can
say that for KSVZ axions,

0.64 eV < 𝑚𝑎 < 1.17 eV (26)

is excluded by CAST.

For DFSZ axions, 𝐶DFSZ
𝑎𝛾𝛾 = 0.75 compared with 𝐶KSVZ

𝑎𝛾𝛾 = −1.92, so the detection rate is down
by a factor (0.75/1.92)2 = 0.15. On the other hand, the main solar flux now derives from the
axion-electron coupling through the ABC processes (see Sect. 3.5) with a number flux 50 times
larger, but with a softer spectrum. While CAST has not analyzed their data for this case, we suspect
that DFSZ axions are excluded for the same mass range if sin2 𝛽 is not too small.

While the CAST sensitivity range for QCD axions is excluded by other astrophysical bounds
to be discussed later, the helioscope technique is one of the few realistic approaches that can turn
up QCD axions. A much larger instrument IAXO (International Axion Observatory) has been
conceived [66] and as an intermediate step, the smaller BabyIAXO [67] is under construction at
DESY in Hamburg. The BabyIAXO sensitivity forecast is down to 𝐺𝑎𝛾𝛾 ≃ 1.5 × 10−11 GeV−1 for
𝑚𝑎 ≲ 0.25 eV. For KSVZ axions, BabyIAXO has detection potential for 𝑚𝑎 ≳ 60 meV, the full
IAXO for 𝑚𝑎 ≳ 6.8 meV. For axion models with nonvanishing electron coupling, the sensitivity
range is much larger, but other astrophysical constraints are more restrictive, so the open parameter
domain with realistic detection opportunity is more complicated.

3.5 Axion-electron interaction

When axions have a direct interaction with electrons as in the DFSZ model, the most efficient
emission processes are photo production (Compton scattering) 𝛾 + 𝑒 → 𝑒 + 𝑎, bremsstrahlung
𝑒 + 𝐼 → 𝐼 + 𝑒 + 𝑎 (free-free transition), electron-electron bremsstrahlung, as well as free-bound
𝑒 + 𝐼 → 𝐼− + 𝑎 or bound-bound 𝐼∗ → 𝐼 + 𝑎 transitions of an excited ion, also called ABC processes
for Atomic, Bremsstrahlung, and Compton [112]. The atomic processes contribute around 1/3 of the
total flux so that a detailed treatment is necessary. Redondo observed that the axion processes can
be scaled to those involving photons and the latter have been studied in detail for the solar opacity,
i.e., essentially the photon mean-free path as a function of energy. Based on existing opacity tables,
he produced the solar axion flux from the ABC processes that shows many discrete lines [112]. This
flux uses an AGSS09 (low 𝑍) SSM and thus underestimates the atomic contributions compared to
the newly favored high-𝑍 models that we discussed earlier.
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Integrating Redondo’s tabulated ABC flux and using 𝑔11 = 𝑔𝑎𝑒𝑒/10−11, one finds an axion flux
at Earth of

Φ𝑎 = 𝑔2
11 2.65 × 1013 cm−2 s−1 and 𝐿𝑎 = 𝑔2

11 7.15 × 10−2𝐿⊙ . (27)

The average energy is 2.3 keV, much smaller than for Primakoff production. With the nominal
constraint 𝐿𝑎 < 0.04 𝐿⊙ as in the Primakoff case one finds

𝑔𝑎𝑒𝑒 < 0.75 × 10−11, DFSZ: 𝑓𝑎 > 1.14 × 107 GeV (2 sin2 𝛽) 𝑚𝑎 <
0.50 eV
2 sin2 𝛽

. (28)

For sin2 𝛽 = 1/2, this limit corresponds to 𝐺𝑎𝛾𝛾 < 0.76 × 10−10 GeV−1 and a Primakoff number
flux at Earth 1.9% that of the ABC flux.

The sensitivity of direct dark-matter search experiments has improved to the point where
solar neutrinos begin forming the main background, the neutrino floor or neutrino fog for WIMP
searches [76, 113]. The low detection threshold for nuclear recoils implies good sensitivity to keV-
energy particles from the Sun and notably axions [114–117]. The XENONnT experiment currently
reports the best bound on the axion-electron interaction, based on the solar ABC flux, of [117]

𝑔𝑎𝑒𝑒 < 1.9 × 10−12 (90% C.L.) DFSZ: 𝑓𝑎 > 4.5 × 107 GeV (2 sin2 𝛽) 𝑚𝑎 <
0.13 eV
2 sin2 𝛽

. (29)

An earlier signal reported by XENON1T [116] is now attributed to background.
Even if axions do not couple to electrons, the solar Primakoff flux can still trigger a signal

through keV-photons from inverse Primakoff production [118–120]. XENONnT reports a limit on
the photon coupling of

𝐺𝑎𝛾𝛾 ≲ 4.8 × 10−10 GeV−1, KSVZ: 𝑓𝑎 ≳ 0.46 × 107 GeV 𝑚𝑎 ≲ 1.2 eV. (30)

This result is practically identical with the solar energy-loss bound of Eq. (22).
Inverse Primakoff conversion in a crystal lattice was previously used, notably in the context of

experiments otherwise searching for neutrinoless double-𝛽 decay. The most recent such bound of
𝐺𝑎𝛾𝛾 < 1.45× 10−9 GeV−1 (95% C.L.) comes from the Majorana Demonstrator [121]. According
to Eq. (20), this limiting coupling strength would imply 𝐿𝑎 ≃ 0.4 𝐿⊙ and thus is barely compatible
with the properties of the Sun and would imply a huge solar neutrino flux.

3.6 Axions from nuclear reactions in the Sun

The Sun would emit QCD axions also by their nuclear interaction. One frequent process is
𝑝 + 𝑑 → 3He+𝛾(5.5 MeV), the second step in the solar PP Chains, where occasionally an axion can
substitute for the photon, but there are several other similar reactions. With a larger Lorentz factor
for the same mass, the escaping axion flux is less suppressed by decays within the Sun and the limit
on solar 𝛾-rays is more restrictive than that on hard X-rays, allowing one to exclude yet larger axion
masses or other types of new particles that decay between the Sun and Earth [122–124]. The Sun
does not seem to leave a ceiling to the energy-loss limit of Eq. (22) for QCD axions.

More interesting would be the direct detection of such mono-energetic axions or other par-
ticles through their photon, electron, or nucleon interaction [125–132], but the sensitivity is not
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competitive with the solar energy-loss limit. On the other hand, for special model parameters, the
axion-photon or axion-electron coupling might be strongly suppressed and one may wish to rely
on the axion-nucleon coupling alone. One analysis uses SNO data, based on the solar production
of 𝑝 + 𝑑 → 3He + 𝑎(5.5 MeV) and the detection by 𝑎 + 𝑑 → 𝑝 + 𝑛 with a threshold of 2.2 MeV,
providing a constraint on the isovector axion-nucleon coupling of [129]���𝑔𝑎𝑝𝑝 − 𝑔𝑎𝑛𝑛2

��� < 2 × 10−5 (95% C.L.), KSVZ: 𝑓𝑎 > 1.1 × 104 GeV, 𝑚𝑎 < 540 eV. (31)

These constraints on 𝑚𝑎 and 𝑓𝑎 follow from the KSVZ nuclear couplings of Eq. (7).
A similar case is the solar process 7Be+ 𝑒 → 7Li∗ + 𝜈𝑒 followed by 7Li∗ → 7Li+𝛾(477.6 keV),

with the axion substituting for the photon, and then detection by the inverse resonant process
𝑎 + 7Li → 7Li∗ → 7Li + 𝛾(477.6 keV) in the laboratory [125]. The most restrictive limit from this
channel of 𝑚𝑎 < 8.6 keV [126] is not competitive with Eq. (31).

More restrictive limits arise from low-lying nuclear levels that are thermally excited and
occasionally produce axions in their deexcitation, similar to the atomic bound-bound process to be
discussed in Sect. 3.5. The first example is the M1 transition in 57Fe (natural abundance 2.2%) with
energy 14.4 keV, not too high relative to 𝑇 ≃ 1.3 keV in the inner Sun [133, 134]. Detection by the
inverse process 𝑎 + 57Fe → 57Fe∗ → 57Fe + 𝛾 provides a constraint [135]

|𝛽𝑁𝑔0
𝑎𝑁𝑁 +𝑔1

𝑎𝑁𝑁 | < 3.0×10−6 (95% C.L.) KSVZ: 𝑓𝑎 > 2.1×104 GeV, 𝑚𝑎 < 273 eV, (32)

where 𝛽𝑁 = −1.19 derives from the nuclear matrix element [133]. For 𝛽𝑁 = −1, the constraint
would be purely on the neutron coupling and in any case strongly depends on 𝐶𝑛. With older
couplings, Ref. [135] found a stronger constraint of 𝑚𝑎 < 145 eV. Other authors found 𝛽𝑁 = −1.31
[136], implying 𝑚𝑎 < 191 eV. A new dedicated project ISAI (Investigating Solar Axion by Iron-57)
is being commissioned [137] and, after a few years of data taking, aims at a sensitivity to𝑚𝑎 ≃ 3 eV,
while the future EISAI could push it below 2 eV.

An analogous search used the 9.4 keV first excited level of 83Kr [138, 139], essentially a neutron
M1 transition, similar to the case of 57Fe. Assuming it is a pure neutron transition, the relevant
coupling is 𝑔𝑎𝑛𝑛 = 𝑔0

𝑎𝑁𝑁
− 𝑔1

𝑎𝑁𝑁
and the experimental limit is |𝑔𝑎𝑛𝑛 | < 0.84 × 10−6. While this

is more restrictive than Eq. (32), it is purely on the neutron coupling which in the KSVZ model is
compatible with zero. So it makes little sense to express this bound in terms of the axion mass.

The most recent case uses the 8.4 keV first excited level of 169Tm (Thulium), with the great
advantage of this being a nearly pure proton M1 transition with 𝛽𝑁 ≃ +1 [140]. They find a bound

|𝑔𝑎𝑝𝑝 | < 8.89 × 10−6 (90% C.L.), KSVZ: 𝑓𝑎 > 4.9 × 104 GeV, 𝑚𝑎 < 115 eV. (33)

These authors instead state the mass limit as 141 eV, based on older assignments of 𝐶𝑎𝑛𝑛 and 𝐶𝑎𝑝𝑝

used in their Eq. (10). For KSVZ axions, this is currently the most restrictive limit by this method.
Of course, the cooling speed of neutron stars (Sect. 7) and the neutrino signal of SN 1987A (Sect. 8)
provide far more restrictive limits on the axion nuclear couplings.
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3.7 Hidden photons

We have seen that the Sun is most useful as a particle source for direct searches and still holds
the promise of future QCD axion detection with (Baby)IAXO, whereas the impact of energy loss
on the Sun provides less restrictive limits. However, beyond axions, we mention one exception to
this rule, the case of hidden photon (HP) emission. They are hypothetical photon-like particles that
have a vacuum mass and mix weakly with ordinary photons. If 𝑚HP < 𝜔p of the ambient plasma,
there is always a momentum 𝑘 where their (𝜔, 𝑘) with 𝜔2 = 𝑚2

HP + 𝑘
2 matches that of longitudinal

plasmons (𝜔p, 𝑘) which have the dispersion relation 𝜔p ≃ 𝑘 . One then obtains efficient resonant
emission [141–143], constrained by the condition 𝑚HP < 𝜔p which is different for different types
of stars. Solar constraints apply for 𝑚HP ≲ 0.3 keV, a typical solar plasma frequency. Notice that
the variation of the solar neutrino flux with HP luminosity is slightly different than that of axions:
the exponent of 4.4 in Eq. (21) is found to be 5.7 instead [90].

3.8 Solar basin

Some of the particles produced in stars will be gravitationally retained [144, 145], i.e., those
produced with such small energies that they are slower than the stellar escape velocity. This effect
will be especially significant for particles with masses of the order of the interior stellar 𝑇 , the
keV range for the Sun. The original discussions envisioned Kaluza-Klein excitations, i.e., a tower
of particles with a large range of masses, allowing for a large population of trapped particles that
individually interact very feebly.

An intriguing fresh incarnation of this idea under the name of solar basin finds that the grav-
itationally trapped particles can build up to a density at Earth exceeding that of dark matter [146].
Therefore, direct-detection experiments, such as XENON1T, LUX, and PandaX-II, strongly con-
strain the axion-electron coupling for keV-mass ALPs. Further limits, both on electron and photon
couplings, also derive from the recent X-ray measurements of the quiescent Sun taken by the
NuSTAR satellite to look for the radiative decay of the basin axions [94, 147].

For our main particles of interest in this review, QCD axions, solar or stellar basins to not seem
to provide new insights, simply because of their small mass, but of course for more general FIPs
and WISPs, it is a fantastic laboratory.

4. Axion-photon conversion in neutron-star magnetospheres

In a magnetic field, axions and photons mix [63, 102], leading to various potentially observable
effects in astrophysics and cosmology, such as changing photon polarization or very-high energy
𝛾-rays reaching to larger distances than they otherwise would. Many papers have thus derived
constraints in the ALP-scape spanned by 𝐺𝑎𝛾𝛾 and 𝑚𝑎, of which the CAST exclusion plot Fig. 4
shows a small section. The full panorama and concomitant references are found on Ciaran O’Hare’s
github page [59], whereas a comprehensive formal review seems to be missing.

For a perspective on the conceivable sensitivity of such methods, we glean from Eq. (24) that
the conversion is large if 𝐺𝑎𝛾𝛾𝐵𝐿 ≃ 1. The same combination 𝐵𝐿 for a typical field strength and
spatial extent determines the energy that can be achieved for cosmic-ray acceleration. A collection
of different astrophysical environments in the parameter space of 𝐵 and 𝐿 is known as a Hillas
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plot [148], ranging from pulsars to the intergalactic medium. To achieve proton acceleration up to
1020 eV requires 𝐵𝐿 ≃ 3× 1011 GeV, with many environments near or below this line. Considering
efficient ALP-photon conversion, this line corresponds to 𝐺𝑎𝛾𝛾 ≃ 3 × 10−12 GeV−1. Indeed, the
best bounds on 𝐺𝑎𝛾𝛾 from very different astrophysical systems are not far from this estimate which
looks hard to surpass. Of course, the larger is 𝐿 the smaller is𝑚𝑎 before the conversion is suppressed
by momentum mismatch. None of the many arguments in the ALP-scape come close to reaching
the axion line, defined by the 𝐺𝑎𝛾𝛾–𝑚𝑎 relation for typical models. Except in CAST and the future
(Baby)IAXO, axion-photon conversion limits do not come close to QCD axions.

This limitation is overcome in the search for dark-matter axions [63, 149], where typically one
engineers a resonance between a chosen search mass 𝑚𝑎 and the produced photon that could be, for
example, an excitation of a microwave cavity. It is intriguing that a similar effect obtains in pulsar
magnetospheres, where 𝐵 ≳ 1012 G is a typical scale. Dark-matter axions falling towards a pulsar
will typically encounter a resonance between 𝑚𝑎 and the plasma frequency 𝜔p, potentially leading
to a sharp radio line, an early idea [150] that was recently developed further by several groups
[151–159] and has already led to nontrivial constraints using radio-telescope data [160–164].

Independently of axion dark matter, the pulsar itself can produce dense axion clouds in its
polar cap regions, where large values of E · B obtain that act as a source. Many of these axions
will stay gravitationally trapped. These bound clouds are difficult to dissipate and can thus grow to
enormous densities over the lifetime of the star, possibly producing spectacular signals [165–168].

5. Globular-cluster stars

Restrictive limits on axion couplings arise from globular-cluster (GC) stars. A GC is a
gravitationally bound system of up to a few million stars that formed at the same time and thus differ
primarily in their mass. Star formation ended when the first SNe blew out the gas. Our own galaxy
hosts around 150 GCs [169] in a spherical halo, i.e., GCs are usually not in the galactic disk and
represent an early generation of stars. A GC provides a rather homogeneous population, allowing
for detailed tests of stellar-evolution theory [170]. The stars surviving today since formation have
masses somewhat below 0.85𝑀⊙. In a color-magnitude (CM) diagram (Fig. 5), where one plots
essentially the surface brightness vs. the surface temperature, stars appear in characteristic loci,
allowing one to identify their state of evolution as indicated in the figure. Any modification of
stellar evolution will distort the entire CM diagram and the distribution of stars along the different
branches, but the effect of axion emission can have a rather specific effect. We will consider the
number of HB vs. RGB stars, the so-called 𝑅-parameter and the number of AGB vs. HB stars
(𝑅2-parameter) as a good criterion to constrain 𝐺𝑎𝛾𝛾 and the brightness of the tip of the red-giant
branch (TRGB), providing the best sensitivity to 𝑔𝑎𝑒𝑒.

5.1 Tip of the red giant branch (TRGB) and axion-electron interaction

Stars on the main sequence (MS), like our Sun, burn hydrogen to helium in their central regions.
In typical GCs, stars with 𝑀 ≳ 0.85𝑀⊙ have exhausted central hydrogen and turn off (TO) from
the MS. Before the advent of precision cosmology, the MS–TO in GCs provided a critical lower
limit to the age of the universe. No fresh stars form because the required gas was blown out by SNe.
After thick-shell H burning during the sub-giant (SGB) phase, a degenerate He core forms that
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Figure 5: Color-magnitude (CM) diagram for the globular cluster M3, based on 10,637 stars [171]. Vertically
is the brightness in the visual (𝑉) spectral band, horizontally the difference between 𝐵 (blue) and𝑉 brightness,
i.e., a measure of color and thus surface temperature, where blue (hot) stars lie toward the left. The
classification for the evolutionary phases is as follows [170]. MS (main sequence): core hydrogen burning.
BS (blue stragglers). TO (main-sequence turnoff): central hydrogen is exhausted. SGB (subgiant branch):
hydrogen burning in a thick shell. RGB (red-giant branch): hydrogen burning in a thin shell with a growing
core until helium ignites. HB (horizontal branch): helium burning in the core and hydrogen burning in a
shell. AGB (asymptotic giant branch): helium and hydrogen shell burning. P-AGB (post-asymptotic giant
branch): final evolution from the AGB to the white-dwarf stage.

shrinks in size with increasing mass (𝑅 ∝ 𝑀−1/3) as behooves a system supported by electron
degeneracy pressure. As the He core becomes more massive and smaller, its surface gravitational
potential increases, driving up 𝑇 in the H-burning shell, and thus driving up the luminosity. Stars
along the MS have increasing total mass, stars along the RGB have a nearly fixed total mass, but
increasing He-core mass. The star ascends the RGB until the core is so dense and hot that He
ignites, roughly at 𝜌 ≃ 106 g/cm3 and 𝑇 ≃ 108 K = 8.6 keV. Notice that degenerate He ignition
happens only for low-mass stars with 𝑀 ≲ 2–3𝑀⊙, heavier stars ignite it under nondegenerate
conditions. The degenerate RG core before He ignition is essentially a helium WD, except that it
carries an H-burning shell. After He ignition, a quick run-away takes place, sometimes described
as the He flash, the core expands to nondegenerate density of some 104 g cm−3 with 𝑇 ≃ 108 K
and quietly burns He to C and O, becoming a horizontal branch (HB) star. It burns He in the core
and continues to burn H in a shell, but overall is much dimmer because the larger core radius dials
down 𝑇 in the H shell and thus the dominant H luminosity. In the next sections we will turn to
He-burning stars as particle-physics laboratories. Figure 6 shows the main evolutionary phases of
low mass stars, providing a schematic impression of the dimensions of the core and the envelope,
and the different burning elements.
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Figure 6: Evolutionary phases of low-mass stars. This figure only gives a rough impression of the dimensions
of the core and the envelope, as well as the various elements that burn in the different stellar phases. RGB,
HB and AGB stars are all crucial laboratories for axion physics as we discuss in this and next sections.

Helium ignition depends sensitively on 𝜌 and 𝑇 so that a novel cooling agent can force the core
to grow more massive and luminous before it flashes: the tip of the red giant branch (TRGB) would
become brighter. (The figure of speech that axions delay He ignition was critiqued because in a
temporal sense, it is actually advanced because the star ascends the RGB a bit faster.) The idea that
He ignition should not be prevented entirely led to the first bounds on axions, majorons, and familons
in 1985 [172]. This argument was refined by considering the putative TRGB brightness increase
relative to observations, leading to bounds on neutrino magnetic dipole moments [173, 174]. They
would enhance the plasmon-decay emissivity 𝛾 → 𝜈𝜈 which is the dominant standard energy-loss
channel near the TRGB. The latest bound of this type of 𝜇𝜈 < 1.5 × 10−12𝜇B (95% C.L.) [175]
remains the most restrictive limit on this quantity. Returning to axions, a refined treatment implies a
bound 𝑔𝑎𝑒𝑒 ≲ 2.5 × 10−13 [176], so henceforth we use the scaled variable 𝑔13 = 𝑔𝑎𝑒𝑒/10−13 in this
context. One innovation was an interpolation formula for both photo production (𝛾 + 𝑒 → 𝑒 + 𝑎)
and bremsstrahlung (𝑒+ 𝑍𝑒 → 𝑒+ 𝑍𝑒+𝑎), where the Compton term is needed in the nondegenerate
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parts of the star. Very recently, these approximate rates were shown to be uncannily accurate [177].
Together with another mid-1990s study [178], the picture emerged that a novel energy loss at
𝑇 ≃ 108 K and an average density ⟨𝜌⟩ = 2× 105 g cm−3 should not exceed about 10 erg g−1 s−1. At
these conditions, the standard neutrino emission is about 4 erg g−1 s−1. In other words, the bounds
from that generation were still quite rough.

Twenty years later, since 2013, the topic has been reexamined by different groups. The new
series began with a detailed study of the globular cluster M5, for the first time estimating a realistic
error budget [179, 180]. The bound 𝑔13 < 4.3 (95% C.L.) was poor because the data preferred a bit
of extra cooling. However, at least half the effect crept in from an incorrect screening prescription
in the nuclear reaction rates [181]. A different group later found 𝑔13 < 2.6 (95% C.L.) from the
cluster M3 [182]. One eternal problem with such arguments is the true distance of the objects.
Using new geometric distance indicators, a restrictive bound 𝑔13 < 1.3 (95% C.L.) came from the
large GC 𝜔 Centauri [175], although this result was later critiqued because of 𝜔 Cen’s ellipticity.
At the same time, a sample of 22 GCs was used, with distances relatively aligned by their zero-age
HBs, and commonly anchored to 47 Tuc with a parallax distance from the GAIA Satellite DR2
(Data Release 2). The estimated bolometric TRGB brightnesses are shown in Fig. 7 (left panel) as
a function of metallicity [M/H] = log(𝑍/𝑋) − log(𝑍/𝑋)⊙ that affects the bolometric brightness.
The linear regression of these points (red dashed line) nearly coincides with the standard prediction
(solid black line). From a detailed error budget, the theoretical uncertainty is 𝜎theory = ±0.04 mag.
For reference, this figure also shows as a dashed black line the extreme case of what one expects
for axion cooling with 𝑔13 = 4. A measurement of 𝑔13 = 0.60+0.32

−0.58 was described as a cooling hint,
but is only a weak effect and so their bound 𝑔13 < 1.48 (95% C.L.) is more relevant [183].

The latest improvement comes from using 21 GCs [184], where the highest-metallicity case
of the previous sample was eliminated, with distances independently determined by (i) Parallaxes
(GAIA EDR3 = Early Data Release 3). (ii) Kinematic (GAIA EDR3, HST). (iii) Subdwarf MS
fitting (HST and ground-based). (iv) ZAHB fitting (HST and ground-based). (v) RR Lyrae P–L
relation. (vi) Eclipsing binaries. (vii) Sometimes other methods. The estimated TRGBs are shown
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Figure 7: TRGB in 22 GCs (left) [183] and 21 GCs (right) [184] as a function of metallicity
[M/H] = log(𝑍/𝑋) − log(𝑍/𝑋)⊙ . Left: Distances determined by aligning the ZAHB, anchored to a
parallax measurement of 47 Tuc, leading to the bound 𝑔13 < 1.48. Right: Distances determined by GAIA
EDR3 and other independent means, leading to 𝑔13 < 0.96. Dashed red line: Best fit to the red circles. Solid
black line: Standard prediction. Dashed black line: Prediction for 𝑔13 = 4.
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in Fig. 7 (right panel) as a function of metallicity. The reported bound is [184]

𝑔13 < 0.96 (95% C.L.), (34)

which for the moment has not yet been formally published. For DFSZ axions, it translates into the
95% C.L. bounds

𝑓𝑎 > 0.88 × 109 GeV(2 sin2 𝛽) and 𝑚𝑎 <
6.4 meV
2 sin2 𝛽

. (35)

At the limit 𝑔13 = 1, the core-averaged axion luminosity roughly corresponds to 1/5 of the standard
neutrino luminosity, see Fig. 3 of Ref. [183], from which we extract ⟨𝜖𝜈⟩ ≃ 4.4 erg g−1 s−1 and
⟨𝜖𝑎⟩ ≃ 0.89 erg g−1 s−1. In other words, the latest bounds are rather ambitious indeed!

Recently, bounds based on the TRGB were heavily questioned on the basis of a large grid of
numerical models (interpolated with machine learning) that varied stellar mass 𝑀 , metal abundance
𝑍 , helium abundance𝑌 , and axion-electron coupling 𝛼26 = 1026𝑔2

𝑎𝑒𝑒/4𝜋 in a wide range [185, 186].
All of these parameters were fitted simultaneously with the input of the measured TRGB absolute
𝐼-band brightness 𝑀𝐼 . The posterior distribution for 𝛼26 showed no upper limit other than the
imposed prior of 𝛼26 < 2. We do not believe that such an exercise makes sense because the task is
not to fit the stellar parameters from the measured 𝑀TRGB

𝐼
, which is not very sensitive to them. The

influence of uncertainties of input parameters, including global stellar parameters, was quantified
in the critiqued studies. The dominant uncertainties do not come from stellar parameters, but
from distance, microphysics, treatment of convection, bolometric corrections, and so forth. The
initial stellar mass is less crucial than mass loss on the RGB that was not varied in this study. In
an auxiliary analysis (Fig. 4 of [185]), sensible priors were put on 𝑀 , 𝑌 , and 𝑍 , but of course,
their approach remains to find posteriors for these parameters. In this case, the MCMC returned
posteriors for 𝑌 and 𝑍 nearly identical with the priors, which makes sense because the measured
observable is not sensitive to them and thus cannot provide new information. On the other hand,
the authors interpret this situation as meaning that the priors were chosen unphysically narrow.
Confusingly, the posterior for the stellar mass 𝑀 was much broader than the prior and the mean
shifted some 8𝜎 away from the Gaussian prior, different from what the authors write and physically
hard to understand. This effect is what seems to drive the broad posterior for 𝛼26, which still is not
limited from above. In principle, however, a global study of this kind could be useful, in the sense
of creating a stellar model space with many varied input parameters and use machine learning to
interpolate between models, and include other measurements besides the TRGB brightness that are
actually informative on the varied parameters.

We finally mention a TRGB bound without GCs. The free halo stars in a galaxy also derive
from an early generation. The luminosity function of a field of stars at the outskirts of a galaxy shows
a sharp break caused by the TRGB. This feature can be used to gauge the relative distances between
galaxies and thus can be used as one rung in the cosmic distance ladder [187]. It plays an interesting
role in the context of the Hubble tension, the difference between cosmological and astrophysical
determinations of the cosmic expansion parameter 𝐻0. Conversely, the galaxy NGC 4258 hosts a
water mega maser, allowing for a quasi-geometric distance determination and thereby among the
best absolute TRGB calibrations. This logic implies yet another limit 𝑔13 < 1.6 at 95% C.L. [175],
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no longer competitive with the latest GC bounds, but still of some interest because it depends on
other systematics and thus provides an independent line of defense.

After a long hiatus, there has been a break-neck push over the past decade to advance this
method to new levels of precision. Several groups have strongly improved the TRGB bounds both
quantitatively and qualitatively. They have put them on a much sounder footing both observationally
and theoretically, providing a much better sense of their error budget and credibility.

5.2 Helium-burning lifetime and axion-photon interaction

Stars on the horizontal branch (HB) have a nondegenerate core (about 0.5𝑀⊙) that generates
energy by fusing helium to carbon and oxygen with a core-averaged energy release of about
80 erg g−1 s−1. At the edge, there is a hydrogen-burning shell, i.e., HB stars have two sources of
energy. A typical core density is 104 g cm−3 and a typical temperature 108 K. The Primakoff energy
loss rate Eq. (19) implies that the energy-loss rate per unit mass, 𝜖 = 𝑄/𝜌, is proportional to 𝑇7/𝜌.
Averaged over a typical HB-star core one finds ⟨(𝑇/108 K)7 (104 g cm−3/𝜌)⟩ ≈ 0.3. Therefore, the
core-averaged energy loss rate is about 𝐺2

10 30 erg g−1 s−1. The main effect would be accelerated
consumption of helium and thus a reduction of the HB lifetime by a factor 80/(80 + 30𝐺2

10), i.e.,
by about 30% for 𝐺10 = 1.

The HB lifetime can be measured relative to the red-giant evolutionary time by comparing
the number of HB stars with the number of RGB stars that are brighter than the HB, expressed as
𝑅 = 𝑁HB/𝑁RGB = 𝑡HB/𝑡RGB. It can be translated to a bound on𝐺𝑎𝛾𝛾 if axion losses have no impact
on RGB evolution, so we assume that axions do not couple to electrons or else they would affect
the TRGB (Sect. 5.1). A long-standing limit 𝐺𝑎𝛾𝛾 < 10−10 GeV−1 [13] was based on number
counts in 15 GCs that provided an overall estimate of 𝑅 within some 10% [188]. The purpose of
determining 𝑅, as originally advanced by Iben [189], was to determine the helium abundance in
these old systems; 𝑌GGC = 0.23 ± 0.02 was found in 1983 [188], where GGC stands for Galactic
Globular Clusters. Twenty years later, fresh number counts in 57 GCs, a third of the galactic
population, provided 𝑌GGC = 0.250 ± 0.006 [190–192].

About ten years ago, 39 GCs from that sample were selected with metallicity log(𝑍/𝑋) <
−1.1+ log(𝑍/𝑋)⊙, implying 𝑅 = 1.39±0.04 [193]. As usual, 𝑍 is the mass fraction of all elements
except helium (Y) and hydrogen (X) with 𝑋 + 𝑌 + 𝑍 = 1. 𝑅 does not depend much on 𝑍 or stellar
mass; models that include axion cooling reveal 𝑅 = 6.26𝑌 − 0.41𝐺2

10 − 0.12 [193]. In the absence
of axion cooling, this result implies 𝑌GGC = 0.241 ± 0.006. For comparison, the primordial helium
abundance from standard big-bang nucleosynthesis is 𝑌SBBN = 0.2467(6) or 0.2471(5) [194], and
is a lower limit to 𝑌GGC. Observational determinations of the primordial 𝑌 use spectroscopic
determinations in extragalactic H II clouds [195, 196] and extrapolate to zero metallicity. Instead,
one may use these same measurements and select those objects with metallicities similar to GCs,
leading to an assumed 𝑌GGC = 0.2535(36) or 0.255(3) [193]. In the presence of axion cooling,
this implies 𝐺10 = 0.45+0.12

−0.16 (68% C.L.) and 𝐺10 < 0.66 (95% C.L.) [193]. Subsequently the
analysis was improved [197], notably by generating synthetic CM diagrams to calibrate theoretical
expectations, leading to 𝑅 = 1.39 ± 0.03, by including errors for key nuclear reaction rates, and
using updated helium measurements [198, 199] that implied 𝑌GGC = 0.255 ± 0.002. With these
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inputs, 𝐺10 = 0.29 ± 0.18 (68% C.L.) was found, implying a limit [197]

𝐺𝑎𝛾𝛾 < 0.65 × 10−10 GeV−1 (95% C.L.), (36)

which for KSVZ axions implies

𝑓𝑎 > 3.4 × 107 GeV and 𝑚𝑎 < 0.17 eV. (37)

It is not selfconsistent to interpret Eq. (36) for DFSZ axions because their interaction with electrons
would strongly modify RGB evolution and the 𝑅-parameter no longer measures the axion-photon
interaction in isolation. Instead, the TRGB constraint (Sect. 5.1) implies a much more restrictive
constraint on 𝑓𝑎 and 𝑚𝑎.

The restrictive limits from the 𝑅-method beg the question if there could be compensating effects
that hide a large𝐺𝑎𝛾𝛾 in violation of the nominal bound. The duration of He burning is determined
by convection in the core that provides the central furnace with fuel from the entire convective
region. (In contrast, the solar core is radiative and so H burning does not benefit from this enhanced
supply.) The convective region is large, perhaps 50% of the He core, but there is plenty more He if
it could be brought in and prolong the HB phase. Indeed, shortly before central He exhaustion, the
“core breathing pulses” (CBPs) found in numerical simulations [200, 201] were an early concern
because they would do precisely this, increase the 𝑅-parameter, and modify the inferred 𝑌GGC.
However, this effect would also modify AGB evolution in contrast to observations (see Sect. 5.3
below), leading to the perception that CBPs may be an artifact and must be suppressed in numerical
simulations [190–192, 202, 203]. The recent studies of axion bounds [95, 193, 197, 204] do not
mention this topic, but their stellar evolution code suppresses CBPs [203].

The bound Eq. (36) is identical to the CAST limit Eq. (25), but extends to much larger masses
of around 10 keV (the HB-star core temperature). For larger ALP masses, production is suppressed,
but eventually photo-coalescence 𝛾𝛾 → 𝑎 overtakes Primakoff production and ALP decays 𝑎 → 𝛾𝛾

within the star become important. An exclusion range in the 𝐺𝑎𝛾𝛾–𝑚𝑎 plane was presented that
reaches to 𝑚𝑎 ≲ 400 MeV [95, 204], but such large masses are irrelevant for QCD axions.

The helium-burning lifetime can also be measured in massive stars, although the evolution
is more complicated. It was argued [205] that in 8–12𝑀⊙ stars, too much axion emission would
shorten and eventually eliminate the blue-loop phase of the evolution. This would contradict
observational data, notably the existence of Cepheid stars, that correspond to the blue loop crossing
the instability strip in the CM diagram. This argument implies a conservative bound 𝐺10 < 0.8,
that was competitive at the time, but is now superseded by Eq. (36).

5.3 New bounds from the asymptotic giant branch (AGB)

After helium has been exhausted in the core of an HB star, it develops a degenerate carbon-
oxygen core with helium burning in a shell and hydrogen burning continuing in a second shell.
As the C/O core grows more massive and thus smaller, He shell burning accelerates and the star
ascends asymptotically the RGB. This occurs for stars with 𝑀 ≲ 8𝑀⊙ that never ignite the next
burning phase, but instead shed their envelope and end as WDs. AGB evolution is interesting but
complicated in that the burning shells can interact and the occurrence of thermal pulses.
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Of course, new channels of energy loss or transfer can influence this evolution. The mass of the
resulting WD can be lower, implying a deficit of luminous AGB stars and massive WDs [206]. More-
over, the amount of material processed by nuclear burning that arrives at the surface (3rd dredge up)
can increase, modifying the chemical composition of the photosphere [206]. The limiting mass 𝑀up

that marks the transition between stars that will or will not end up as core-collapse SNe is modified
[207] as well as the initial mass–final luminosity relation of core-collapse SN progenitors [208].
Some of these studies were driven by the idea that there might be a hint of axion cooling in some
stellar systems, but in view of the latest bounds, all of the effects in intermediate-mass stars appear
to be marginal for the allowed parameters of QCD axions. On the other hand, for general ALPs
with larger masses for given coupling strength, hotter environments could be relevant for larger
ALP masses. A recent study of the WD initial–final mass relation excludes a vast range in the
𝐺𝑎𝛾𝛾–𝑚𝑎 plane that bites into the “cosmological triangle” [209], but does not further constrain
QCD axions. On the other hand, a study of nucleosynthesis in a 16𝑀⊙ star reveals that even for
𝐺𝑎𝛾𝛾 = 10−11 GeV−1, below any available limit, the yields are significantly changed, e.g., neon by
a factor of 3 [210]. This intriguing finding does not represent a constraint, but suggests that strong
effects can obtain in the otherwise allowed parameter range.

Returning to low-mass stars in GCs, recently it was shown that AGB evolution offers the
potentially best sensitivity yet on 𝐺𝑎𝛾𝛾 [211]. HB stars begin with core He burning (CHeB)
that proceeds at a nearly fixed HB luminosity. In terms of bolometric luminosity, without color
filter effects, the HB is truly horizontal. When core He is exhausted, a transition to shell burning
occurs, eventually the C/O core becomes degenerate, and the star ascends the AGB. However,
this transition is slow while the star stays pinned to around three times the HB luminosity. This
hesitation before ascending the AGB can be seen in the empirical luminosity function in Fig. 8
that shows the distribution of HB and AGB stars as a function of bolometric luminosity derived
from 14 GCs [212]. Low-mass AGB stars spend most of their time in the AGB clump, whereas the
actual ascent on the AGB is fast and ends quickly when the star runs out of envelope and becomes
a WD. Helium burns now at higher 𝑇 than during CHeB so that neutrino or axion emission is
more effective. Axion losses shorten both the HB and AGB-clump phase, but the latter more than
the former, so the ratio 𝑅2 = 𝑁AGB/𝑁HB must decrease and provides a measure of new energy
losses [212]. (Traditionally one defines three 𝑅-parameters: 𝑅 = 𝑁HB/𝑁RGB, 𝑅1 = 𝑁AGB/𝑁RGB,
and 𝑅2 = 𝑁AGB/𝑁HB = 𝑅 × 𝑅1.) Exploiting the HST photometry of 48 GCs, 𝑅2 = 0.117 ± 0.005
was recently found [212], similar to several earlier studies. Moreover, the luminosity of the AGB
clump was found at Δ log 𝐿AGB

HB = 0.455 ± 0.012, corresponding to Δ𝑀HB−AGB
bol = 1.14 ± 0.03 mag.

The astrophysical motivation for this study was a renewed examination of how convection and
mixing should be treated in a He-burning star, where in particular convective instabilities in the form
of CBPs can develop as mentioned in the previous section. This study relates to an earlier one by the
same authors concerning the asteroseismic determination of the core structure [215]. Convection
is, of course, a 3D phenomenon and is always implemented in 1D (spherically symmetric) stellar
evolution codes in different physics-inspired parametrizations. The final conclusion, based on
simulations with the MONash University STellAR evolution code (MONSTAR), is apparently the
same as reached a generation earlier and discussed in the previous section, namely that CBPs
extend the HB lifetime and thus predict an 𝑅2 parameter smaller than observed. An interesting
new argument derives from the luminosity and narrowness of the AGB clump shown in Fig. 8.
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Figure 8: Empirical luminosity function, normalized to one, of the HB plus AGB stars from 14 GCs without
a blue extension of the HB [212], using HST photometric data of Piotto et al. [213] and Sarajedini et al. [214].
We show a superposition of the two curves of Fig. 6 of [212], weighted with the number of stars (2414 for
Sarajedini et al. and 4036 for Piotto et al.), although there is large overlap between the used clusters. Each
one was aligned to its HB luminosity, defined as the maximum of the distribution. The AGB clump at
log 𝐿 − log 𝐿HB = 0.455 sticks out as a narrow peak. The separation between HB and AGB is taken at the
minimum between the peaks, and the AGB itself until log 𝐿 − log 𝐿HB = 1. A total of 725 AGB and 5725
HB stars went into the construction of this distribution, corresponding to 𝑅2 = 0.127 for the clusters that
went into this plot.

The scatter introduced by numerical instability of CBPs should strongly broaden this distribution
and thus likely do not exist in nature.

The idea that the 𝑅2 parameter would be reduced by Primakoff axion emission [212] motivated
a recent study by a different group [211], who produced stellar models with the MESA code,
once more adopting different recipes to deal with convection, and in addition implementing axion
losses with different assumed values of 𝐺10. CBP instabilities were not manually suppressed. For
a fixed value of 𝐺10, the predicted 𝑅2 and 𝑅 values scatter over a broad range as seen in their
Fig. 2, depending on the number and duration of CBPs that depend on the spatial and temporal
numerical resolution, i.e., for each fixed set of input parameters, 20 HB and AGB simulations were
performed with varying numerical resolution, and the bands in their Fig. 2 reflect this numerical
scatter. Of course, for a given run, the resulting 𝑅2 and 𝑅 values are not independent, and so a
scatter plot in the 𝑅–𝑅2–plane for fixed 𝐺10 might have been more informative.

Another significant input uncertainty is the rate for the 12C(𝛼, 𝛾)16O reaction that was varied
over ±20% of the standard value. As a fiducial value [211] uses the updated nuclear rate from
[216], while [212] used the values reported in [217]. For typical HB temperatures of 𝑇 ≃ 108 K, the
12C(𝛼, 𝛾)16O rate from [216] is smaller than the one from [217] by some 40%. A smaller nuclear
rate leads to a larger 𝑅2, so at least some difference between [211] and [212] may be attributed to
this difference.

Without suppressing CBPs, limits on 𝐺10 for different values of this rate and four different
convection schemes are shown in their Table 1, varying in the range 𝐺10 < 0.13–0.47, nominally
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at 95% C.L., referring to the C.L. of the measured 𝑅2. Following these authors and using the most
conservative case, one finds [211]

𝐺𝑎𝛾𝛾 < 0.47 × 10−10 GeV−1 (95% C.L.), (38)

which for KSVZ axions implies

𝑓𝑎 > 4.7 × 107 GeV and 𝑚𝑎 < 0.12 eV. (39)

Once more, it makes no sense to translate this constraint to the case of DFSZ axions because
emission by their electron coupling would have to be included in the analysis. Probably this bound
is conservative in the sense that CBPs reduce 𝑅2 and axion cooling adds to this effect. In contrast
to 𝑅, one cannot directly compensate one against the other.

6. White-dwarf cooling

Stars with 𝑀 ≲ 8𝑀⊙ do not evolve beyond core helium burning and, after losing most of
their envelopes, remain as carbon-oxygen white dwarfs (WDs) with masses in the approximate
0.5–1.4𝑀⊙ range. They are supported by electron degeneracy pressure, leading to the inverse
mass-radius relation 𝑅 ≃ 104 km (0.6𝑀⊙/𝑀)1/3, roughly the size of the Earth with a mass roughly
that of the Sun. Their mass is bounded by the Chandrasekhar limit, originating in electrons becoming
relativistic, and then can no longer prevent gravitational collapse. An axion-modified equation of
state has been constrained because it would lead to a gap in the mass-radius relation (Sect. 10).
WD evolution simply consists of contraction and cooling, a gravothermal process [218], the speed
being regulated by the surface layer of hydrogen (spectral type DA) or helium and heavier elements
(non-DA). Axion cooling proceeds through electron bremsstrahlung and can show up in a modified
WD luminosity function (WDLF), the distribution of galactic WDs per brightness interval, or in the
cooling speed of individual WDs that can be measured for variable WDs by a drift of the pulsation
period—for a recent review see Ref. [219] that also covers several non-axion cases and and see also
a recent application to scalar interactions [220].

6.1 White-dwarf luminosity function (WDLF)

The density of WDs in our galactic neighborhood can be plotted against their brightness,
expressed in absolute bolometric magnitudes 𝑀bol, forming the WDLF [221]. Assuming a constant
birthrate 𝐵, the slope of this curve manifests the cooling speed—for slower cooling there are more
WDs in a given 𝑀bol interval. Initially, energy is lost by neutrino emission through plasmon decay
𝛾 → 𝜈𝜈, whereas later photon surface emission takes over. For a simple model of photon transport
through the surface layer, establishing a connection between surface and inner temperature, the
WDLF is according to Eq. (2.9) of Ref. [13]

𝑑𝑁

𝑑𝑀bol
= 𝐵3 2.2 × 10−4 pc−3 mag−1 10−4𝑀bol/35𝐿⊙

78.7 𝐿⊙10−2𝑀bol/5 + 𝐿𝜈 + 𝐿𝑎

(
𝑀

𝑀⊙

)5/7 ∑︁
𝑗

𝑋 𝑗

𝐴 𝑗

, (40)
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where 𝑋 𝑗 is the mass fraction of element 𝑗 with atomic mass 𝐴 𝑗 , the chemical composition
determining the WD heat capacity. 𝐵3 is the birthrate normalised to 10−3 pc−3 Gyr−1, 𝐿𝜈 the
neutrino luminosity, and 𝐿𝑎 the possible axion luminosity. Without axions and assuming an equal
mixture of carbon and oxygen with 𝑀 = 0.6𝑀⊙, this is the famous Mestel cooling law [218]

log (𝑑𝑁/𝑑𝑀bol) =
2
7
𝑀bol − 6.84 + log(𝐵3) (41)

that provides a very good fit to data for intermediate luminosities. At the bright end, the WDLF is
not represented by a power law and rather shows a depression caused by initial neutrino cooling.
At the faint end, where cooling is slow and most WDs build up, the core begins to crystallize
[222, 223], defying a simple analytic description. Moreover, the assumption of a constant birthrate
is just a first approximation, and more realistic models will take into account the strong dependence
of the stellar lifetime with mass and its impact on the WD birthrate [224].

Axions can change both the amplitude and shape of the WDLF. Using analytic estimates, the
first constraint on the axion-electron coupling of 𝑔𝑎𝑒𝑒 < 4 × 10−13 was derived by one of us a
long time ago [225]. A few years later, it was relaxed by a factor of two based on WD evolution
simulations and taking into account systematic uncertainties in the WD birthrate [226]. More
recently, another self-consistent evolutionary computation was performed [227] and compared with
the WDLF of the Galactic Disk, obtained using both SDSS [228] and SuperCOSMOS [229] sky
surveys. The resulting bound is 𝑔𝑎𝑒𝑒 < 2.8 × 10−13 at a nominal 99% C.L. [227]. (In Table 2 we
list the more restrictive but lower-significance bound quoted in Ref. [219].) For DFSZ axions, the
original limit implies

𝑓𝑎 > 3 × 108 GeV and 𝑚𝑎 <
19 meV
2 sin2 𝛽

, (42)

in agreement with Ref. [230] who used the SDSS data but a perturbative approach for axion
emission. In the end, these results differ only by a factor of 1.4 from the initial estimate [225].

In 2018, a group [231] including the authors of Ref. [230], reconsidered this subject and
included luminosity functions also for the galactic halo, finding a signature of extra cooling that
could be caused by axions and was compatible with Eq. (42). However, the authors admit that
their conclusions should be regarded as rather tentative, given the large uncertainties plaguing the
determination of both observed and theoretical luminosity functions.

6.2 Pulsating white dwarfs

Like many other types of stars, WDs can be pulsationally unstable when they fall on the
instability strip in the Hertzsprung-Russell diagram, with the star ZZ Ceti the first pulsating WD to
be discovered [232] and namesake for this entire class. The pulsation represents “the most stable
optical clock known,” which in the case of the star G117-B15A has been observed since 1974 with
a main pulsation period of 215.19738823(63) s that increases by (5.12 ± 0.82) × 10−15 s/s and
shows no glitches, as pulsars do [233]. The slowly increasing pulsation period corresponds to a
26 s phase shift in 45 years. Based on its standard cooling rate, one expects a period decrease
of only 1.25 × 10−15 s/s, much smaller than the observed value. After not finding any plausible
standard-physics explanation, one titillating explanation could be a new cooling channel [234],
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Table 2: Constraints and measurements of the axion-electron coupling from WDs if nonstandard behavior
is interpreted as axion cooling, cited after Table 5 of Ref. [219].

White Dwarfs 𝑔𝑎𝑒𝑒 [10−13] Authors Ref.
WDLF < 2.1 Miller Bertolami et al. (2014) [227]
Pulsating WDs

G117-B15A 5.66 ± 0.57 Kepler et al. (2021) [233]
R548 4.8 ± 1.6 Córsico et al. (2012) [235]
L19-2 (113) 4.2 ± 2.8 Córsico et al. (2016) [236]
L19-2 (192) < 5 Córsico et al. (2016) [236]
PG1351+489 < 5.5 Battich et al. (2016) [237]

which in the case of axion bremsstrahlung would require 𝑔𝑎𝑒𝑒 = (5.66 ± 0.57) × 10−13. Similar
results derive from other variable WDs as listed in Table 2.

However, this suggested 𝑔𝑎𝑒𝑒 value is a large number and would require axions to play a
prominent role in WD cooling that should show up in the WDLF, in contrast to the limit of Eq. (42),
and is in even stronger conflict with the TRGB bound Eq. (34) discussed in Sect. 5.1. The axion
luminosity scales with 𝑔2

𝑎𝑒𝑒, so the value implied by G117-B15A would require 𝐿𝑎 twenty times
larger at the TRGB than the limit—a huge effect. As both the WDLF and TRGB limits involve far
less complicated physics than pulsating stars, at this stage we would dismiss the cooling hint from
ZZ Ceti stars as a systematic effect in the pulsation physics that needs to be understood. Another
question is if one could cook up a particle-physics explanation for the period drift that would not
violate the other bounds. Irrespective of the TRGB limit, it would be an urgent exercise to reconsider
the WDLF arguments with more recent data and a fresh analysis.

7. Neutron-star cooling

Axions derive from QCD so that nuclear interactions are particularly relevant. Shortly after
invisible axions had been proposed, Iwamoto recognized that axion emission by nucleon brems-
strahlung 𝑁𝑁 → 𝑁𝑁𝑎 can dominate neutron-star (NS) cooling [238]. In Sect. 8 we will see that
the cooling speed of a nascent neutron star, during the first few seconds after core collapse, can
be constrained by the duration of the neutrino signal of SN 1987A. Shortly after this initial burst,
a NS becomes transparent to neutrinos, but continues to cool by neutrino volume emission [239].
For the first 30–100 years, the main contribution comes from the crust, leading to rapid thermal
relaxation. Thereafter, the stellar interior is isothermal and core cooling dominates until it is so
cold that surface photon emission takes over, approximately after 105–106 years. There exist only a
few cases with age and surface temperature determinations so reliable that one can test NS thermal
evolution and inner properties and thus constrain new cooling channels. We specifically consider
two age classes: young NSs, a few hundred years old, when neutrino emission strongly dominates,
and old ones, age 105–106 years, which are at the verge of photon cooling.

7.1 Young neutron star in the SN remnant Cassiopeia A

A young non-pulsar NS was discovered in 1999 by the X-ray telescope Chandra [240] in
the SN remnant Cassiopeia A (Cas A). It was associated with SN 1680 [241], making it roughly
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340 years old, as confirmed by kinematic data [242]. Analyzing archival data spanning a decade,
Heinke and Ho (2010) reported a rapidly decreasing Cas A surface temperature [243, 244], much
faster than expected from Modified Urca (MU) [239] or medium-modified Urca [245], the main
neutrino emission processes for non-superfluid conditions. Therefore, many authors interpreted
the fast Cas A cooling as evidence of core superfluidity, with neutrino emission enhanced by the
recent onset of the breaking and formation of neutron Cooper pairs in the 3𝑃2 channel [246–248].
In this state, Cooper pairs have spin one, nuclear spin fluctuations are possible, and neutrinos are
very efficiently produced. Protons, on the other hand, were likely in a superconducting 1𝑆0 state,
suppressing MU processes [246]. Interestingly, even with these assumptions, neutrino cooling was
not enough to explain the rapid temperature drop and this stimulated works in which axions were
added to obtain extra cooling [249, 250]. (For a critique of Ref. [250] see Ref. [251].) Unfortunately,
recently it was found that the rapid temperature drop was an artifact of a systematic drift of the
detector energy calibration [252–254], and therefore it appears that any need for axion cooling has
disappeared. Nevertheless, Cas A can still be used to constrain the QCD axion.

The latest analysis [251] uses the Cas A temperature data from Ref. [253] and numerical cooling
sequences with the publicly available NS Cooling Code NSCool [255]. It was modified to include
axion losses, but also to correct the crucial Pair Breaking and Formation (PBF) neutrino emission
process in the neutron 3𝑃2 channel. The axion-nucleon couplings were chosen (i) for the KSVZ
case as the nominal values 𝐶𝑎𝑛𝑛 = −0.02 and 𝐶𝑎𝑝𝑝 = −0.47 and a bound of 𝑓𝑎 > 0.3 × 108 GeV
was found. (ii) For the DFSZ case, cot 𝛽 = 10 was used (in our convention for 𝛽, see footnote 3),
implying 𝐶𝑎𝑛𝑛 = −0.16 and 𝐶𝑎𝑝𝑝 = −0.19 and a bound 𝑓𝑎 > 4.5 × 108 GeV was stated.

On the other hand, within errors or for a specific choice of 𝛽, the axion-neutron coupling can
vanish for both KSVZ and DFSZ axions so that none of these limits is truly generic. Therefore,
we try to frame them as limits on the Yukawa couplings. The proton processes contribute far
less for comparable coupling, so the DFSZ limit is easily backward-engineered to be |𝑔𝑎𝑛𝑛 | =
|𝐶𝑎𝑛𝑛 |𝑚𝑁/ 𝑓𝑎 < 3.4 × 10−10. Even in the KSVZ case, according to Fig. 2 of Ref. [251], protons
contribute little at the age of Cas A, so again we assume neutron dominance, leading to a less
restrictive constraint of |𝑔𝑎𝑛𝑛 | < 6 × 10−10. If protons were to contribute significantly after all, the
constraint on the neutron coupling would improve, not diminish, and so something is inconsistent
about these results. Given the uncertainties about the Cas A cooling data and these inconsistencies,
we do not know how to interpret these results except in a broad order-of-magnitude sense.

7.2 Young neutron star HESS J1731–347

Another young NS that was recently used to constrain QCD axions [256] is HESS J1731–347,
which was discovered by Suzaku, XMM–Newton and Chandra as an X-ray point source in the SN
remnant G353.60.7 [257, 258]. The age was estimated to be around 30 kyr [259], older than Cas A,
but young enough to be dominated by neutrino cooling. Considering its age, its surface is quite hot
and requires slow neutrino cooling. Data can be fit only if one avoids triplet pairing of neutrons,
while having protons in singlet superconducting states [256]. The logic is to avoid triplet neutron
superfluidity that would lead to very efficient PBF emission, but strong proton superconductivity,
which has a much smaller PBF rate, but has the main effect of reducing standard processes such
as 𝑛𝑝 and 𝑝𝑝 bremsstrahlung. An additional requirement was an envelope with light elements to
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increase the thermal conductivity in the external layers, matching a hotter surface to a given core
temperature [256].

For these inner NS conditions, axions are mostly emitted by bremsstrahlung 𝑛𝑛→ 𝑛𝑛𝑎 [256].
For the cooling simulation, once more the Code NSCool [255] was used with unspecified updates,
the APR Equation of State [260], and a carbon atmosphere for the envelope, which fits the soft X-ray
spectrum well. To avoid excessive axion cooling, a bound 𝑔𝑎𝑛𝑛 < 2.8 × 10−10 at 90% C.L. was
found. However, according to the more recent literature (see for example Ref. [261]), J1731-347
could be much younger, with an age of 2–4 kyr instead of 30 kyr. In this case, probably no reduced
cooling would be needed and the analysis should be reconsidered (see also related comments in
Sec. III-B in the Supplemental Material of Ref. [262]).

7.3 Old neutrons stars: Magnificent seven and millisecond pulsars

The neutrino luminosity in a NS core scales rapidly with core temperature 𝑇c. In particular,
𝐿𝜈 ∝ 𝑇8

c for non-superfluid cores, and 𝐿𝜈 ∝ 𝑇6
c for the superfluid case. This means that as time

goes by, neutrino emission becomes inefficient and surface photon emission, 𝐿𝛾 = 4𝜋 𝑇4
e , takes

over, where 𝑇e is the effective surface temperature. It must be connected to 𝑇c with a model for the
envelope, which is a thin external layer with a steep temperature gradient. Its composition is rather
uncertain, but numerical simulations indicate that as a rule of thumb𝑇e ∼ 106 K (𝑇c/108 K)1/2 [263].
The basic ingredient for this relation is the thermal conductivity in the envelope, where ions are
in the liquid phase and the conductivity is dominated by electrons [264]. The presence of light
elements and accretion are also important [265].

Old NSs, at the verge of photon domination, can decisively constrain QCD axions, in particular
four of the nearby isolated Magnificent Seven NSs along with PSR J0659, for which kinematic
age data are available (0.35–0.85 Myr) and the luminosity is well measured [262]. Numerical
cooling sequences with axions, once more using the public code NSCool [255], were performed for
different EOSs, superfluidity prescriptions, NS masses, and prescriptions for the light elements in
the envelope. This set of cooling curves were compared with observations using a joint likelihood
for all 5 stars and reveals that, independently of axion cooling, the best-fitting models are the ones
without superfluidity.

More specifically, the constraints are driven by the pulsar J1605 (see Fig. S4 in their Supple-
mental Material), using the standard EOS BSk22 [266] without superfluidity. For nuclear couplings
corresponding to the DFSZ model, 𝑚𝑎 is constrained by the thick red solid line in their Fig. 3. We
find that it is well approximated (within better than ±0.5 meV) by

𝑚DFSZ
limit =

(
33 − 17 sin2 𝛽 − 1.8 sin4 𝛽

)
meV (43)

and varies between 33 and 14 meV for 0 < sin2 𝛽 < 1. For our reference value sin2 = 1/2 (tan 𝛽 = 1),
the bound reads 𝑚𝑎 < 24 meV. In the DFSZ model, the ratio of neutron/proton couplings is the
same as in KSVZ for sin2 𝛽 = 0.352, essentially corresponding to a vanishing neutron coupling.
The limit on the proton coupling in this case is 𝑔𝑎𝑝𝑝 < 1.5× 10−9, corresponding to 𝑚𝑎 < 19 meV
in the KSVZ model, some 20% larger than the 16 meV quoted in their abstract [262]. We were not
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Figure 9: Best-fit luminosity curve for the pulsar J1605 [262], both under the null-hypothesis (solid curve)
and with the addition of axion cooling in the KSVZ model with 𝑚𝑎 = 16 meV (dashed curve), compared
with the measurements of Refs. [267, 268]. This pulsar drives the constraints. The choice of 𝑚𝑎 corresponds
to their original 95% C.L. limit as explained around Eq. (44).

able to track down the origin of this small difference and for KSVZ adopt

𝑚𝑎 < 19 meV and 𝑓𝑎 > 3 × 108 GeV (44)

for consistency and to err on the conservative side. In practice, of course, such small differences
are mostly of cosmetic character in view of all other uncertainties. In Fig. 9 we show the best-
fit luminosity curve of Ref. [262] for the crucial pulsar J1605, both under the null hypothesis
(solid curve) and with the addition of axion cooling (dashed curve) in the KSVZ model with
𝑚𝑎 = 16 meV, i.e., axions that couple only to protons with 𝑔𝑎𝑝𝑝 ≃ 1.3 × 10−9, together with the
measurement [267, 268]. For this plot the authors fixed the axion mass to be 16 meV, because this
corresponds to their official 95% C.L. KSVZ constraint as just explained.

We find it also useful to report the typical axion energy loss rate per unit mass in this case. For
a typical NS with nuclear densities 𝜌 = 3 × 1014 g/cm3, core temperature 𝑇c = 108 K and typical
Fermi momenta 𝑝𝑛 = 360 MeV and 𝑝𝑝 = 120 MeV, the corresponding axion energy loss rate per
unit mass on the curve in Eq. (43) is 𝜖𝑎 ≃ 1 erg g−1 s−1. Converted to a volumetric luminosity, this
is of the same order as photon surface emission for a NS with typical radius 10 km and 𝑇e related
to 𝑇c by standard relations [263, 269], with 𝑇c = 108 K corresponding to 𝑇e ≃ 106 K. These old NS
are at the verge of photon domination and so the axion luminosity near the limit should indeed be
comparable to the photon one.

Summing up, the old NSs analysed in Ref. [262] seem to provide the strongest and most reliable
bounds. However, all of them lack a proper treatment of matter effects which can drastically modify
𝐶𝑎𝑛𝑛 and 𝐶𝑎𝑝𝑝 at nuclear densities, an issue that will be studied in a forthcoming paper [270]. The
axion sensitivity of NS cooling may improve by ongoing and future surveys, notably by the recently
launched eROSITA X-ray satellite [271].
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Figure 10: Neutrino signal from SN 1987A, where the energy is that of the detected positron from IBD
𝜈𝑒𝑝 → 𝑛𝑒+ [278]. The expected event rates in the detectors, shown as shaded contours, are from the SN
model 1.44-SFHo in Ref. [278] without flavor swap. In each detector, 𝑡 = 0 coincides with the first event
except for a minimal offset chosen as the best-fit value for the overall signal. Detector background is also
shown except for IMB that was essentially background free, but had a high detection threshold.

8. Supernova neutrinos

We primarily discuss the traditional SN 1987A cooling bound based on the neutrino signal
duration and highlight recent improvements (the axion emission rates), problems (lack of a direct
comparison of self-consistent SN models with the data), and overall critique (have we really seen
proto-neutron star cooling?).

8.1 Traditional cooling bound from SN 1987A signal duration

Supernova (SN) neutrinos were observed for the first and only time on 23 February 1987
from the historical SN 1987A, a few hours before the optical brightening, in the IMB [272, 273]
and Kamiokande-II (Kam-II) [274, 275] water Cherenkov detectors and the Baksan Scintillator
Underground Telescope (BUST) [276, 277]. The main detection channel is inverse beta decay
(IBD) 𝜈𝑒𝑝 → 𝑛𝑒+; we show in Fig. 10 the measured positron energies vs. time. The much
larger IMB detector (6800 t) was more sparsely instrumented and thus had a much larger detection
threshold than Kam-II (2180 t), yet they registered comparable numbers of events. The water
equivalent of BUST was only 280 t, yet it registered 6 events, of which the first (not shown) was
attributed to background. For many details about these historical data see a recent review [278].

Despite various “anomalies” in the sparse data [278], the total number of events, their energies,
and the distribution over several seconds correspond reasonably well to theoretical expectations. In
the standard paradigm [279–282], the core collapse of a massive star leads to a proto neutron star
(PNS), a solar-mass object at nuclear density and a temperature of roughly 30 MeV, where even
neutrinos are trapped. The long emission time scale is usually attributed to neutrino transport being
diffusive. Volume emission of more feebly interacting particles, not trapped in the SN core, can be
more efficient for losing energy, resulting in a reduced neutrino burst duration. The late-time signal
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Figure 11: Relative duration of a SN neutrino burst as a function of the axion-nucleon coupling [13]. Freely
streaming axions are emitted from the entire core volume, trapped ones from an “axion sphere.” The solid
line is from numerical calculations [288, 289]. The dotted line is an arbitrary continuation to guide the eye.

is most sensitive to this effect because early neutrino emission is powered by accretion and thus not
sensitive to volume losses.

This argument has been applied to many cases, from right-handed neutrinos to Kaluza-Klein
gravitons, but axions are the earliest and most widely discussed example [40, 283–292]. They are
emitted by nucleon bremsstrahlung 𝑁 +𝑁 → 𝑁 +𝑁 + 𝑎 that depends on the axion-nucleon Yukawa
coupling 𝑔𝑎𝑁𝑁 , taken to be some average of neutrons and protons. Figure 11 illustrates that axion
emission leaves the signal duration unchanged when 𝑔𝑎𝑁𝑁 is very small. For larger couplings, the
signal shortens until it reaches a minimum, roughly when the axion mean free path corresponds to
the geometric size of the SN core. For yet larger 𝑔𝑎𝑁𝑁 , axions are trapped and emitted from an
“axion sphere” [289, 293].6 When it moves beyond the neutrino sphere, the impact on the neutrino
signal becomes ever smaller. Of course, such “strongly” interacting axions are not necessarily
harmless. First, they may play an important role during the SN collapse phase. Second, in the water
Cherenkov detectors that registered the SN 1987A neutrinos, these axions would have interacted
with oxygen nuclei, leading to the release of 𝛾 rays and causing too many events [299, 300].

However, for axions and other particles, the trapping regime is often excluded by other argu-
ments so that the free-streaming regime is of greater interest. An approximate analytic constraint
on the energy-loss rate per unit mass is [12]

𝜖𝑎 ≲ 1 × 1019 erg g−1 s−1, (45)

to be calculated at 𝜌 = 3 × 1014 g cm−3 and 𝑇 = 30 MeV. If we take the SN core to have a mass of
about 1𝑀⊙ = 2 × 1033 g, this corresponds to an axion luminosity 𝐿𝑎 = 𝜖𝑎𝑀⊙ = 2 × 1052 erg s−1.

6Some authors have questioned that in the trapping regime, axion emission asymptotes to effective surface emission
[96, 294, 295]. However, this conclusion is an artifact of an erroneous axion transmittance, considering only radial
propagation. With a proper angular average, the emission in the trapping regime is well described by black-body surface
emission even though fundamentally, of course, it emerges from a layer with significant thickness [293]. We mention
in passing that, beginning with Table 1 in Ref. [294], repeatedly the gain radius was invoked as an upper limit in the
integral defining the optical depth for escaping particles during the cooling phase [294–297]. However, the concept of
gain radius makes only sense during the accretion phase when the explosion has not yet happened, not during the cooling
phase. Extended discussions about how to define the trapping regime are provided in Refs. [293, 298].
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The gravitational binding energy of the neutron star is about 3 × 1053 erg and the emission lasts
up to 10 s, and so axion losses would compete significantly with neutrino emission. The criterion
Eq. (45) was distilled from several numerical simulations that consistently showed that the burst
duration was roughly halved when Eq. (45) was saturated [12]. Self-consistent cooling calculations
for Kaluza-Klein gravitons [301], together with a statistical comparison with the data, also confirm
Eq. (45). Still, one cannot expect such a simple criteria to provide a precision limit on all cases.

8.2 Axion bound from nucleon bremsstrahlung

Applying the nominal criterion of Eq. (45) requires a calculation of the energy loss rate in
a hot nuclear medium. Using axion-nucleon interactions, this is a formidable nuclear-physics
problem, similar to the analogous neutrino processes. Axions couple essentially to the nucleon
spins, and also for neutrinos, the axial-vector interaction is far more important than the vector
interaction. In this sense, one needs essentially the same medium response functions to calculate
neutrino transport or axion emission and absorption. The dominant emission process is nucleon
bremsstrahlung 𝑁𝑁 → 𝑁𝑁𝑎, and in the early papers it was calculated using the one-pion exchange
(OPE) potential to model the nucleon-nucleon interaction [40, 283–287], as traditionally had been
done for neutrino pair emission [302]. Later it was argued that this approach led to an inconsistently
large emission rate. What emits axions (or neutrino pairs) are the fluctuating nucleon spins, but
if the fluctuations are too fast, individual emission events overlap destructively, in analogy to the
Landau-Pomeranchuck-Migdal (LPM) effect, or in other words, the nucleon spin evolution is in the
hydrodynamic, not kinetic, regime. Phenomenological arguments suggested a significant reduction
of the axion emission rate [290, 303–308]. Later it was proposed to use nucleon-nucleon scattering
data to extract the low-energy bremsstrahlung rate, leading to a factor of four suppression relative to
the OPE-based rate [292], which then however means that the LPM suppression is less relevant. The
logic of the argument was that the axion emission rate, as a function of the nucleon spin fluctuation
rate Γ𝜎 , was near its conceivable maximum and therefore not very sensitive to the exact value
of Γ𝜎 . Assembling these arguments, the axion energy-loss rate per unit mass from a single-species
nuclear medium was estimated to be 𝜖𝑎 = 𝑔2

𝑎𝑁𝑁
(𝑇4/4𝜋2𝑚3

𝑁
) 𝐹, where 𝐹 ≃ 1 was an uncertain

numerical factor [14]. For KSVZ axions, which couple only to protons, this reasoning led to an
estimated bound 𝑓𝑎 ≳ 4 × 108 GeV, corresponding to 𝑚𝑎 ≲ 16 meV.

More recently, this estimate was critiqued in an often-cited paper that set out to improve the
bound by applying various correction factors [295]. In particular, these “results incorporate three
classes of corrections to the tree-level, massless pion calculation: a cutoff for scattering at arbitrarily
low energies, a factor for the nucleon phase space that accounts for the finite pion mass, and a factor
that introduces higher orders in the nucleon scattering.” Finally a much weaker fiducial constraint
was found (see their Fig. 11) of 𝑓𝑎 ≳ 1 × 108 GeV, corresponding to 𝑚𝑎 ≲ 64 meV. Notice that a
factor of 4 in coupling strength corresponds to a factor of 16 in reduced axion luminosity. We seem
to track at least part of this unrealistically large reduction to the fact that they treated the different
corrections as independent, multiplicative fudge factors (see their Eq. 4.2), which they call 𝛾f (cut
off for the low energy divergences), 𝛾p (finite pion mass and nucleon degeneracy effects), and 𝛾h

(higher order corrections to the dynamical spin structure function in chiral perturbation theory).
However, these corrections are not independent. For example, the factor 𝛾f gets significantly closer
to one if the other corrections are included consistently [309].
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Figure 12: Our adopted bounds on DFSZ axions as a function of sin2 𝛽 and on KSVZ axions from SN 1987A
and old NS cooling (nucleon couplings), and from the electron coupling constrained by the TRGB.

Most recently, a fresh ab initio calculation of the emission rate went beyond the OPE approx-
imation by including two-pion exchange, modeled as 𝜌 exchange, an effect that reduces the OPE
rates by a large factor [309]. The results were shown to be consistent with a 𝑇-matrix approach in
chiral perturbation theory [310–312]. The 𝜌 exchange corrections were also found to have similar
behavior and strength to the factor 𝛾h of Ref. [295]. Multiple-scattering corrections were also in-
cluded, although these are now small because the spin fluctuation rate is much smaller than in OPE.
To obtain an axion constraint, the criterion 𝐿𝑎 < 𝐿𝜈 at 1 s after core bounce was applied, based on
an unperturbed numerical SN model. The final constraint can be expressed as [309]

𝑔2
𝑎𝑝𝑝 + 1.64 𝑔2

𝑎𝑛𝑛 + 0.87 𝑔𝑎𝑛𝑛𝑔𝑎𝑝𝑝 < 1.35 × 10−18 (46)

and equivalently as

𝑚𝑎 < 7.0 meV
/√︃

𝐶2
𝑎𝑝𝑝 + 1.64𝐶2

𝑎𝑛𝑛 + 0.87𝐶𝑎𝑛𝑛𝐶𝑎𝑝𝑝 . (47)

For the KSVZ model with 𝐶𝑎𝑛𝑛 = −0.02 and 𝐶𝑎𝑝𝑝 = −0.47 one finds

𝑚𝑎 < 15 meV and 𝑓𝑎 > 4 × 108 GeV, (48)

identical to the traditional bound from the original Lecture Notes [14]. While this exact agreement
must be fortuitous, it points to the stability of these constraints in terms of detailed approach. We
recall that the earlier results were not based on a naive OPE calculation, but took into account the
LPM suppression and measured nucleon-nucleon scattering data. For the DFSZ model, Eq. (46)
can be approximately expressed in the form

𝑚DFSZ
limit =

(
23 + 6 sin2 𝛽 − 38 sin4 𝛽 + 22 sin6 𝛽

)
meV. (49)

For our reference value sin2 𝛽 = 1/2 (meaning tan 𝛽 = 1), the DFSZ bound is 𝑚𝑎 < 19 meV. We
show these bounds in Fig. 12, together with those from old NS cooling and from the bound on the
electron coupling from the TRGB.
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8.3 Pion-nucleon scattering

Another potentially important axion emission process is 𝜋−𝑝 → 𝑛𝑎 [291, 304, 313] that
has received renewed attention recently [314, 315]. With a vacuum mass of 𝑚𝜋± = 139.6 MeV
and inner SN temperature of, say, 30 MeV, the abundance of one species of thermal pions is
𝑛𝜋 = 3 × 10−5 fm−3, to be compared with nuclear saturation density of 0.16 fm−3 (corresponding
to 2.6 × 1014 g cm−3) and so there are only 𝑌𝜋 = 2 × 10−4 pions per nucleon. However, they
participate in the equilibrium between nucleons so that the chemical potential of charged pions
is 𝜇𝜋 = 𝜇𝑛 − 𝜇𝑝 = 𝜇𝑒 − 𝜇𝜈𝑒 = 𝜇𝜇 − 𝜇𝜈𝜇 , enhancing 𝜋− over 𝜋+ and balancing some of the
positive charges carried by protons in the medium. The abundance is enhanced roughly by 𝑒𝜇𝜋/𝑇

and taking, e.g., 𝜇𝜋 = 120 MeV implies 𝑌𝜋 = 0.013 and a substantial rate for 𝜋−𝑝 → 𝑛𝑎. If
𝜇𝜋 > 𝑚𝜋 , a Bose-Einstein condensate of 𝜋− forms. Therefore, the abundance and character
of the 𝜋− distribution strongly depends on their properties in a nuclear medium (effective mass
and refractive potential) as well as the nuclear EOS—see the introductions of Refs. [316, 317]
for discussions and references. In the EOSs used in typical present-day SN simulations, pions
are ignored, just like muons (mass 105.7 MeV) were ignored until recently. However, adding
muons simply mends a previous simplification, whereas adding pions requires new assumptions
and ultimately parametric studies—for a recent case study see Ref. [318]. For practical SN physics,
the question of pions is usually taken as yet another aspect of the nuclear EOS uncertainties.

The renewed interest in pionic axion emission was triggered by a study that found that the 𝜋−

abundance could be reliably calculated in hot nuclear matter based on the virial expansion [316].
It applies for small particle fugacities, defined as 𝑧𝑖 = 𝑒 (𝜇𝑖−𝑚𝑖 )/𝑇 , where 𝑚𝑖 is the particle mass
and 𝜇𝑖 its relativistic chemical potential (that includes the mass). The spin-averaged squared matrix
element is |M|2 = 4𝑔2

𝑎𝑁𝑁 (𝑔𝐴/2 𝑓𝜋)2 p2
𝜋 , where 𝑔𝐴 = 1.27 is the axial coupling, 𝑓𝜋 = 92.4 MeV

the pion decay constant, and p𝜋 the pion momentum. The effective axion-nucleon coupling for this
process is 𝑔2

𝑎𝑁𝑁 = 1
2 (𝑔

2
𝑎𝑝𝑝 + 𝑔2

𝑎𝑛𝑛) + 1
3𝑔𝑎𝑝𝑝𝑔𝑎𝑛𝑛, where the sign of the interference term corrects

an earlier expression [313]; we have checked that the new sign is correct. The pion dispersion
relation in the medium is 𝐸𝜋 = (𝑝2

𝜋 + 𝑚2
𝜋)1/2 + Σ𝜋 (𝑝𝜋) with Σ𝜋 (𝑝𝜋) varying from 0 at 𝑝𝜋 = 0

to around −100 MeV for 𝑝𝜋 ≃ 300 MeV at its minimum [316], so probably a nontrivial vertex
renormalization factor should appear in the matrix element. In the limit of 𝐸𝜋 = 𝑝𝜋 , the volume
energy loss rate is [314, 315]

𝑄𝑎 ≃
𝑔2
𝑎𝑁𝑁

4𝑚2
𝑁

(
𝑔𝐴

𝑓𝜋

)2 𝑛𝑝

𝜋3

∫
𝑑𝑝𝜋 𝑝

5
𝜋 𝑓 (𝑝𝜋) ≃

30
𝜋3

𝑔2
𝑎𝑁𝑁

𝑚2
𝑁

(
𝑔𝐴

𝑓𝜋

)2
𝑛𝑝𝑧𝜋𝑇

6. (50)

In the second expression we used 𝑓 (𝑝𝜋) = 𝑧𝜋/[𝑒 (𝐸𝜋−𝑚𝜋 )/𝑇 − 𝑧𝜋] ≃ 𝑧𝜋𝑒−𝑝𝜋/𝑇 , where we assumed
the pion fugacity to be small [316] and neglected 𝑚𝜋 everywhere except in the fugacity.

Neutron Pauli blocking was expressed by a factor (1 + 𝑧𝑛)−1, which corresponds to neglecting
the neutron kinetic energy, i.e., it is the largest possible Pauli-blocking factor taken as representative
for all neutrons. On the other hand, in the limit where we neglect nucleon recoil, the proton phase-
space integral, including neutron Pauli blocking, is the first integral in Eq. (3.6) of Ref. [46], where
1− 𝑓𝑛 = 𝑒𝑥

2
𝑝/(𝑒𝑥2

𝑝 + 𝑧𝑛) if 𝑥𝑛 = 𝑥𝑝 and 𝑥2
𝑝/(𝑒𝑥

2
𝑝 + 𝑧𝑝) is the proton phase-space factor. If we ignore
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the small proton fugacity, this corresponds to an average Pauli-blocking factor of

⟨1 − 𝑓𝑛⟩ ≃
∫ ∞

0
𝑑𝑥𝑝

𝑒𝑥
2
𝑝

𝑒𝑥
2
𝑝 + 𝑧𝑛

𝑥2
𝑝

𝑒𝑥
2
𝑝

/ ∫ ∞

0
𝑑𝑥𝑝

𝑥2
𝑝

𝑒𝑥
2
𝑝

≃ 𝜋

𝜋 + 𝑧𝑛
, (51)

where the empirical approximation is good to better than 1% for 0 < 𝑧𝑛 < 1.
In another calculation of the pionic emission rate [46], the direct axion-pion-nucleon vertex

Eq. (11) was included. To lowest order in a 𝑝𝜋/𝑚𝑁 expansion, it has the effect of modifying the
effective axion-nucleon coupling in the form

𝑔2
𝑎𝑁𝑁 → 1

2

(
𝑔2
𝑎𝑝𝑝 + 𝑔2

𝑎𝑛𝑛

) (
1 + 𝑔−4

𝐴

)
+ 1

3
𝑔𝑎𝑝𝑝𝑔𝑎𝑛𝑛

(
1 − 3𝑔−4

𝐴

)
, (52)

which returns the original expression when deleting the terms proportional to 𝑔−4
𝐴

. Numerically,
the enhancement is roughly 1 + 𝑔−4

𝐴
= 1.40 and thus not a huge effect.

In principle, the process is reduced if spin fluctuations of the nucleons are too large; they are
accounted for by a factor 𝛾sf , which however is not a big effect [314]. Isospin fluctuation are caused,
for example, by 𝜋−𝑝 → 𝑛𝜋0, where we estimate the rate to be around Γ ≃ 𝑇 and thus also not a
large effect relative to typical emitted axion energies of perhaps 5–7𝑇 .

Therefore, in the limit of vanishing pion mass and ignoring all the other tens-of-percent effects,
the energy-loss rate per unit mass 𝑄𝑎/𝜌 is

𝜖𝑎 = 𝑔2
𝑎𝑁𝑁 2.6 × 1037 erg g−1 s−1

(
𝑇

30 MeV

)6 (
𝑌𝑝

0.3

) (
𝑧𝜋

0.4

)
. (53)

Comparing with the criterion of Eq. (45) implies a constraint 𝑔𝑎𝑁𝑁 < 0.6 × 10−9. For vanishing
neutron coupling, this implies 𝑔𝑎𝑝𝑝 < 0.9 × 10−9. For comparison, the bremsstrahlung bound of
Eq. (46) implies 𝑔𝑎𝑝𝑝 < 1.2 × 10−9. Including both processes improves the bound roughly by a
factor of 2, in approximate agreement with Ref. [314].

However, fresh doubts about the pion process were recently raised by an overlapping cast
of authors who computed 𝑚𝜋± in neutron-rich matter based on heavy-baryon chiral perturbation
theory [317]. At nuclear saturation density, they found 𝑚𝜋− = 200–260 MeV that could strongly
reduce the fugacity and thus axion emission. A more recent study of ALP emission from SNe [300],
including authors from Ref. [314], also warned about using the pion-related bounds and show results
with or without the pion process. In other words, while one cannot exclude that the emission rate
is enhanced by pions, one also cannot rely on them for a trustworthy bound.

8.4 Second-generation matter

The microphysics and nuclear physics in SN simulations typically includes many simplifications
and traditionally only uses first-generation hadronic and leptonic matter, except for the inclusion
of heavy-lepton neutrinos usually referred to as 𝜈𝑥 . It is only recently that six-species neutrino
transport is becoming the norm and that muons are included as discussed earlier. On the hadronic
side, even pions are usually neglected, but may or may not be quite abundant as discussed in the
previous section, depending on their in-medium properties.
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In addition, one could expect that strange matter (baryons including an 𝑠 quark) or kaons
might be quite abundant [319–324] (recall that the lightest hyperon is the neutral Λ with a mass
1115.68 MeV, not much larger than 𝑚𝑛 = 939.57 MeV). If this is the case, axion emission would
be modified [325–327] and the bound on 𝑚𝑎 would typically improve. On the other hand, a large
hyperon population would soften the nuclear equation of state, in conflict with observed NS masses
of up to 2𝑀⊙, a problem called the hyperon puzzle [328–331]. The inclusion of three-nucleon
interactions seems to solve this problem [332–334], but for now it appears difficult to provide robust
predictions that could be implemented in practical SN simulations. Once the role of hyperons
and/or kaons becomes better understood, it could modify SN physics and PNS cooling and provide
new channels for axion emission. The exact overall impact of such modifications is impossible to
predict, but specifically for axions it appears that the emission rates would probably get larger. As
in the case of pions discussed earlier, one cannot exclude that in the nominally allowed parameter
range, axions could still play a huge role in SN physics.

8.5 For how long lasted SN 1987A neutrino emission?

In its traditional form, the SN 1987A cooling argument is somewhat schematic in that the
impact of axion losses on the neutrino signal was not directly compared with data. In the early
simulations represented by Fig. 11, the signal duration was defined as the time when 95% of the
expected events would have been recorded, and Eq. (45) corresponds to this signal duration being
roughly halved. In principle, of course, one should simulate self-consistent SN models that include
axion losses and directly compare with data. Before such an exercise, however, one should first study
if the SN 1987A signal is consistent with theoretical expectations beyond the general impression
that the event energies and time structure roughly correspond to expectations.

At the time of SN 1987A, the now-standard neutrino-driven explosion mechanism had only
been proposed a few years earlier by Bethe and Wilson [279] and detailed modeling was still in
its infancy. One physically unavoidable effect is Ledoux convection driven by entropy and lepton-
number gradients [335–344], which actually determines the overall time scale of deleptonization
and energy loss. Recently, SN 1987A data were confronted with a suite of spherically symmetric
models with different equations of state and different final NS masses [278]. PNS convection was
included in a mixing-length approximation. The signal prediction of a typical model is shown in
Fig. 10, overlaid with the actual SN 1987A data.

The cooling time scale and expected signal duration in different detectors, once more defined
as the period of 95% of the energy emitted or signal received, of this class of convective models is
too short to explain the late event triplet in Kam-II at 10–12 s post bounce or the last two events
in BUST. In principle, these late events can represent an unlikely background fluctuation, but not
PNS cooling of these models. Including axions would further reduce the signal duration. Even
if one were to rely only on the last IMB events (as done in one of the early papers [40]) begs the
question of interpreting the late Kam-II and BUST events. One speculation considers the fallback
of material on the NS, causing a second flash of neutrino emission, although it is hard to obtain such
a large signal [278, 345]. However, the sparse data prevent one from reaching strong conclusions.
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8.6 Have we really seen PNS cooling?

The overall logic of the traditional SN 1987A cooling bound was questioned on the grounds
that the late-time neutrino signal need not signify PNS cooling altogether [346]. One key argument
is that no compact remnant has yet been observed at the location of SN 1987A and especially no
pulsating signal. Of course, the remnant could be a non-pulsar neutron star similar to Cas A and the
hot blob recently reported by the ALMA radio telescope [347] can be interpreted as first evidence
for such a source [348] and a very recent James Webb Space Telescope observation points in the
same direction [349]. Of course, direct evidence for a non-BH compact remnant would provide
more confidence that the neutrino signal is indeed a good proxy for the PNS cooling speed.

In Ref. [346] a non-standard scenario is envisaged, where neutrino emission for the first 2–3 s
from the collapsed SN core causes the initial signal in the detectors shown in Fig. 10, followed
by BH formation. The actual explosion would be caused by the Collapse-Induced Thermonuclear
Explosion (CITE) mechanism [350, 351], whereas the late neutrino events, after 5 s or so, would be
attributed to an accretion disk. This scenario has its own difficulties. First, it requires a mixture of
helium into the carbon-oxygen core, replacing the carbon layer typically found in stellar evolution
studies for pre-supernova stars [352, 353]. The carbon-oxygen layer being much hotter than the
ignition temperature of helium, it is not obvious how often and for how long such mixed shells can
occur. Second, the formation of a disk around the new-born BH requires a large amount of angular
momentum deep inside the stellar core. This is expected to happen only in very rare events, namely
gamma-ray-burst and hypernova cases [354] as acknowledged in Ref. [350], but SN 1987A was not
of that type. In fact, a preliminary study showed—using the MESA stellar evolution code—that the
formation of mixed oxygen-helium shells is extremely rare and in the successful cases the angular
momentum of the stellar core is never as high as required by CITE [355].

Moreover, progress in 3D modeling over the past few years has lent strong support to the
neutrino-driven delayed explosion mechanism, in particular also for SN 1987A. Specifically, 3D
models of neutrino-driven explosions can explain many of its observational properties, employing
pre-collapse stellar models compatible with its progenitor. The most important observables in this
context are (i) the explosion energy, (ii) the ejected masses of chemical elements such as oxygen
and radioactive isotopes like 56Ni and 44Ti, (iii) observed ejecta asymmetries and radial mixing
of chemical elements, in particular also of (radioactive) iron-group species, and (iv) the measured
light curve. Additional support for the neutrino-driven mechanism is provided by recent work that
has linked 3D explosion models to observations [356–359]. Based on the CITE-required progenitor
structure, such a comprehensive picture is missing. Even the original authors do not seem to have
pursued it beyond initial studies. But of course, it would be interesting to investigate all of these
observables within any alternative mechanism for SN 1987A.

In any event, these doubts as well as the difficulty of explaining the late events in the presence
of PNS convection (Sect. 8.5) motivate a new study of PNS cooling with axions to understand better
the impact of axion cooling together with convection and to understand better the impact on the
early signal during the first few seconds. In Ref. [346] it was argued that axion emission could not
strongly affect the first few seconds, but we are not convinced that such a conclusion is strongly
supported by their simulation for the first 0.2 s post bounce. A better quantitative understanding of
a possible fallback signal in 3D simulations is also on our wish list.
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8.7 Axion cooling and supernova explosions

Supernova bounds based on the SN 1987A neutrino signal duration apply in the free-streaming
regime, where axion losses are a local energy sink and do not transfer energy, for example to
the stalling shock wave. On the other hand, they could still affect explosion physics because
the collapsed SN core could become more compact more quickly and in this way indirectly heat
the neutrino-sphere region. This effect was studied with 1D and 2D SN models, confirming the
expectation that axions that obey the energy-loss bound of Eq. (48) would not modify explosion
physics [360]. However, for a coupling strength around twice larger (energy loss rate a factor of 4
larger), the effect begins to become noticeable. Given the systematic uncertainties of the SN 1987A
and NS cooling bounds, the possibility of such effects cannot be completely dismissed. Beyond
QCD axions, ALPs or FIPs with suitable parameters could transfer energy to the outer SN regions
and strongly modify the explosion physics (see Sec. 8.9 below).

8.8 Diffuse supernova axion background (DSAB)

Based on current evidence, axion emission from a core-collapse SN could be a large effect,
the total energy loss could be comparable to that in neutrinos. The diffuse SN neutrino background
(DSNB) is the largest cosmic neutrino radiation [62, 361], given that primordial neutrinos form a
hot dark matter contribution today, not radiation. The energy density of the DSNB is comparable
to the extra-galactic background light (EBL), the electromagnetic radiation emitted from all stars
over the age of the universe. Therefore, axions emitted by all stellar core collapses likewise could
contribute a comparable energy density [362]. While the DSNB is at the verge of detection with
Super-Kamiokande Gd and JUNO [363], there is no immediate idea or prospect to detect the much
more feebly interacting DSAB. If pion production is indeed the dominant emission process, the
spectrum would be much harder than originally foreseen. Beyond QCD axions, the diffuse SN
particle flux provides interesting constraints, for example on ALPs that would subsequently decay
[298] or the DSNALPB could be converted to photons in astrophysical magnetic fields [364–367].
Of course, a diffuse SN background is not peculiar to axions or ALPs—any FIP produced in core-
collapse SNe can form a diffuse background (DSFB) and could lead to interesting signals. This is
certainly the case for sterile neutrinos [368], dark photons [369], or CP-even scalars [298].

8.9 Supernova constraints on ALPs and other FIPs

Besides recent revisions of the traditional SN 1987A axion bound that we have discussed in
this chapter, numerous other SN-related arguments about a variety of ALPs and FIPs have been
advanced recently. The richest phenomenology arises when FIPs decay into photons after being
produced in the SN. Many different signatures arise depending on their mean free path:

• If the mean free path 𝜆 is between the radius of the new-born NS and 𝑅∗ of the SN progenitor,
then the explosion energy will be enhanced [370]. Effectively, FIPs would dump energy from
the SN core into the mantle, showing up as explosion energy or radiation, that is typically
less than 1% of the energy carried by neutrinos. To avoid overly energetic SN explosions
imposes severe constraints that are even stronger when compared with Low-Energy SNe
[371, 372]. This class presents particularly low explosion energies and thus is perfect to
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constrain exotic energy deposition [97]. The explosion criterion applies to particles decaying
into photons [97, 298], but also to other interacting final states such as 𝑒+𝑒− [366, 373].

• If 𝜆 is large enough for the particle to make it out of the progenitor, radiative decays en
route to Earth can become observable. If 𝑅∗ ≲ 𝜆 ≲ 50 kpc (distance to SN 1987A), then
the strongest limits come from FIPs produced in SN 1987A, where the decay 𝛾-rays would
have been picked up by the Gamma-Ray Spectrometer on board of the Solar Maximum
Mission (SMM) [298, 374]. For smaller FIP masses, or smaller couplings, 𝜆 increases to
cosmological distances and the strongest limits come from FIP emission of all past SNe (the
DSFB discussed in the previous section). When the FIPs later decay, they contribute to the
diffuse cosmic 𝛾-ray background [375], leading to competitive bounds [298, 376, 377].

• There can be another twist when 𝜆 ≳ 𝑅∗. The produced photons may be unable to escape
because they are so dense that they form a fireball [378], creating a QED plasma originating
from pair production. This plasma quickly evolves to much lower temperatures mainly via
pair bremsstrahlung, and the emerging photons have much lower energies of 0.1–1 MeV. Most
of them would have escaped detection by SMM, but could have been seen by the Pioneer
Venus Orbiter (PVO) Satellite [379], which had an energy window 0.2–2 MeV. These ideas
also apply to FIPs decaying directly to 𝑒+𝑒−.

These signatures are important for large FIP masses, typically at the MeV scale or above,
whereas otherwise different probes are more relevant. In this mass window, we mention in passing
the recent use of other spectacular astrophysical transients, such as hypernovae [380] and NS
mergers [381, 382], where decaying FIPs produce striking signatures. For much smaller masses,
the decay rate is strongly phase-space suppressed. However, in this case FIPs produced in SN
explosions (or also in other astrophysical objects, such as Wolf-Rayet (WR) stars [383]) may
convert into photons in the Milky Way magnetic field, also producing 𝛾-ray signals (X-ray for WR
stars). For ALPs these constraints are competitive for 𝑚𝑎 ≲ 10−8 eV [365, 384].

Another case worth mention is a boson 𝜙 coupled to neutrinos, such as majorons [385, 386].
Besides SN 1987A cooling [387–392], another powerful constraint derives from the non-observation
of 100-MeV-range neutrinos in the IMB and Kam-II signals of SN 1987A that could arise from
majoron decays en route to Earth [393]. This argument is particularly relevant for 𝑚𝜙 ≳ 100 eV
when neutrino coalescence is the main production channel in the SN core. A future galactic SN
offers the opportunity to detect such signatures [394].

9. Black-hole superradiance

Our final class of stellar axion factories consists of astrophysical black holes (BHs), the most
compact of all stars. This may seem like a self-contradiction because BHs are thought to be ideal
black bodies with very low temperature 𝑇BH = (8𝜋𝐺N𝑀BH)−1 = 0.61nK (𝑀⊙/𝑀BH), much colder
than 𝑇CMB = 2.73 K. Astrophysical BHs live in environments of baryonic matter, dark matter, the
CMB, and cosmic background neutrinos, absorbing all of these, and so BHs do not evaporate.
Assuming a massless scalar boson 𝑎 without cosmic background flux, the BH luminosity in this
channel would be 𝐿𝑎 =

(
21115𝜋𝐺2

N𝑀
2
BH

)−1
= 4.45 × 10−29 Watt (𝑀⊙/𝑀BH)2 and thus extremely
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small. However, unrelated to Hawking radiation, rotating (Kerr) BHs can efficiently flush out
low-mass bosons at the expense of rotational energy, so-called superradiance.

Following a recent review [395], we note that the concept of superradiance was introduced by
Dicke (1954) for the then-hypothetical idea of radiation amplification by coherence of emitters [396].
In 1971, Zeldovich showed that radiation that scatters off rotating absorbing surfaces can result in
amplification [397, 398], an effect today widely called (rotational) superradiance. A wave with
frequency 𝜔 in a spherical-harmonic distribution with azimuthal number 𝑚 is amplified if

𝜔 < 𝑚Ω, (54)

where Ω is the angular frequency of the rotating body. Around the same time, following an earlier
paper by Penrose (1969) [399], Penrose and Floyd (1971) showed that one can extract energy and
angular momentum from a rotating BH in analogous fashion [400], in what today we call black hole
superradiance. Ω is now to be interpreted as the angular velocity of the BH horizon defined as

ΩH =
1

2𝑟g

𝑎/𝑟g

1 +
√︃

1 − (𝑎/𝑟g)2
, (55)

where 𝑟g = 𝐺N𝑀BH is the BH gravitational radius and 0 < 𝑎 < 𝑟g its spin-to-mass ratio.
The case of massive bosonic waves (mass 𝑚𝑎) is special because they can form bound states

around the BH, allowing for exponential growth by steady superradiant amplification [401, 402].
The bound states are similar to those of hydrogen atoms, with a “gravitational fine structure
constant” 𝛼g = 𝐺N𝑀BH𝑚𝑎. The orbitals around the BH are characterized by the principal, orbital,
and magnetic quantum numbers {𝑛, 𝑙, 𝑚} and their energy is [403, 404]

𝜔 = 𝑚𝑎

(
1 −

𝛼2
𝑔

2 𝑛2

)
. (56)

The orbital velocity is roughly 𝛼g/𝑙 and the size of the cloud 𝑟c ∼ (𝑛/𝛼g)2 𝑟g. If one approximates
the bound-state energy as 𝜔 ≃ 𝑚𝑎, the superradiance condition of Eq. (54) reads 𝑚𝑎 < 𝑚ΩH. In
this limit one can also derive a simple parametric form for the imaginary part Γ of the frequency,
the growth rate of the superradiant cloud,

Γ ∝ 𝛼4 𝑙+5
g

(
𝑚ΩH − 𝑚𝑎

)
∝ 𝑚4 𝑙+5

𝑎 . (57)

This expression reveals a crucial aspect of superradiance: on the one hand, 𝑚𝑎 should be small
enough or the BH spin large enough to satisfy Eq. (54); on the other hand, 𝑚𝑎 cannot be too small
or else Γ becomes too small for any interesting phenomenological consequences. Therefore, the
BH mass determines the 𝑚𝑎 range that one can probe via superradiance.

Axion clouds grow at the expense of the BH spin. Therefore, observing a sufficiently fast-
spinning old BH can be enough to constrain the existence of bosons with 𝑚𝑎 ≃ 1/𝑟g [404–407].
The leading method to measure BH spin is continuum fitting and X-ray relativistic reflection, which
have been used to measure BH spins in X-ray binary systems [408]. Both methods measure the
innermost stable circular orbit (ISCO) of the accretion disk, which in turns provides the BH spin.
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Of course, the spins of stellar-mass BHs have also been measured in the gravitational-wave (GW)
detectors LIGO and VIRGO, but the uncertainties are much larger than those in X-ray binaries.

For example, Ref. [405] used the five stellar-mass BH X-ray binaries M33 X-7, LMC X-1,
GRO J1655-40, Cyg X-1, and GRS1915+105 to exclude the mass range

0.29 × 10−12 ≲ 𝑚𝑎 ≲ 7 × 10−12 eV. (58)

In principle, this constraint depends only on the boson mass, but other interactions than gravity
can modify superradiance. For example, if we give up the canonical relation Eq. (3) between
𝑚𝑎 and 𝑓𝑎 and the latter is too small for given 𝑚𝑎, then axion self-interactions will decrease the
occupation number in the equilibrium state and the axion cloud will collapse before extracting much
BH spin [405]. The bounds in Eq. (58) do not apply if 𝑓𝑎 is at least some five orders of magnitude
smaller than implied by the standard relation.

Similar ideas apply also to supermassive BH spins, probing much smaller 𝑚𝑎 [407, 409, 410],
which would typically imply trans-Planckian values for 𝑓𝑎 in the QCD-axion case.

Besides BH spin down, there can be other signatures of superradiance. Transitions between
different states of the gravitational atom formed by the boson field can emit continuous-wave
GWs [404], in contrast to the chirps produced by the usual compact-star mergers. Searches with
LIGO O2 data [411] and LIGO O3 data [412, 413] exclude some domain in the 𝑚𝑎–𝑀BH plane, but
no directly tangible QCD axion parameters. Still, this channel offers a future detection opportunity
for very low-mass axions. Binary mergers of BHs surrounded by bosonic gravitational atoms would
provide modified GW signatures [414–417], offering yet another future detection opportunity.

Finally, one may wonder if rotational superradiance can occur in other rotating astrophysical
objects, for example pulsars? Superradiance requires dissipation which in rotating BHs is provided
by their ergoregion,7 but does not exist in neutron stars. Recent works have proposed that enough
dissipation may come from finite conductivity either in the stellar magnetosphere [419, 420] or
within the star itself [421, 422], but one may wonder if the required conditions can be met in
realistic pulsars. More work may be needed to substantiate this exciting possibility.

10. Modified equation of state in compact stars

As discussed earlier, the derivative axion-nucleon interactions are modified in the dense nuclear
matter of neutron stars and SN cores [44, 45]. However, dense matter may spawn another intriguing
effect through a coherent interplay between the nucleon density and the axion field, potentially
leading to entirely different structures for compact stars [423, 424]. A nonvanishing nucleon
density 𝑛𝑁 modifies the usual axion potential in the form

𝑉 (𝑎) ≃ 𝑚2
𝜋 𝑓

2
𝜋

4

(
𝜖 − 𝜎𝑁𝑛𝑁

𝑚2
𝜋 𝑓

2
𝜋

) (
1 − cos

𝑎

𝑓𝑎

)
, (59)

7We stress that rotational superradiance does not rely on the BH horizon. This follows from a simple causality
argument: waves would take infinite time to reach the horizon and therefore the superradiance dynamics cannot depend
on boundary conditions. Moreover, working in the time domain, it has been shown explicitly that superradiance happens
for horizonless geometries [418].
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where 𝜎𝑁 ≃ 50 MeV is the pion-nucleon sigma term and 𝜖 is a numerical coefficient. This
formula applies in the approximation of 𝑚𝑢 = 𝑚𝑑 , with Eq. (3) implying an axion vacuum mass
𝑚𝑎 = 𝑚𝜋 𝑓𝜋/2 and thus 𝜖 ≃ 1. Numerically, for nuclear saturation density 𝑛0 = 0.15 fm−3, the
second term is 𝜎𝑁𝑛0/𝑚2

𝜋 𝑓
2
𝜋 ≃ 0.4. Therefore, if the axion is only minimally lighter than standard,

the axion potential switches sign and the minimum is not at 𝑎 = 0 but at 𝑎 = 𝜋 𝑓𝑎.
Conversely, a nonvanishing expectation value for the axion field produces a potential for

nucleons and shifts their mass according to

𝑚𝑁 (𝑎) ≃ 𝑚𝑁

[
1 + 𝜎𝑁

2𝑚𝑁

(
cos

𝑎

𝑓𝑎
− 1

)]
(60)

and thus for a flipped axion minimum, a mass shift of 𝛿𝑚𝑁 ≃ −𝜎𝑁 , but using a more precise
potential, 𝛿𝑚𝑁 ≃ −30 MeV [425].

For 𝜖 ≪ 1, as a function of radius in a neutron star, the axion field would be in the wrong
minimum deeply inside, and in the usual minimum outside, with an axion-field brane at some
transition radius. In an ordinary nucleus, this effect will not occur because the axion gradient
energy would prevent such a solution, but in a neutron star, a modification of the nuclear equation of
state would obtain [426]. In the context of binary neutron star mergers and concomitant gravitational
wave emission, large effects can arise [423]. Shifting the nucleon mass in white dwarfs modifies
their equation of state and their mass-radius relationship and requires 𝜖 ≳ 10−8 [425]. Similar
arguments apply to the Sun and Earth [423], as well as other astrophysical objects. As a rule of
thumb, denser objects will probe larger value of 𝜖 , closer to the standard QCD axion. For the latest
status, see Konstantin Springmann’s recent PhD Thesis [424].

11. Hot dark matter axions and telescope searches

We next turn to a possible axion hot dark matter (HDM) component that provides constraints
directly complementary to stars and thus warrants mention here. Of course, the main cosmological
interest in axions derives from their possible role as cold dark matter in the form of low-momentum
classical field oscillations initiated in the early universe, see Ciaran O’Hare’s Lectures at this
School and Ben Safdi’s recent TASI Lectures [427]. In addition, thermal axions are produced by
interactions with the quark-gluon plasma before QCD confinement [428, 429] and afterwards by
𝜋𝑁 ↔ 𝑁𝑎 [428, 430] and mostly 𝜋𝜋 ↔ 𝜋𝑎 [48], spawning a radiation density comparable with that
of one neutrino. With𝑚𝑎 in the eV-range, axions would provide HDM analogous to neutrinos. After
initially postulating some axion HDM [431], the steady advance of ΛCDM cosmology invariably
diminished possible HDM components. A historical selection over 20 years is 𝑚𝑎 < 3.0 eV [432],
1.05 eV [433], 0.67 eV [434], 0.529 eV [435], and 0.83–0.89 eV [436], where here and henceforth
the pion couplings of the KSVZ model are used. For an explicit study of the DFSZ case in this
context see [437].

However, these results were called into question in that pion-axion thermalization in the
100 MeV temperature range puts the interactions outside the validity of lowest-order chiral per-
turbation theory [438]. Recently, however, these difficulties were elegantly overcome by scaling
instead to measured 𝜋𝜋 scattering data [439]. These authors also consider the changing number of
thermal degrees of freedom during the freeze-out process and find 𝑚𝑎 < 0.24 eV at 95% C.L., as
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well as
∑
𝑚𝜈 < 0.14 eV. Meanwhile, the authors of [438] have issued a new paper [440], where

they use unitarized NLO chiral perturbation theory and correct an earlier error in the loop function
of the NLO scattering amplitude. For the phenomenological outcome they seem to largely agree
with [439], although this seems to be just a numerical coincidence. Another contemporaneous
paper found 𝑚𝑎 < 0.18 eV and

∑
𝑚𝜈 < 0.16 eV [441], using an interpolation of the axion pro-

duction rate across the QCD phase transition between standard results far above and far below the
confinement scale [442, 443]. In addition, the authors of Ref. [441] have marginalized over an en-
semble of cosmological models and in this case found 0.21 eV for both quantities, slightly stronger
than their previous limit of 𝑚𝑎 < 0.28 eV at 95% C.L. [444]. Very recently, yet another analysis
adopted unitarized NLO chiral perturbation theory and with a detailed cosmological analysis found
𝑚𝑎 < 0.18 eV at 95% C.L. [445], including constraints from BBN, which is the main factor driving
the improvement with respect to [439]. Their bound improves further to 𝑚𝑎 < 0.16 eV at 95%
C.L. after including the ground-based Atacama Cosmology Telescope (ACT) and the 2018 South
Pole Telescope (SPT) CMB data that were also included in Ref. [441]. Unsurprisingly, the overall
situation is similar to HDM constraints on neutrinos masses, where recently published bounds are
in the range

∑
𝑚𝜈 < 0.082–0.54 eV, depending on data sets and analysis [446]. A detailed assess-

ment of the different published 𝑚𝑎 bounds is beyond our scope, but we rather interpret the range
0.16–0.24 eV between different groups and assumptions as impressively concordant, especially
considering that this entire approach had been questioned only a few years ago. As a representative
value, we adopt a nominal limit

𝑚𝑎 < 0.20 eV (61)

as a number to put on our summary plot Fig. 13.
It is striking that a forecast with state-of-the-art likelihood tools for DESI and CMB-S4 suggest

that the cosmological sensitivity may soon become competitive with the astrophysical bounds [445].
Moreover, future cosmological probes should finally turn up the minimal HDM fraction implied by
neutrino oscillations and concomitant minimal neutrino masses of

∑
𝑚𝜈 ≳ 60 meV. Finding rather

than constraining this unavoidable HDM component will take precision cosmology to yet another
level and beyond this feat, to distinguish between neutrino and axion contributions.

When 𝑚𝑎 ≳ 24 eV, axions decay within the age of the universe—see the discussion below
Eq. (16)—producing too much cosmic background radiation. If the decay is very fast, one needs to
appeal to effects in the early universe, notably big-bang nucleosynthesis (BBN). One sensitive probe
is the cosmic deuterium abundance and accordingly, axions with 𝑚𝑎 ≲ 300 keV are excluded [447].
More recent studies include Refs. [448, 449]. Keeping our focus on QCD axions, it is probably fair
to assume that they are cosmologically excluded down to the 100 keV range shown in Fig. 13.

When the lifetime exceeds the age of the universe, axion decays need not be harmless because
the resulting photons can be observed, e.g. coming from galaxy clusters, where HDM axions would
have somewhat accumulated. Early “telescope searches” targeting the clusters Abell 1413, 2218
and 2256 excluded 𝑚𝑎 = 3.2–7.8 eV [450, 451]. Later observations of Abell 2667 and 2390 with
the VIMOS integral field unit at the Very Large Telescope (VLT) excluded 𝑚𝑎 = 4.5–7.7 eV [452].
Recently, the MUSE instrument at the VLT looked at five galaxies (classical and ultra-faint) and
excluded the range 2.7–5.3 eV [453], assuming axions are all of the DM in these small systems.
While this could not be true for HDM, these bounds apply even for strongly suppressed 𝐺𝑎𝛾𝛾
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and therefore also to a reduced DM density. In any case, the compound mass range 2.7–7.8 eV
excluded by telescope searches is already ruled out by the HDM bounds of Eq. (61). We also
briefly mention that in the 1–10 eV mass range, other interesting probes include the use of optical
depth measurements of distant blazars [454], emerging line intensity mapping techniques [455],
the angular power spectrum of the anisotropies of the extragalactic background light [456–461],
as well as direct line searches with the James Webb Space Telescope [462–464] or the Subaru
Telescope [465].

12. Conclusions

Over the past few years, many of the traditional astrophysical axion bounds have been extended
to broader classes of ALPs, WISPs and FIPs, and new arguments have been advanced, assuming
independent interactions to different classes of standard-model particles and/or masses unrelated to
the interaction strength. Summarizing this recent explosion of activities was too ambitious within the
limits of these Lecture Notes, but would be urgently needed in the literature. A fantastic overview
of the excluded parameter domains for different couplings, and the corresponding references, is
found in the GitHub pages of Ciaran O’Hare [59].

With a more limited scope, we have focussed on the quasi one-dimensional parameter space
of QCD axions, where all properties derive from 𝑓𝑎 or equivalently 𝑚𝑎. Figure 13 and Table 3
provide summaries, distinguishing only between hadronic models, represented by the KSVZ case,
and nonhadronic ones which also include couplings to charged leptons, represented by the DFSZ
model. In this case, we assume an axion-electron coupling of 𝑔𝑎𝑒𝑒 = 𝑚𝑒/6 𝑓𝑎, corresponding in
the DFSZ model to tan 𝛽 = 1 or sin2 𝛽 = 1/2, and more general bounds scale from here. (See
footnote 3 for our 𝛽 convention.)

The bound from BH superradiance in Eq. (58) depends only on the boson mass and not on the
specific axion model. Likewise, the hot-dark matter bound of Eq. (61) depends primarily on 𝑚𝑎

with weak dependence on the exact interactions with pions and nucleons at freeze out. We have
included this cosmological constraint because it invades the normal jurisdiction of astrophysical
arguments and is beginning to compete in earnest. Telescope limits in the 𝑚𝑎 range 2.7–7.8 eV
(Sect. 11), based on the nonobservation of decay photons, are then both irrelevant and inconsistent
because axions in this mass range are cosmologically excluded and cannot act as a source.

The traditional bound on the axion-photon coupling from the helium-burning lifetime of
horizontal-branch (HB) stars Eq. (36) has been supplemented recently by a slightly more restrictive
bound Eq. (39) using number counts of asymptotic giants in globular clusters, contradicting the
idea of a cooling hint in the HB number counts. In both cases one would worry about systematic
issues in the underlying data when it comes to interpreting the results at their literal values and more
importantly, the treatment of convection and core-breathing pulses during helium burning.

Axions derive from QCD so that bounds on their interactions with nucleons and pions, already
underlying the hot dark matter argument, are of particular interest. After some significant recent
critique of the axion bremsstrahlung emission rates, the SN 1987A cooling bound has settled
back to its long-standing value Eq. (48), although with a more explicit dependence on the proton
and neutron couplings Eq. (46). Such results remain subject to overall doubts about the sparse
SN 1987A data (what is the meaning of the late events in the presence of PNS convection?) and the
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absence of a direct NS remnant observation. The recurring idea of pion scattering as a dominant
emission process remains intriguing, but the nuclear physics very uncertain, so we have not used it
in Fig. 13. Observations of certain old NSs provide uncannily similar constraints stated in Eq. (43)
and (44), whereas arguments based on the young NS in Cas A and HESS J1731–347 now appear
questionable in view of doubts about their luminosity or age. Still, many things would have to
conspire to completely invalidate the combined SN and NS bounds shown in Fig. 13.

Taking uncertainties in the opposite direction, even for much smaller 𝑚𝑎 than excluded in
Fig. 13, axions could carry away large amounts of SN energy and produce a sizeable cosmic diffuse
axion background (DSAB) with a rather hard spectrum if pionic processes were to dominate.

The strongest constraints derive for nonhadronic axions based on their coupling to electrons,
although with the strongest axion model dependence. The emission by degenerate electrons is the
dominant source, either in white dwarfs (WDs), or the cores of low-mass red giants, effectively
helium WDs. The observed period drift of certain pulsating WDs is a significant and intriguing
effect, but cannot be attributed to axion cooling without strongly violating the most restrictive limit
that arises from the brightness of the tip of the red giant branch (TRGB) in globular clusters. There
has been significant progress, in particular on the distance determinations of globular clusters and
thus the absolute brightness determination. We do not perceive a credible cooling hint from WD
and TRGB observations.

In the end, the main interest is not in constraining QCD axions, but in detecting them. The
backreaction on stars is a difficult signature because any putative deviation between standard stellar
theory and observations is unlikely to be very specific. The unsolved puzzle of the period drift of
variable WDs discussed in Sect. 6.2 is a case in point. As far as stars are concerned, the best bet for a
future axion detection probably remains the (Baby)IAXO search for solar axions. IAXO is sensitive

v
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Hot Dark Matter BBN
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Figure 13: Summary of astrophysical axion bounds. For DFSZ axions, tan 𝛽 = 1 or sin2 𝛽 = 1/2 is assumed.
We also show the signal if the period drift of the variable white dwarf G117-B15A in interpreted as axion
cooling. The high-mass end of the XENONnT exclusion range is not exactly known because the experimental
analysis was for massless solar axions. Of course, this panoramic plot must be interpreted with care because
it combines information from very heterogeneous sources with different levels of confidence and reliability.
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Table 3: Summary of the astrophysical axion bounds shown in Fig. 13. The mass bounds are upper limits,
where for the DFSZ case, tan 𝛽 = 1 or sin2 𝛽 = 1/2 is assumed, corresponding to 𝐶𝑒 = 1/6. (See footnote 3
for our 𝛽 convention.)

Coupling𝑎,𝑏,𝑐 𝑚KSVZ
𝑎 𝑚DFSZ

𝑎 Argument Eqs. References
[meV] [meV]

— 0.29–7 peV excluded BH superradiance (58) [405]
— 200 similar Hot dark matter (61) [439, 441, 445]
𝐺𝑎𝛾𝛾 (Fig. 4) 0.64–1.17 eV exclud. CAST solar axions (26) [110]

𝐺
(10)
𝑎𝛾𝛾 < 6 1500 — Solar neutrinos (22) [90], Sect. 3.2

𝑔
(13)
𝑎𝑒𝑒 < 75 — 500 Solar neutrinos (28) Sect. 3.5

𝐺
(10)
𝑎𝛾𝛾 < 4.8 1200 — XENONnT solar ax. (30) [117]

𝑔
(13)
𝑎𝑒𝑒 < 19 — 130 XENONnT solar ax. (29) [117]

𝐺
(10)
𝑎𝛾𝛾 < 0.65 170 — HB/RGB stars in GCs (36, 37) [193, 197]

𝐺
(10)
𝑎𝛾𝛾 < 0.47 120 — AGB/RGB stars in GCs (38, 39) [211]

𝑔
(13)
𝑎𝑒𝑒 = 5.7 ± 0.6 — 38 ± 4 Period G117-B15A Table 2 [219, 233]

𝑔
(13)
𝑎𝑒𝑒 < 2.1 — 14 WD luminos. function Table 2 [219, 227]

𝑔
(13)
𝑎𝑒𝑒 < 1.6 — 11 TRGB, gal. NGC 4258 Sect. 5.1 [175]

𝑔
(13)
𝑎𝑒𝑒 < 0.96 — 6.4 TRGB, 21 GCs (34, 35) [183, 184]

𝑔
(9)
𝑎𝑝𝑝 < 1.2 15 19 SN 1987A neutrinos (46–49) [309]

𝑔
(9)
𝑎𝑝𝑝 < 1.5 19 24 Old NS cooling (43, 44) [262]
𝑎 𝐺

(10)
𝑎𝛾𝛾 = 𝐺𝑎𝛾𝛾/10−10 GeV−1 𝑏 𝑔

(13)
𝑎𝑒𝑒 = 𝑔𝑎𝑒𝑒/10−13

𝑐 𝑔
(9)
𝑎𝑝𝑝 = 𝑔𝑎𝑝𝑝/10−9. The limit applies for the KSVZ case of 𝑔𝑎𝑛𝑛 ≃ 0.

Otherwise the exact constrained combination of 𝑔𝑎𝑝𝑝 and 𝑔𝑎𝑛𝑛 depends on environment.

to the KSVZ model for 𝑚𝑎 ≳ 6.8 meV as indicated in Fig. 13. We are also eagerly awaiting the
high-statistics neutrino signal from the next galactic SN that would probably solidify and improve
what we have learned from SN 1987A, even if direct evidence for QCD axions is hard to imagine.
Looking beyond QCD axions, there is of course no telling where a smoking-gun signature for ALPs,
WISPs or FIPs might eventually show up, in astrophysics or laboratory experiments, and perhaps
in a not yet foreseen channel related to stars or otherwise.
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