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Stripped-Envelope Supernovae for QCD Axion Detection

Francisco R. Cand6n®,'? Damiano F. G. Fiorillo®,** Angel Gil Muyor 20

Hans-Thomas Janka®,’ Georg G. Raffelt .} and Edoardo Vitagliano >

'Fakultiit fiir Physik, TU Dortmund, Otto-Hahn-Straf3e 4, 44221 Dortmund, Germany

2CAPA & Departamento de Fisica Tedrica, Universidad de Zaragoza, C. Pedro Cerbuna 12, 50009 Zaragoza, Spain
*Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Napoli, Complesso Universitario di Monte Sant’Angelo,
Via Cintia, 80126 Napoli, Italy
*Deutsches Elektronen-Synchrotron DESY, Platanenallee 6, 15738 Zeuthen, Germany
5Dl'partimento di Fisica e Astronomia, Universita degli Studi di Padova, Via Marzolo 8, 35131 Padova, Italy
SIstituto Nazionale di Fisica Nucleare (INFN), Sezione di Padova, Via Marzolo 8, 35131 Padova, Italy
"Max-Planck Institut fiir Astrophysik, Karl-Schwarzschild-Strafie 1, 85748 Garching, Germany

8Max-Plcmck-Instil‘l,ttﬁ}ir Physik, Boltzmannstrafie 8, 85748 Garching, Germany

® (Received 26 November 2025; revised 25 February 2026; accepted 31 March 2026; published 27 April 2026)

QCD axions would be copiously produced in the protoneutron star formed in a core-collapse supernova
(SN). After escaping, they would convert into gamma rays in the Galactic magnetic field and, as recently
shown, in that of the progenitor star itself. Here, we show that Type Ibc SNe—whose progenitors have lost
their hydrogen or even helium envelopes—are the optimal targets for this search. The stripped progenitors
are much more compact, and they show larger magnetic fields than both red and blue supergiants, the
progenitors of Type IIP/L SNe. If the next galactic SN is of Type Ibc, Fermi-LAT or a similar gamma-ray
satellite might be able to discover the QCD axion down to masses as small as m, ~ 107 eV (Peccei-Quinn

scale f, ~10!" GeV).

DOI: 10.1103/bgpl-zyr8

Introduction—The QCD axion [1-7] is a natural conse-
quence of the Peccei-Quinn solution [8,9] to the strong-CP
problem (“why is the neutron electric dipole moment so
small?”). It might also constitute dark matter, as it can emerge
with the required abundance through various mechanisms in
the early Universe [10-13]. Barring model-dependent can-
cellations (e.g., Ref. [14]), the axion famously features
derivative couplings to quarks and a two-photon interaction
—%guyaFWF"” = g,aE - B, with g, = C,a/2xf,),
where a is the fine-structure constant, C,, a model-dependent
numerical factor, and f, the axion decay constant related to its
mass through m, ~5.70 peV(10'> GeV/f,) [15,16]. The
coupling to nucleons implies m, < 10-20 meV from the
cooling of SN 1987A and isolated neutron stars [17-21],
while the coupling to photons is crucial for dark matter and
solar axion searches through their conversion into photons in
external magnetic fields [22-27].

Likewise, supernova (SN) axions can convert into
detectable 100 MeV range photons in astrophysical B
fields. The SMM y-ray satellite, active during SN 1987A,
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did not see excess counts at the time of neutrino detection,
constraining axionlike particles [21,28-32], but its effective
area was too small, and SN 1987A, in the Large Magellanic
Cloud, was too far away to detect QCD axions. Today, the
Fermi Large Area Telescope (LAT) achieves an effective
area roughly 100 times larger [33], and the next SN could
occur much closer, potentially providing a realistic detec-
tion opportunity.

It was recently recognized [32] that the B field of the SN
progenitor itself, which remains unaffected by the core
collapse for several hours, could suffice, in contrast with the
Galactic field. Besides the larger B field, the shorter scale of
spatial variation is key, facilitating conversion with larger
a—y momentum mismatch. Therefore, larger m, values
become reachable, shifting sensitivity toward the QCD
axion band (Fig. 1), a parameter range notoriously difficult
to reach with any method.

In this Letter, we identify Type Ibc SNe as the most
promising targets for this approach. Their progenitors had
their hydrogen (Type Ib) or even helium (Type Ic) enve-
lopes shed or stripped by a companion. The resulting stars
are much more compact, 0.1 — 1R [39], than either blue or
red supergiants (BSGs or RSGs), the progenitors of the
more common Type IIP/L. SNe, which have radii of tens or
hundreds of R, respectively. Likewise, stripped-envelope
SNe are also ideal targets for detecting decay products of
heavy nonstandard particles [40].

Published by the American Physical Society
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FIG. 1. Projected reach on g,, X g,, for KSVZ axions as a

function of m,, assuming detection of 100 MeV y rays from a
future galactic SN (d = 2 kpc) with a satellite like Fermi-LAT.
The sensitivity bands are for RSG, BSG, and stripped-envelope
progenitors, assuming the shown values for radius R and dipole
field B. We assume our hot one-zone SN model for axion
production. The black upper bound is the SN 1987A cooling
limit. The gray-shaded limits on g,, X g,, use this bound of
Gap < 107 together with limits on g,, taken from the compila-
tion of Ref. [34], specifically, bounds from pulsar polar-cap
cascades [35], NuSTAR [36], globular clusters [37], and CAST
[38]. We also include the projected sensitivities for IAXO and
IAXO+ [24] for fixed g,,, = 107°. The QCD axion band is shown

in yellow.

The smaller size of the stripped-envelope progenitors is
accompanied by larger surface B fields, even though the
uncertainties are large for any class of progenitors, as we
will discuss. Still, for Type Ibc progenitors, which comprise
up to over a third of all core-collapse events—much more
frequent in massive galaxies and the local Universe than
CCSNe from BSGs [41-44]—the observed B fields are
much larger than for Type IIP/L progenitors. Our con-
clusion is that stripped-envelope systems are the most
promising targets for this type of axion search, providing
additional motivation for the proposed GALAXIS network
of y-ray satellites [32].

Throughout this Letter, we use rationalized natural units
with 4 = ¢ = kg = 1, where the fine-structure constant is
a=e*/(4r) ~1/137.

Axion production in the SN core—To evaluate the reach
of such a QCD axion search, we follow the pipeline from
production in the nuclear-density SN core, conversion into
y rays in the progenitor’s B field, to detection in a y-ray
satellite with Fermi-LAT characteristics. Our main goal is
to estimate a realistic detection threshold, which we define
by the probability of registering at least three 100 MeV
range photons within a few seconds after collapse. In
contemporary detectors, the neutrino signal will consist of a

TABLE 1. Physical parameters of our cold and hot average one-
zone SN models [21], the corresponding total number of emitted
axions, N,, and their average energy, E,,.

Quantity Cold Hot
Density p[10'* g/cm?] 4.0 6.0
Temperature 7 [MeV] 30 45

Proton fraction Y, 0.15 0.15
Lapse (1 +2)7! 0.75 0.65
Exposure of mass M[M s] 5.0 10.0
Bremsstrahlung emission parameters

N,[g%,107] 34.9 235
E,, [MeV] 55.7 74.3
Pinching parameter 1.92 2.06

detailed time profile over many seconds [45-47], defining
our observation window, in which the y signal is practically
background free.

The next nearby SN will be observed in unprecedented
detail in the electromagnetic, neutrino, and probably
gravitational-wave channels, as well as nucleosynthesis
yields, besides a possible axion signal from deep within the
core, testing current SN theory in extraordinary detail. On
the other hand, to forecast a marginal axion signal, we have
recently argued that it is enough to consider the most salient
average features of the source, depending on generic
characteristics—essentially, if it is “hot” or “cold” within
a plausible range of final neutron-star masses and nuclear
equations of state [21]. Table I shows the average properties
of two extreme cases, where the lapse factor (1 + z)~! is
the average gravitational redshift, and Mt is the nominal
mass exposure that multiplies the average axion number
emission rate per unit time and unit mass to obtain the total
number of emitted axions, N,.

At energies far below f,, QCD axions generically couple
to nucleons through the derivative interaction structure
Lavy = (gan/2my)Ny*yNo,a. As a reference case, we
use hadronic axions without direct couplings to quarks or
leptons, and specifically, the KSVZ model, where the
interaction with neutrons nearly vanishes, whereas the
one to protons is g,, = —0.47(m,/f,) [15], equivalent
t0 gup = —0.77 x 107'%(m, /meV). We ignore in-medium
modifications [48] in view of large other uncertainties.
The coefficient for the axion-photon coupling is C,, =
—1.92 so that g,, X g,, = 3.0x 1077 GeV~!(m,/eV)?,
defining the KSVZ line in Fig. 1. Using m, < 13 meV
as a nominal SN 1987A cooling bound [17,49,50] yields
Gap <1.0x107 and  g,, X g,, <5x 1072 GeV~!,
shown in Fig. 1 by the black line and arrow.

We use NN — NNa bremsstrahlung as a source, based
on a parametric rate prescription detailed earlier [21]. The
result is surprisingly similar to more involved calculations,
which, however, do not guarantee greater reliability due to
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uncertain nuclear-physics inputs. Our time-integrated axion
flux is well approximated by a quasithermal distribution of
the form

(11 ),
Bl O

which is normalized to N,, has the average energy
(E,) = E,, and uses a “pinching parameter” that would
be a=2 for a Maxwell-Boltzmann distribution. We
provide our fit parameters for the cold and hot models [21]
in Table I as a function of g,,. The spectral shape differs
between bremsstrahlung prescriptions, but it is difficult to
assess in detail because the required dynamical spin and
isospin structure functions of the nuclear medium are
poorly known. However, to estimate the margin of axion
detection, based on a few detected y rays, does not depend
on spectral details.

We do not include pionic axion production, z~ p — na,
which has been proposed as a mechanism for enhanced
axion emission in recent years [17,51,52]. However, the
measured pion-nucleon phase shifts imply an upward shift
of the pion energy exceeding 100 MeV [53]—consistent
with simple textbook estimates [54]—and seem to disfavor
a large thermal pion population [21]. If axion emission
were nevertheless enhanced, it would only increase the
prospects for QCD axion detection.

Axion-photon conversion around stars—Axions convert
into photons in the magnetic field of the progenitor star,
as proposed in Ref. [32]. The resulting axion-photon
conversion probability P,, depends sensitively on the field
strength and structure. We here briefly summarize our
earlier detailed results [21] for the parametric dependence
of P,, in an assumed dipole field.

The relevant length scale for axion-photon conversion is
the coherence length ¢ of the B field; for dipole structure,
this is roughly the photosphere radius R, at which axion
conversion into gamma rays can proceed unimpeded by
plasma refraction [21]. The other relevant scale is the length
over which ultrarelativistic axions and photons remain
coherent, characterized by |A,| = m2/2E,, the momentum
mismatch at a given energy.

If |A /R <1, the conversion probability is energy
independent, P,, ~ g B*R*/16, where B is the field
strength at the photosphere R. The conversion accumulates
over distances comparable with R, so this expression
depends on the assumed dipole structure only by a
numerical factor. In the opposite limit of |A,|R > 1, axion
conversion is a local process, since coherence is not
preserved over distances larger than |A,|™!, and

dN,  (a+1)""" E2 o
dE, “ T(a+1) E%!

P,y = g2 BEG/mj. (2)

These expressions capture the parametric dependence; for
our detailed calculations, we use numerical solutions of a—y

conversion in a dipole field, assumed orthogonal to the line
of sight. We also include nonlinear QED refraction in the
strong B field, which for Ibc progenitors, can be so intense
as to affect the conversion probability, as seen in the dent of
the lower green curve in Fig. 1.

To probe the QCD axion, the most interesting regime is
the massive one, where |A,|R > 1. Due to the character-
istic m, dependence of the conversion probability, the
sensitivity band is parallel to the axion line (Fig. 1). Axion-
photon conversion is now local, and thus, depends only on
the surface magnetic field.

Observational status of magnetic fields—Strip-ped-
envelope SN progenitors are generally thought to be
Wolf-Rayet (WR) stars—massive stars that have lost their
hydrogen (or even helium) envelopes through stellar winds
or interactions in binary systems. Wind broadening of
emission lines is the main challenge to reliable B-field
detection. For 11 WR stars, Ref. [55] finds marginal
detection of hundreds of G in three of them and upper
bounds of 500 G for the others. References [56-58] also
measure B fields of hundreds of G, but explicitly warn that
these pertain only to the regions where the lines are formed,
i.e., significantly outside of the progenitor. Hence, the
surface field is likely much larger. In 2023, a stunning value
of 43 kG was reported from the surface of HD 45166 [59].
It thus appears likely that WR stars may exhibit coherent
surface B fields from hundreds of G to tens of kG.

Comparing RSGs, the most common SN progenitors, the
few reported fields are all in the range 1-10 G (Ref. [60]
and references); historically, the first case was Betelgeuse
[61]. Dorch [62] has proposed that these fields may
originate from the saturation of a dynamo mechanism to
superequipartition in the convective mantle. Surface
patches could then even reach up to 500 G, but the filling
fraction is small. The field is highly intermittent, with a
large fraction of the surface having 50 G and perhaps 10%
above 100 G. It appears fair to say that RSGs tend to have
weak coherent B fields, with local small-scale values
perhaps reaching up to 100 G.

Finally, BSGs—perhaps only 1% of all core-collapse
progenitors [43,44]—were the main targets proposed in
Ref. [32]. However, the quoted 100 G-1 kG fields seem
overly optimistic because, while Refs. [63—-65] do men-
tion such strong fields, these pertain to massive main-
sequence stars. The absence of such large field detections
in BSGs is attributed to their much larger size, which by
flux conservation, suggests much smaller fields [65,66].
A positive detection exists for { Ori A [67], for which
observations of 50-100 G are quoted in the introduction
of the MiMes survey [66]. Overall, observations suggest
rather weak BSG fields of tens of G, exceptionally
perhaps up to 100 G.

All these types of stars are surrounded by winds, which
can strongly affect the B fields and, specifically, modify the
assumed dipole structure. Stellar winds thus set an upper
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radius for which the dipole structure holds, a question
discussed in the End Matter.

Prospects for QCD axion discovery—Figure 1 summa-
rizes our detection forecast for stripped-envelope SNe
compared with RSG and BSG cases. The B fields are
taken in the ranges discussed above: 1-100 G for RSGs
and BSGs and 500 G-30 kG for Ibc SNe. We determine the
y-ray fluence at Earth by multiplying the axion spectrum
from the hot SN model with the conversion probability
from a numerical integration, as in Ref. [21]. We finally
obtain the Fermi-LAT event counts, using the on-axis
effective area extracted from the Fermi Science Tools
(FERMITOOLS) for the PBR3 TRANSIENTO020 V3 class,
shown in the End Matter. We set a detection threshold when
the energy-integrated number of expected counts exceeds
N, >3, a round number close to the Feldman-Cousins
upper bound on the expected event counts in the case of no
observation [68]. In the End Matter, we complement our
detection forecast with existing bounds for axion dark
matter together with sensitivities of future haloscope
searches.

For our chosen distance of 2 kpc, the detection prospects
with SNe Ibc look quite promising, reaching all the way to
m, 2 0.1-1 meV, whereas RSGs and BSGs, even with our
most optimistic parameters, do not touch the KSVZ line.
For BSGs and RSGs, our more pessimistic forecast
compared with Ref. [32] derives from our smaller assumed
B fields and the absence of pionic emission. On the other
hand, the number N, of emitted axions from the hot SN
model is optimistic; the cold model reduces N, by a factor
of 7, yielding a v/7 worse Gap X Jay sensitivity (see End
Matter). SNe Ibc still cover the axion band.

The detection prospects essentially hinge on the diagonal
bands in Fig. 1, the region of large m,, where the
conversion probability is given by Eq. (2). Multiplying
with the axion spectrum and the Fermi-LAT effective area
yields the number of event counts as

2 2
N, =324 x 10" Ge VQM

2 ’
meV dkpc

(3)

where myey = m,/1 meV, Bg = B/1 G, and dyy is the
SN distance in kpc. Since for the KSVZ axion
JapYay = 3-0 x 10723 GeV~! m2 ., the detection threshold
is encoded in the single parameter Bg/dyp,. 2 103, depend-
ing only on local B-field properties. The only condition is
that the field strength is achieved outside of the photosphere
and is maintained for a coherence length 7> A;!~
0.06R o E ggmy 2y, Where E g is E,/100 MeV.

Observed signal and mass reconstruction—It is unlikely
that a possible axion signal will be precisely near the
detection threshold; one may actually observe enough
events to reconstruct a spectrum. As an example, we define
a benchmark galactic SN Ibc located at the coordinates of

the WR star HD 45166 (RA = 96°34'47.3" Dec =
+07°58'28.1") at a distance of 2 kpc and a surface magnetic
field of 30 kG. The mock data were simulated with
the FERMITOOLS (v. 2.4 .0) using the observation simu-
lation tool gtobssim [69]. We selected Pass 8 photon
events with the P8BR3 TRANSIENT020 V3 Instrument
Response Functions, event class 16, event type 3, a zenith-
angle cut of z,,, = 100° and the quality filter (DATA
QUAL>0) && (LAT CONFIG==1) in the energy range
from 20 MeV to 3 GeV.

Fermi-LLAT operates in survey mode, meaning that it
continuously scans the entire sky. At any given time,
roughly 20% of the sky lies within its field of view (FoV).
Consequently, the instrument’s effective area depends not
only on energy, but also on incidence angle relative to the
telescope’s axis. To be specific, we selected an observation
time when our source was within the LAT field of view,
at an average off-axis angle of (@) ~52° (2024 Mar 8,
06:12:00 UTC), which corresponds to a reduction of
approximately 50% in the effective area with respect to
the on-axis values used for Fig. 1.

Figure 2 shows the event spectrum for a KSVZ axion
with varying m,. Masses near the detection threshold
produce a small count rate, which peaks below 100 MeV,
even for the hot SN core. On the other hand, large m,, lead
to a much larger count rate, peaking closer to 200 MeV, due
to the rapidly increasing conversion probability P,, « E2.
Hence, while purely speculative since we do not know the
properties of the next galactic SN, a high-statistics signal
might provide hints on m,,.

Discussion and outlook—Invisible axions” solving the
strong-CP problem are notoriously difficult to detect, the
main hope resting on direct dark matter searches. Stellar

ol T T LI B R | T T T LIS R

[ B =30kG ma[eV] 1
kT = 107']
— 1073

N == 107*]

@ ) i — Hot
= 107 ¢ - Cold
) = 3
O B J ]
10 f_' E
100 ':_ 1 1 1 1 11 l Iﬁ L 1 1 11 l_:'
10° 10°

Energy [MeV]

FIG. 2. Simulated Fermi-LAT spectra expected for KSVZ
axions with different m, values, using both the hot model (thick
histograms) and the cold model (dotted histograms). We used the
celestial coordinates of HD 45166 at a period with an average
off-axis angle of (0) ~ 52°. The energy bins match a resolution of
20% of the photon energy.
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cooling arguments require m, < 10 meV, whereas black-
hole superradiance suggests m, 2 10 peV [19]. Near the
high-mass end of this allowed range, sometimes called the
meV frontier, a solar axion search used to be the only
approach—independent of the dark matter assumption—
with a realistic detection perspective.

The proposal to search for gamma rays coincident with
the neutrino burst from the next Galactic SN is a novel
approach, motivated by the possibility of axion-photon
conversion in the progenitor’s magnetic field. This strategy
requires a coordinated network of gamma-ray satellites
providing continuous, full-sky coverage. Such a system
would entail substantial effort and investment, but presum-
ably would also serve a broad range of other astrophysical
objectives and targets.

Waiting for the next Galactic SN may take a long time,
but constructing TAXO for solar axion detection is itself
a decades-long endeavor, and dark matter searches are
similarly career spanning. Therefore, any new approach
merits serious consideration and discussion, even if it
requires taking a long-term perspective.

The magnetic fields of SN progenitors are among
the least understood elements in the production-detection
pipeline of this method, motivating dedicated studies.
We identify here a previously overlooked class of targets:
stripped-envelope stars, the progenitors of Type Ibc SNe,
which comprise up to a third of all core-collapse events
[42]. Their smaller geometric size and correspondingly
larger B fields make them stand out among conceivable
targets. Blue supergiants are much rarer, perhaps 1% of all
cases [41,42], whereas the more familiar red supergiants
tend to have weaker B fields, and therefore, must be closer
for a realistic QCD axion detection.

Assuming nuclear bremsstrahlung as the only production
process, the discovery potential is summarized in a single
number—the ratio of the progenitor magnetic field B over
the SN distance dgy. A QCD axion detection in the form of
a few 100 MeV gamma rays in a satellite similar to Fermi-
LAT can be achieved for B/kG Z dgy/ 10 kpc. Therefore, a
Type Ibc SN at a Galactic-center distance would require a
kG-range B field. For stripped-envelope stars, this pos-
sibility is real—rare cases even go beyond this limit. The
compact nature of stripped-envelope progenitors allows
one to touch m, down to 107 eV.

The next Galactic SN was always expected to become a
treasure trove of scientific discoveries, with the potential
detection of QCD axions among its richest rewards.
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End Matter

Fermi-LAT response functions—We here report the
on-axis effective area adopted in the main text. It is
extracted  from  the 8R3_TRANSIENT020 V3
calibration files included in FERMITOOLS v2.4.0 [69],
which correspond to the most up-to-date Instrument
Response Functions for this event class. The smallest
incidence angle available in these FITS files is 6 = 9°,
which we consider as representative of the most ideal
(near on-axis) observational configuration.

For comparison, we use the gtexposure tool from the
FERMITOOLS suite to compute the effective area corre-
sponding to our simulated dataset in Fig. 2, which yields an
average inclination angle of (6) ~ 52°. Both effective areas
are shown in Fig. 3. Our choice of a larger inclination angle
is mostly for illustration, as it shows the impact that the SN
position in the sky can have on the LAT sensitivity. Of
course, the worst scenario occurs when the SN event lies

outside the LAT field of view (FoV), which covers
approximately 20% of the sky at any given instant. An
instrument like the proposed GALAXIS [32] would cir-
cumvent this problem with a 4z FoV. Furthermore, if the
explosion happens while the LAT is traversing the South
Atlantic Anomaly, the corresponding data would fall out-
side the good time intervals.

Impact of the SN model—For the results shown in
Fig. 1, we chose our hot SN model, specified in Table I,
near the upper end of the plausible emitted total axion
number N, for bremsstrahlung-only production. On the
other extreme is the cold model, with a factor of 7
fewer axions, worsening the sensitivity on g,, X g,, by

/7. This simple estimate is confirmed by Fig. 4, where
we show the projected reach for the cold model, all else
unchanged.
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FIG. 3. Comparison between Fermi-LAT’s on-axis effective

area extracted from the PBR3_TRANSIENTO020_ V3 Instrument
Response Functions and the average effective area obtained with
gtexposure for our simulated observation at () ~ 52°.

Comparison with axion dark matter searches—The
production, conversion, and detection mechanisms
described here do not depend on the QCD axion being
dark matter. However, the detection of 100 MeV y rays
from a future galactic SN would certainly provide a
tantalizing hint for such a role, particularly as m, would
fall in the range predicted in postinflationary scenarios
(see, e.g., Refs. [70-73]). In Fig. 5, we show our most
optimistic sensitivity (a stripped-envelope progenitor at
d =2 kpc with B =30 kG and R = IR, assuming our
hot one-zone SN model), together with axion dark
matter bounds and future experiment sensitivities.
Our detection prospects are complementary to future

Sensitivity to gap X gay for a future galactic SN

7
2

0718

d = 2kpc |
Cold model
BSG (B =1- 100G, R = 30R.)
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Typelbc (B =0.5—30kG, R=Ry) 4
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FIG. 4. Like Fig. 1, but assuming instead our cold SN model
(see Table I) for the production of axions from the core.

haloscope searches for a range of axion masses of
several orders of magnitude.

Impact of stellar winds on B fields—One of the
astrophysical uncertainties that could affect the results
presented here is related to the presence of stellar winds.
This outflow of material from the stellar surface
stretches the field lines in the radial direction, breaking
the dipole structure as the field enters the Parker regime,
so that the radial component becomes B, x r 2.
Therefore, the wind increases the component parallel to
the line of sight at the cost of the transverse component,
which is required for the axion-photon conversion.

The impact of the wind is measured by the ratio between
the magnetic pressure and the ram pressure, the so-called
magnetic confinement parameter, whose value at the stellar
surface is [101]

2 2\ -1 2p2

nz%(m%) 2477;5 as (D1)
UW

where p,, = M /4zR?v,, is the wind density, with M the rate

of emitted mass, and v,, the terminal wind velocity. (Recall

that we use rationalized electromagnetic units.) This

quantity defines the radius at which the magnetic pressure

10° \i\ .
104} |-
103} Il
- N
102 | ¢ !
§ 3
101,
KSVZY| o >~ —
100} — i LSS
DFSZ (————\ . ___===-"" L= il

)
______________ 4

10—1 | Haloscopes (future)

d=2kpc — Typelbc(B =30kG, R =Ro) ]
Hot model =—— KSVZ, SN 1987A cooling
10708 5 2 =3 2
10~ 10~ 10~ 10~ 10~
Axion mass, m, [eV]
FIG. 5. Projected reach on C,, for KSVZ axions and for DFSZ

axions with no coupling to neutrons, assuming detection of
100 MeV y rays from our most optimistic case of a stripped-
envelope SN. The sensitivity range is denoted by the arrows on
the KSVZ and DFSZ lines, where the black ones represent the SN
1987A cooling limit. The gray-shaded regions are limits from
other sources, while the purple ones assume that axions are the
Galactic dark matter. We show bounds from pulsar polar-cap
cascades [35], NuSTAR solar observations [36], globular clusters
[37], and CAST [38]. We also show the future IAXO and IAXO +
sensitivities [24]. The dark matter limits include conversion
around neutron stars [74,75], experimental searches [76—88],
and claimed future sensitivities [89-100].
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is not enough to keep the field lines against the wind
pressure, the so-called Alfvén radius [102],

Ry = R[029 + (+0.25)4). (D2)
At larger radii, the dipole structure of the B field is expected
to break down progressively. For the typical conditions of a
WR star, we have M ~ 10 M /yr, B~ 1KkG, R ~ IR,
and v,, ~ 1000 km/s, so that 7 ~0.08 and R, ~ 1.05R.
Hence, already a few percent of the progenitor radius above
the star, the dipolar structure might be affected by the
powerful winds. Under extremely conservative assump-
tions, we can assume the dipole structure to break com-
pletely at R,, with the B field becoming purely radial so
that the conversion is completely switched off. This would
reduce the conversion probability in the massless-axion

regime by a factor of [ [§* drB(r)/ [{* drB(r)]?, ie.,

Ry d +oo r\ 2
(/A;”// ;’) ~0.092,
R T R r

which means that the flat part of our sensitivities in Figs. 1
and 4 would worsen by roughly an order of magnitude.
Correspondingly, the transition between the massless and
massive axion regimes happens at a higher value of m,,
when A, ~1/(R4—R), instead of A, ~1/R. For the
conditions assumed above, the wind shifts the transition
between the regimes to m, values that are 1/ v0.05 ~ 5
times larger.

Such an extreme estimate for the impact of winds on the
magnetic field structure is overly conservative. To begin

(D3)

with, we assumed that the field becomes purely radial at
R,, which is of course unrealistic. Further, the highest
values of magnetic field we consider for Type Ic SNe
reach up to B ~ 40 kG, for which the magnetic confine-
ment parameter is much larger, and the dipole field
would extend to distances comparable to the progenitor
radius. We are also neglecting the rotation of the star,
which twists the field lines, creating a toroidal component
By ~QrB,/v,, ~ (V;0/0,,)(r/R)B,, Where v, = QR is
the surface rotation field, and Q is the angular velocity
[103]. The toroidal field adds a contribution to axion-
photon  conversion at larger distances; for
Vrot ~ 100 km/s, this contribution can be comparable to
the conversion in the dipolar field immediately outside
the star. All these arguments point to much larger
conversions.

Most importantly, the geometry and potential turbu-
lence of the magnetic field have negligible impact on
the high-mass region of the parameter space. At large
masses, axion conversion happens over a length scale
¢ ~ E,/m2, which is much shorter than the progenitor
radius. Therefore, for our forecasts to be valid, it
suffices that the magnetic field maintains coherence
over a distance #Z, which is much shorter than the
progenitor radius. Even in the most pessimistic case
that the dipolar field extends only up to a small fraction
of the progenitor radius 67~ 0.0015R ~ 10% cm, this
would still be enough to efficiently convert axions with
masses above m, = \/E,/6r ~1073 eV, which is
indeed the range in which we claim that QCD axion
detection might happen.
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