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Summary
Neutrinos provide a new perspective on the universe. Due to their weak interaction with
matter, neutrinos carry information from places where electromagnetic radiation, e.g., gamma
rays, cannot escape. Though astrophysical neutrinos have been detected, the class or classes
of objects that produce them have not been unequivocally identified. FIRESONG simulations
populate the universe with neutrino sources. These simulations can be used, among other
things, to study if a given class of astronomical sources is viable to explain measured astrophysical neutrinos.

Background
The IceCube Neutrino Observatory has discoved an all-sky neutrino flux in the 10 TeV to 10
PeV energy range (IceCube Collaboration, 2020b; Schneider & IceCube Collaboration, 2019;
Stettner & IceCube Collaboration, 2019). IceCube finds that a power law in energy is a good
description of the flux, with a spectral index ranging from -2.28 to -2.89, depending on the
observation channel used. This flux is apparently isotropic, consistent with an extragalactic
origin for these neutrinos. The flux is also consistent with equal flux for each of the three neutrino flavors (Stachurska & IceCube Collaboration, 2019), as expected for standard neutrino
oscillations over astrophysical baselines. The origin of this flux is of great scientific interest as
it is expected that neutrino sources are also sources of ultra-high-energy cosmic rays, which
also have an unknown origin. IceCube has identified the blazar, a sub-type of Active Galactic Nuclei (AGN), TXS 0506+056 as a candidate neutrino source (IceCube Collaboration et
al., 2018; IceCube Collaboration, 2018). However, there’s also evidence, by IceCube, that
gamma-ray bright blazars contribute to no more than approximately 27% of the diffuse flux
(IceCube Collaboration, 2017). More recently, IceCube has found a neutrino point source
hot-spot, just below the 3 sigma threshold normally assigned to evidence, correlated with the
Seyfert II galaxy, another subtype of AGN, NGC 1068 (IceCube Collaboration, 2020a). Over
the past 30 years, AGNs and Gamma Ray Bursts (GRBs) were among the most prominent
proposed extragalactic neutrino sources. IceCube has ruled out GRBs as contributing more
than 1% of the diffuse flux (IceCube Collaboration, 2015).
The properties of various proposed extragalactic neutrino sources and/or cosmic ray reservoir
classes, such as starburst galaxies, blazars, low luminosity GRBs, Flat Spectrum Radio Quasars,
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BL Lacs, and galaxy clusters can be summarized in terms of the local density (or density rate
for transient sources) as a function of luminosity (or per-burst equivalent isotropic energy
for transient sources) (Kowalski, 2015; Murase & Waxman, 2016). The correct description
of each of these classes of objects depends on, e.g., the redshift evolution of the density of
sources; but more generally on the luminosity function of the objects. The existence of a
diffuse extragalactic neutrino flux can be described as an inverse relationship between density
(density-rate) and luminosity (isotropic equivalent energy) (Kowalski, 2015). This relationship
also depends on the evolution assumed.
Identification of the main sources of the diffuse neutrino flux remains an open research topic.

Statement of Need
FIRESONG is a Python package to be used by researchers interested in simulating populations
of neutrino sources in the universe and placing these simulations in the context of IceCube’s
observation of a diffuse neutrino flux. It can be used to generate the neutrino fluxes measured
on Earth under different source distribution models and luminosity constraints, with cosmological effects being considered. The calculations needed to conduct these simulations are
well established but also cumbersome and error prone. Indeed several authors have similar
(usually private) codes. FIRESONG provides an open source maintained framework for these
simulations. FIRESONG requires numpy (Harris et al., 2020) and scipy (Virtanen et al., 2020).
FIRESONG has already been used in scientific publications by several observatories of neutrinos or gamma rays: IceCube (IceCube Collaboration, 2019), HAWC and IceCube (AMON
Collaboration et al., 2021), HAWC (Taboada et al., 2018) and CTA (Satalecka et al., 2019).
Though originally conceived as a stand-alone project, maintenance of FIRESONG is currently
provided by IceCube collaboration members.

Usage
FIRESONG can be invoked from the command line as Firesong.py and configured via command line options outputting a file with a simulated list of neutrino sources each specified by
a declination, redshift, and muon neutrino flux. Alternatively, FIRESONG can also be imported
and produce a Python dictionary of the simulated neutrino sources. FIRESONG can be used to
simulate steady or transient sources. If no luminosity (isotropic equivalent energy) is provided,
FIRESONG calculates it, as a function of local density (density rate) and other parameters, so
that the IceCube neutrino diffuse flux is fully saturated. Lack of knowledge of the properties
of neutrino sources motivate simple choices for implemented luminosity distributions: a delta
function (standard candle), a lognormal distribution, or a power law distribution. Various
models of star formation history are implemented as well as no evolution.
Legend is motivated by Luminosity Dependent Density Evolution (LDDE), i.e., the source
distribution depends on both redshift and luminosity. The distribution of luminosities is decided
by the evolution model. It should be used when the user wants to simulate a class of celestial
objects that exhibit this kind of distribution (e.g., blazars.) The model currently implemented
allows the user to generate gamma-ray fluxes.
Legend can also be invoked from the command line as Legend.py and configured in a similar
way as Firesong.py. It can also be executed in the Python console by importing the function
legend_simulation from Legend. If invoked as a function, the output will be a dictionary if
the filename option is set to None. The output dictionary contains the declinations, redshifts
and fluxes of the simulated sources. Simulation of transient sources is currently not supported
by Legend.
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Luminosity functions provide the source density as a function of source luminosity and cosmological redshift. For observational purposes, however, we usually care about the source count
distribution, i.e., a function giving the total number of sources with a specific flux at Earth.
The FluxPDF.py of FIRESONG calculates a smooth source count distribution by marginalising over any luminosity function and summing up all the contributions after accounting for
their distance. Once generated, this 1D distribution can be further used to generate specific
realisations of the luminosity function. This is extremely fast, but doesn’t provide any information on the sources’ original redshifts. In that sense it is complementary to the sampling of
Firesong.py and specifically useful for cases where the density of sources is extremely high,
when Firesong.py is CPU intensive.
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