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Supplemental Materials: Constraints on Axion-like Particles from a Hard X-ray
Observation of Betelgeuse

BETELGEUSE STELLAR MODELS

The total ALP number per time and energy can be obtained integrating Eq. (2) over the volume of the star,
dṄa/dE =

∫
(dṅa/dE)dV . We find that, with an excellent approximation, the ALP source spectrum has the following

form [S1]

dṄa
dE

=
1042Cg2

11

keV s

(
E

E0

)β
e−(β+1)E/E0 , (S1)

where g11 = gaγ/10−11 GeV−1, while C is the normalization, E0 coincides the average energy, and β is the spectrum
index. The values of C, E0 and β depend on various structural parameters characterizing the core of the star, such as
temperature, density and chemical composition. To this aim, we will make use of stellar models computed using the
FuNS code (see [S2] for a detailed description of this code and the adopted input physics). Alpha Orionis (Betelgeuse)
is a red supergiant whose luminosity, effective temperature and metallicity are, respectively, logL/L� = 5.10 ± 0.22
([S3]), Teff = 3641 ± 53 K ([S4]), and [Fe/H] = +0.1 ± 0.2 ([S5]). These data constrain the initial mass between 18
and 22 M�, in good agreement with previous determinations ([S6, S7]). We note that the uncertainty of Betelgeuse
mass contributes much smaller effect for ALP-photon production than the time to core collapse or BT , and is thus
ignored here. In our analysis we adopted a model of 20 M� with solar composition.

Extant models of stars with mass ∼ 20 M� may evolve to the red supergiant stage at the onset or at the end of
the core-He burning, depending on the assumed efficiency of the semiconvective mixing (see the discussion in section
2.2 in [S2]). In the FuNS model, scarce semiconvective mixing is usually assumed, so that the star becomes a red
supergiant since the beginning of the core-He burning. This phase lasts for ∼ 8 × 105 yrs, during which the central
temperature and density remain more or less the same. After the core He is exhausted, the stellar luminosity increases
and attains a maximum value during the C-burning phase. After that, the luminosity remains constant, until the final
core collapse. However, during this phase, which lasts a few 104 yrs, the temperature and the density within the core
undergo constant and substantial increases. In turn, a significant increase of the ALP-production rate is expected
(the ALP production rate is a steep function of the temperature).

Since the precise evolutionary status cannot be determined from the observed stellar properties, we have considered
a set of stellar models taken at different times before the core-collapse. All of these stellar models match the observed
L and Teff . In this way we may trace the expected evolution of the ALP flux during the red supergiant phase of
Betelgeuse. The luminosity, the central temperature and the time to the core collapse of these models are reported in
Tab. S1. Model 0 assumes Betelgeuse is still in the core-He burning phase; models 1–4 are before C burning; models
5–9 are during the C burning; model 11 is during the Ne burning; and model 12 is at the beginning of the O burning.
Fig. S1 illustrates the temperature profiles of some of the 13 models for the most internal 6 M�.

Model Phase tcc [yr] log10(Leff/L�) log10(Teff/K) C E0 [keV] β
0 He burning 155000 4.90 3.572 1.36 50 1.95
1 before C burning 23000 5.06 3.552 4.0 80 2.0
2 before C burning 13000 5.06 3.552 5.2 99 2.0
3 before C burning 10000 5.09 3.549 5.7 110 2.0
4 before C burning 6900 5.12 3.546 6.5 120 2.0
5 in C burning 3700 5.14 3.544 7.9 130 2.0
6 in C burning 730 5.16 3.542 12 170 2.0
7 in C burning 480 5.16 3.542 13 180 2.0
8 in C burning 110 5.16 3.542 16 210 2.0
9 in C burning 34 5.16 3.542 21 240 2.0
10 between C/Ne burning 7.2 5.16 3.542 28 280 2.0
11 in Ne burning 3.6 5.16 3.542 26 320 1.8
12 beginning of O burning 1.4 5.16 3.542 27 370 1.8

TABLE S1. Models of ALP production from Betelgeuse. The stage of stellar evolution is parameterized by the time remaining
until the core collapse for Betelgeuse, tcc. See text for the definition of other parameters.

By folding Eq. (3) from Eq. (2), (4) and (5), the differential photon flux per unit energy arriving at Earth can be
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FIG. S1. Temperature profiles of some of the 13 models in Tab. S1. The plot shows the most internal 6 M� of each model.
As the star approaches the final core collapse, the temperature becomes steeper within the core, so that the ALPs production
progressively becomes more centrally concentrated. The model labelled 155000 yr to the collapse refers to the He-burning
phase, while that 480 yr to the C-burning phase and 1.4 yr to the collapse is taken at the beginning of the O burning. The
secondary temperature peaks shown by some models are due to the presence of active C or Ne burning shells.

numerically calculated :

dNγ
dEdSdt

=
g4

11

keV cm2 s

(
C

5.36× 105

)(
E

E0

)β
e−(β+1)E/E0

(
BT

1 µG

)2(
d

197 pc

)
sin2 q

q2
, (S2)

where

q '
[
77
( ma

10−10 eV

)2

− 0.14
( ne

0.013 cm−3

)]
×
(

d

197 pc

)(
E

1 keV

)−1

,

Using the fitted parameters in Tab. S1, Fig. S2 shows the predicated X-ray spectra before and after NuSTAR
instrument response for typical ALP masses in this work.
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(b)ma = 1.0× 10−11 eV (after NuSTAR)
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(c)ma = 1.0× 10−10 eV (before NuSTAR)
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FIG. S2. Predicated X-ray spectra before and after NuSTAR instrument response with ALP-photon production models for
representative ALP masses with assumption of BT = 1.4 µG and gaγ = 1.5× 10−11 GeV −1.
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NUSTAR BACKGROUND MODELING

The NuSTAR instrument background spectral model contains several components, which may be broadly cate-
gorized as having astrophysical or detector origins. Our ALP search does not require a detailed parametrization
of the NuSTAR instrument background, so we summarize the most important aspects here and refer the reader to
Refs. [S8, S9] for a detailed description. Our primary concern is the uniformity of the instrument background between
the source spectral extraction region and the background spectral extraction region. The background components
that are known to have significant spatial variation across the detector arrays are the unfocused cosmic X-ray back-
ground (CXB) and X-rays from fluorescence/activation of the instrument structure. The CXB level is observed to
be nearly uniform on the sky for the angular and energy acceptance of a single NuSTAR observation [S10, S11],
but the shadowing effects of the optics bench and aperture stops produce a radially-varying intensity pattern for the
unfocused CXB. The intensity of the detector background is known to vary between the detector chips, though is
largely constant within each chip [S8]. Both the unfocused CXB gradient and the detector emission motivate the
choice of a background region as close as possible to—and ideally on the same detector chip as—the source region, as
shown in Fig. S3.

(a)FPMA (b)FPMB

FIG. S3. FPMA (left) and FPMB (right) images of NuSTAR observation regions in the energy range 3–79 keV, the event
rate in each image is the relative value to the highest one and the image is smoothed with a 2-dimensional Gaussian of width
σ = 4.5′′ for presentation. The Betelgeuse source region (white circle, 60′′ radius) and background region (green polygon, at
least 120′′ from Betelgeuse) are shown. The far-away point source is indicated with gray circle (60′′ radius).

We further confirm the spatial uniformity of background by comparing the X-ray spectra with different choices of
background region on the same detector chip. In addition to the polygon region shown in Fig. S3, we also choose
the other two circle regions (60′′ radius) which are 120′′ away from the Betelgeuse center. Using the data process
described above, we extract the X-ray spectrum in each background region. Fig. S4 compares the spectra from three
background regions after the normalization of region size for FPMA and FPMB. This confirms that our analysis is
robust to the exact choice of background spectral extraction region, and that our background region accurately models
the instrumental and astrophysical background underlying our source region.
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FIG. S4. X-ray spectra in 3–79 keV energy range from FPMA and FPMB in different background regions after the normalization
of region size: the black is the spectrum from the polygon region shown in Fig. S3; the red and blue are for the other region
choices (see text for details). The data is binned with the width of 1 keV for presentation. The error bars are are calculated
by Sumw2 with ROOT.

CHANDRA OBSERVATION OF BETELGEUSE

As a cross-check of our results, we use a 5 ks Chandra observation of Betelgeuse. Chandra has lower, and better
understood, instrument background than NuSTAR, but its low-energy range (<10 keV) makes it less powerful for
constraining the expected ALP-induced spectrum. We thus use the Chandra data to verify that our derived 95% C.L.
on gaγ is consistent with this low-background, low-energy dataset. We analyzed an archival Chandra observation,
ObsID 3365, which used the ACIS-I configuration in FAINT mode and was taken on 16 December 2001. We reprocessed
the data using the standard chandra repro tool from the CIAO v.4.12 software, with updated calibration files
(CALDB v4.9.2.0, [S12]). The resultant cleaned data had a 4.899 ks exposure. Fig. S5 shows the observation image
for 0.3 − 8 keV soft X-ray events from Chandra. The short exposure time and low count rates made analyzing
background-subtracted spectra difficult. Rather, we used the new CIAO aprates tool, which computes values and
limits for various parameters such as point source count rate and photon flux (https://cxc.harvard.edu/ciao/
threads/aprates/index.html).

Upper limits for the 0.3 − 2.5 keV energy range emission from Betelgeuse for ObsID 3365 were first reported by
Posson-Brown et al. (2007) (see Table 4 there). We used the same source (r = 4′′) and background (rmin = 10′′,
rmax = 10′′) regions centered on the star’s equatorial position, and with aprates calculated a 3σ upper limit that
matched the reported upper limit count rate. We then extended our analysis to the 0.3 − 8 keV energy range. The
resultant upper limits are 4.6 counts, or 9.42 × 10−4 counts s−1. By counting the total events in the energy range
0.3− 8 keV, the constrains on gaγ is set as 2.2× 10−11 GeV −1 for the most optimistic stellar model and BT = 3 µG,
and 6.5 × 10−11 GeV −1 for the most conservative stellar model and BT = 0.4 µG for ma < 3.5 × 10−11 eV . These
values are well within our excluded regions, and thus we confirm that our results are consistent with this low-energy
dataset.

CONSTRAINTS ON gaγ ×
√
BT

As shown in Eq. S2, the ALP-photon flux scales as g4
aγ ·B2

T. To separately discuss the uncertainty from Betelgeuse
stellar model (tcc) and magnetic field (BT ), we also present our results as the constraints on the production of gaγ
and
√
BT in Fig. S6. We set a constraint of 1.2× 10−11GeV −1

√
µG for ma < 3.5× 10−11 eV for tcc = 1.55× 105 yr,

and 0.9× 10−11GeV −1
√
µG for ma < 5.5× 10−11 eV for tcc = 3.6 yr.

https://cxc.harvard.edu/ciao/threads/aprates/index.html
https://cxc.harvard.edu/ciao/threads/aprates/index.html
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FIG. S5. Observation image for 0.3− 8 keV soft X-ray events from Chandra, the event rate is the relative value to the highest
one and the image is smoothed with a 2-dimensional Gaussian of width σ = 4.5′′ for presentation.The Betelgeuse source region
is indicated with the white circle.
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EVOLUTION OF gaγ FOR MORE ALP MASSES

Fig. S7 illustrates the gaγ evolution as the remaining time for core collapse of Betelgeuse for more ALP masses.
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FIG. S7. Evolution on the derived 95% C.L. upper limit of gaγ for different ALP masses with remaining time until core collapse
for Betelgeuse. The points are the results with the assumption of BT = 1.4 µG and the solid black line shows the fitting. The
width of the violet band indicates the uncertainty due to choice of BT .
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