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Core-collapse supernovae (SNe) have been identified as a promising target to probe the existence
of axion-like-particles (ALPs). The cumulative signal from all past SNe events would contain an
ALP component and create a diffuse flux peaked at energies O(50) MeV. Due to their coupling to
photons and the related Primakoff process, the diffuse SNe ALP flux is converted into a diffuse
gamma-ray flux while traversing the magnetic field of the Milky Way. The spatial morphology
of this signal is expected to follow the shape of the Galactic magnetic field lines. We perform
a template-based analysis to constrain the ALP parameter space via the spatial structure of this
ALP-induced diffuse gamma-ray flux using Fermi-LAT data from 12 years and an energy range
from 50 MeV to 500 GeV. We find an improvement of the upper limit on the ALP-photon coupling
constant g4, about a factor of two compared to a previous analysis solely based on the spectral
shape of the signal. Our results are robust against variations in the modelling of high-latitude
Galactic diffuse emission and systematic uncertainties of the LAT, and only mildly depend on the

SN spectral modelling.
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1. Introduction

The idea that the universe is filled with dark matter (DM) besides the known baryonic matter
has become an observationally well-established fact. As concerns the nature of this substance,
little is known and a great deal of well-motivated hypotheses have been published to explain its
composition. Among the proposed models, the axion takes a prominent place as it solves not only
the DM puzzle but it also settles the “strong CP problem” of QCD [1]. Generalisations of the axion,
axion-like particles (ALPs) often occur in extensions of the Standard Model of particle physics [2]
and they offer a larger flexibility regarding model building. Both axions and ALPs may explain all
of the DM density of the universe [3].

In a minimal scenario, ALPs may couple to Standard Model photons via the interaction
Lagrangian [4]

1 .
-Lay = _Z guyF/vaﬂva = gayE ‘Ba, (D

where a denotes the ALP field strength, E the electric field of the photon and B the field strength
of an external magnetic field. This kind of coupling opens the door to explore the existence of
ALPs with experiments on Earth and in space. Besides the decay of an ALP into two photons, this
Lagrangian allows for the conversion of ALPs into photons within an external magnetic/electrostatic
field, the so-called Primakoff process [5].

The right conditions for efficient ALP-photon conversions are met during supernova explosions
of massive stars. In particular, core-collapse supernovae (CCSNe) have been identified as a powerful
source of axions and ALPs [6, 7] where the electrostatic fields of ions, protons and electrons trigger
the conversion of thermal photons into ALPs leading to an ALP flux with energies ~ O(100) MeV.
The particle emission from CCSNe has already been used to constrain the viable parameter space
of axions and ALPs. As a paramount example, the lack of a gamma-ray burst following the neutrino
signal from the Galactic supernova SN 1987A currently places the most stringent bounds on the
coupling of ALPs to photons of g4, < 5.3 - 107 12GeV~! for ALP masses m, < 4 - 10710 eV [8].

As we currently cannot get hold of another CCSN in the vicinity of the Earth, we target the
cumulative emission from all past CCSNe events in the universe. This isotropic signal is expected to
be converted back to photons within the Milky Way’s magnetic field. Due to the characteristic energy
of the ALP spectrum, the resulting photon flux, the diffuse SN ALP background (DSNALPB), falls
in the gamma-ray spectrum of light. It can be detected as a sub-component of the diffuse gamma-ray
background at high latitudes measured by the Fermi satellite. In this work, we present our efforts
to improve on existing upper limits on the DSNALPB (derived in [9] exploiting only the spectral
shape of the diffuse gamma-ray flux) by performing a template-based analysis to constrain the
ALP parameter space via the spatial structure of this ALP-induced diffuse gamma-ray flux using
Fermi-LAT data from 12 years and an energy range from 50 MeV to 500 GeV.

2. The spectral and spatial morphology of the DSNALPB

We utilise the numerical simulation results of six SN explosions whose stellar progenitors
have masses of M € {8.8,11.2,18,25,40,70} M. The SNe events of the four lightest stars are
successful CCSNe while the heaviest two mass points represent failed SNe, i.e. those SNe who
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Figure 1: (Left:) Time evolution of the ALP production rate % depending on the SN’s progenitor mass.

We assume g,y = 10711 GeV™! and m, < 107!! eV. (Right:) DSNALPB fluxes for g,, = 107! Gev~!
and and m, < 107!! eV w.r.t. different fractions of failed SNe, Jrail-sn. We also display the uncertainty on
the flux due to the uncertainties on the spectral parameters and on the star-formation rate (gray band). For
comparison with [9], we also show the flux obtained by assuming a monochromatic progenitor mass function
at 18 M.

abruptly terminate with the direct formation of a black hole. In Fig. 1, we show the time evolution
of the ALP production rate dr, /dt integrated over the SN photon energy distribution, which clearly
shows the distinction between successful and failed CCSNe. Under the assumption that the ALP
mass m, is much smaller than the temperature in the SN medium, the time-integrated ALP spectrum
dN,/dE is well-approximated by the following functional form [8]

dN, gay V' (EV (B+DE
dE _C(10—11Gev-1) (E_o) eXp(_ Ey ) @

to which we perform fits for each SN progenitor mass. The resulting best-fit parameters are given in
Tab. 1. Hence, the cutoff energy Ey as well as the position of the peak of the spectrum is increasingly
monotonically with increasing progenitor mass.

To go from the ALP spectrum of a single CCSN event to the cumulative flux from all CCSNe
throughout the history of the universe, we apply the following prescription:

dz 3)

dr
C—

dz

dpa(Ea) [ ANSC(Eq(1 +2))
W—/O (1+2) i, Rsn (2)

where z is the redshift, Rgy (z) is the SN explosion rate taken from [10], and |dt/dz|™" = Ho(1 +
2)[Qa + Qs (1 +2)3]/? with the cosmological parameters Hy = 67.4 km s~ Mpc™!, Q,, = 0.315,
Q) =0.685 [11]. The spectrum dNS€ /dE, represents the ALP emission from all past SN events.
We derive the latter quantity by weighing the flux from a given SN over the initial mass function
(IMF), i.e. the number of stars formed per unit mass as a function of the progenitor mass M. Here,
we refer to the modified Salpeter-A IMF [12]

¢(M) oc M4, 4
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SN progenitor ~ C [x10°° MeV~']  E,[MeV] g

8.8 Mo 2.77 90.80 2.58
11.2 Mg 4.98 93.39 2.79
18 Mg 16.0 120.2 242
25 Mg 19.0 147.6 2.25
40 Mo 1.43 174.4 1.81
70 Mg 0.18 109.8 1.36

Table 1: Fitting parameters for the SN ALP spectrum from the Primakoff process for different SN progenitors
estimated for g4, = 107! GeV~! and m, < 10711 &V.

with ¢ = 2.35 for birth masses M > 0.5Mg, and { = 1.5 for 0.1My < M < 0.5M. Consequently,
the IMF-weighted ALP spectrum dN$€ /dE,, of all CCSNe events can then be calculated as [13]

dANSC [ dMe(M) 4y (M)

= . (5)
dE, /SEZM@ dM$(M)

As shown in [13], a wide range of progenitor masses is expected to result in failed SN events, which
depends on the assumed models and simulations. We hence incorporate this effect via the failed

SN to CCSN ratio
/Afaﬂ dM¢(M)

Jonr e dMp(M)

Srail-sN = (6)
in our computation following the approach described in [10]. To this end, we consider different
values for fgj-sn in line with the spread of theoretical expectations. The resulting uncertainty on
the final DSNALPB spectrum is shown in the right panel of Fig. 1.

Once having reached the Milky Way’s domain of influence the DSNALPB may be re-converted
into gamma rays due to the transverse component of the Galactic magnetic field, Br. The conversion
probability, P, , of an ALP travelling a distance d may be expressed as [4]

2 Sinz(Aoscd/z)

Pa = Aa d ,
r = (Bard) (Aosed[2)?

(7
where Ay, = 84y Bt /2 and Ay is a complex function of the local electron density of a medium n,,
Br, the ALP energy and its mass [4]. However, for ALP masses m, < 107 GeV™! and E > 10
MeV P, becomes practically energy-independent with Ayse — 0. Eventually, the gamma-ray flux
at the top of the Earth’s atmosphere is given by

do, 1 dNS€
dE ~ 4nd? dE,

X Pgy. (3

In what follows, we assume the Jansson and Farrar model of the Galactic magnetic field [14] with
parameters updated to fit the measurements of the Planck satellite [15]. The spatial morphology
of the gamma-ray flux of the DSNALPB hence follows the morphology of the Jansson and Farrar
model as shown in Fig. 2.
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Figure 2: All-sky map (Galactic coordinate
system) of the ALP-photon conversion prob-
ability P,, with respect to the Jansson and
Farrar Galactic magnetic field model [14] tak-
ing a point right at the boundary of the Milky
Way as a reference point. This map represents
an ALP at E = 50 MeV with the coupling
Zay = 3% 10" GeV! and m, < 10'! eV. The
white circle marks the position of SN 1987A.

Data Set | E>200Mev E <200 MeV
Reconstruction algorithm Pass 8

Event class ULTRACLEANVETO

Event type FRONT+BACK PSF3
Energy range 200 MeV - 500 GeV 50 MeV - 200 MeV
Time interval 12 years (4th August 2008 - 3rd September 2020)
ROI all sky

Zenith angle (applied to gtltcube) < 90°

Time cuts filter DATA_QUAL==1 && LAT_CONFIG==1
HEALPix resolution Ngige = 64

energy binning 30 logarithmically spaced bins

Table 2: Data selection and preparation specifications

3. Fermi-LAT analysis framework

We employ a binned, template-based analysis based on a Poisson likelihood function utilising
12 years of Fermi-LAT data to constrain the extended large-scale signal of the DSNALPB. The LAT
data selection criteria are listed in Tab. 2. All data preparation and simulation is conducted with the
Fermi Science Tools! (version 2.0.8). Since the DSNALPB spectrum peaks at the low-energy end
of the LAT’s sensitivity range, where its angular resolution becomes larger than a few degrees?, we
divide the full data set into two parts — the cut being made at E = 200 MeV — in order to optimise
the analysis routine for both data sets independently. Eventually, both data sets are merged again in
a joint-likelihood scan.

Regarding the construction of the likelihood function, we follow the approach applied by the
Fermi-LAT collaboration in the context of their latest gamma-ray source catalogue iteration, the
4FGL [16]. They proposed to use a weighted log-likelihood function

In Ly () =" wip (nip I i = pirp) ©)

iL,p

lhttps://github.com/fermi-lat/Fermitools-conda
2¢.f. https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
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to incorporate the presence of instrumental systematic errors. Here, the likelihood function is
subdivided into energy bins i and spatial pixels p of the input model data u and LAT data n. Each
pixel is weighted by a factor w;,, which is derived via routines implemented in the Fermi Science
Tools and based on the photon counts per pixel in the original LAT data set. Throughout the
analysis, we assume a systematic uncertainty amplitude of 3% (the value utilised by the Fermi-LAT
collaboration to derive the 4FGL source catalogue [16]).

Following the general rationale of template-based analyses, we gather a collection of astro-
physical gamma-ray emission components X that are guaranteed to contribute to the gamma-ray
sky. Thus, the model data are a linear combination of these templates

o= ANPXALP L NN 4K, (10)
X i

with the addition of the DSNALPB signal template XA to which we assign a single, global
normalisation parameter AALP that we aim to constrain. This construction relies on background
normalisation parameters AlX per energy bin so that these parameters can be varied independently
of each other during a fitting step lending more freedom to each component in order to mitigate
possible spectral uncertainties.

Our collection of astrophysical templates is the following:

* Interstellar emission (IE) from gas, dust and radiation fields along the Milky Way’s disc.
We select five distinct models to bracket the uncertainty on this component: Two models
are taken from the the “1st Fermi LAT Supernova Remnant Catalog” [17]. The gamma-ray
emission follows the distribution of pulsars in the Milky Way as reported in [18]. The typical
height of the cosmic-ray propagation halo is set to z = 10 kpc, while the spin temperature of
the interstellar medium is taken to be Ty = 150/1 - 10° K. We label the model with 7 = 150 K
“Lorimer I’ and use it as the benchmark IE model. The other three models are the foreground
models created by the Fermi-LAT collaboration to explore the spectrum of the isotropic
gamma-ray background [19].

* Detected point-like and extended gamma-ray sources (PS) from the Fermi-LAT 4FGL source
catalogue [16].

* Fermi Bubbles (FBs) according to the spectrum and spatial morphology derived in [20].
* Loopl represented by a geometrical model adopted from [21].

* Isotropic diffuse gamma-ray background (IGRB) using the implementation within the Fermi
Science Tools.

¢ Emission from the Sun and the Moon likewise derived with the Fermi Science Tools based
on the prepared LAT data sets.

General analysis rationale. We adopt and adapt the fitting strategy of the Fermi-LAT collaboration
developed in the context of the optimisation of their diffuse gamma-ray background model?. This

3see https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/aux/4fgl/Galactic_Diffuse_
Emission_Model_for_the_4FGL_Catalog_Analysis.pdf
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approach comprises an iterative all-sky fit in disjunct sky regions to determine the best-fit normali-
sations for each component from locations where they matter the most. Following this strategy, we
first perform such an iterative fit to derive a baseline model with only the astrophysical components

being present, i.e. AALP =

0. This baseline model is consequently utilised to determine the region
of interest that yields robust upper limits on the ALP template normalisation. Upper limits are set
based on the log-likelihood ratio test statistic TS = 2 X (ln Lyi1—1In £w,0), where In L,, o denotes
the likelihood value minimised including the DSNALPB template while In £,, ; is the value of the

likelihood function for a particular value of AALP

while profiling over the remaining astrophysical
normalisation parameters. The 95% confidence level upper limits correspond to a TS-value of 2.71.
The statistical robustness is quantified via the compatibility of the TS-distribution obtained from

the LAT data and the baseline model as data input n.

4. Results and conclusions

The analysis procedure outlined in Sec. 3 has shown that irrespective of the LAT data set, the
southern hemisphere of the gamma-ray sky at Galactic latitudes b < —30° yields statistically robust
upper limits on the DSNALPB template normalisation. In Fig. 3, we show the obtained upper limits
on the ALP-photon coupling constant g,, with respect to the benchmark choices of the analysis,
i.e. the Jansson and Farrar Galactic magnetic field model as well as the IE model “Lorimer I”.

In this setting, we find an improvement (red band) of the upper limit on g, regarding the
previous analysis [9] (dashed, light red line) that was solely based on the spectral shape of the ALP-
induced gamma-ray flux. In numbers, we obtain — in the best possible scenario — g4, < 2 - 10711
GeV~! for ALP masses m, < 10~!! eV. However, the uncertainty of the constraints on g is limited
and the inclusion of the spatial morphology of the signal improves the limits even in the worst case
compared to the spectral analysis standalone. It is thus essential for this kind of analysis to refine
the currently existing models of the Milky Way’s magnetic field structure since the constraining
power is strongly correlated with the model quality.

Acknowledgements. C.E. is supported by the "Agence Nationale de la Recherche”, grant n.
ANR-19-CE31-0005-01 (PI: F. Calore).
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