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Modeling the extragalactic astroparticle skies involves reconstructing the 3D distribution of the
most extreme sources in the Universe. Full-sky tomographic surveys at near-infrared wavelengths
have already enabled the astroparticle community to bind the density of sources of astrophysical
neutrinos and ultra-high cosmic rays (UHECRs), constrain the distribution of binary black-hole
mergers and identify some of the components of the extragalactic gamma-ray background. This
contribution summarizes the efforts of cleaning and complementing the catalogs developed by
the gravitational-wave and near-infrared communities, in order to obtain a cosmographic view on
stellarmass ("∗) and star formation rate (SFR).Unprecedented cosmography is offered by a sample
of about 400,000 galaxies within 350 Mpc, with a 50-50 ratio of spectroscopic and photometric
distances, "∗, SFR and corrections for incompleteness with increasing distance and decreasing
Galactic latitude. The inferred 3D distribution of "∗ and SFR is consistent with Cosmic Flows.
The "∗ and SFR densities converge towards values compatible with deep-field observations
beyond 100 Mpc, suggesting a close-to-isotropic distribution of more distant sources. In addition
to highlighting relevant applications for the four astroparticle communities, this contribution
explores the distribution of �-fields at Mpc scales deduced from the 3D distribution of matter,
which is believed to be crucial in shaping the ultra-high-energy sky. These efforts provide a
new basis for modeling UHECR anisotropies, which bodes well for the identification of their
long-sought sources.
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1. Astroparticles and full-sky catalogs

Astroparticle physics has emerged as a full-fledged branch of astronomy since the beginning
of the 21st century. Largely driven by the particle-physics community, tremendous improvements
in the sensitivity and angular resolution of astroparticle observatories have enabled the detection by
Fermi-LAT of thousands of extragalactic W-ray sources at GeV energies [1] and of nearly a hundred
ones at TeV energies by H.E.S.S., MAGIC and VERITAS.1 Flares of active galactic nuclei (AGN)
have been claimed as possible sources of PeV neutrinos detected by IceCube [2]. Ultra-high energy
cosmic rays (UHECR) observed by the Pierre Auger Observatory at multi EeV energies appear to
be distributed on the sphere consistently with baryonic matter within a hundred Mpc [3]. The latest
messenger of astroparticle physics, in the form of gravitational waves (GW), unveiled about fifty
binary mergers detected by LIGO and Virgo up to the end of 2019 [4].

The identification of extragalactic astroparticle sources heavily relies on multi-wavelength
observations. As the combination of radio, optical and X-ray observations enabled, during the
second half of the 20th century, a physical understanding of the nature e.g. of AGNs, the cross-
correlations of datasets established by conventional astronomy with those collected by astroparticle
observatories is unfolding before us a multi-messenger era that promises a renewed view on the
non-thermal universe. Deep-field observations, combined with spectroscopic and photometric
redshift measurements, have for example unveiled GeV-emitting blazars and W-ray bursts (GRB) at
distances beyond the cosmic noon, corresponding to the peak of the cosmic star formation history
at I ≈ 2 − 3, i.e. at a lookback time of ∼ 10Gyr. Nonetheless, the full-sky picture that astroparticle
physicists employed for population and cross-correlation studies (e.g. [5] and [6] for neutrinos and
UHECRs) mostly remained limited over the past decade to 140Mpc (I ≈ 0.03 or ∼ 400Myr). Such
a distance limit corresponds to the volume probed by the 2MASS redshift survey (2MRS, [7])
through measurements of spectroscopic distances of galaxies and estimates of their stellar mass
("∗) at near-infrared (NIR) wavelengths. The 2MASS photometric redshift catalog (2MPZ, [8])
now provides distance estimates with a precision of ∼ 12% down to seven times lower fluxes in a
fifteen times larger volume out to 350Mpc, that is I ≈ 0.08 or 1Gyr. Such a reach was exploited e.g.
to constrain the contributions of AGNs, star-forming galaxies and dark matter to the extragalactic
W-ray background [9]. The 2MPZ catalog was recently complemented by the GW community
[10, 11] to foster galaxy-targeting approaches, which enable swift follow-up observations of binary
neutron-star mergers, and to pave the way to accurate statistical constraints on the Hubble constant,
assuming that binary black-hole mergers are traced by the "∗ distribution [12].

We further expanded in Ref. [13] the catalogs developed by the GW and NIR communities to
account for incompleteness as a function of luminosity distance, limited by the 2MASS sensitivity
threshold, and of angular distance to the Galactic plane, where source confusion and obscuration
mask background galaxies in the so called Zone of Avoidance (ZoA). Our publicly available catalog2
offers an unprecedented view on "∗ and star formation rate (SFR) on scales ranging from the very
outskirts of the Milky Way out to the most distant superclusters identified in Cosmic Flows [14].
Of interest to the four astroparticle messengers, the use of this catalog is exemplified hereafter by a
modeling of the UHECR sky.

1http://tevcat2.uchicago.edu/

2http://doi.org/10.5281/zenodo.4783406
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2. A cosmographic view on stellar mass and star formation
The catalog established in Ref. [13] comprises 410,761 galaxies out to 350Mpc, distance at

which 50% of "∗ is below the 2MASS sensitivity limit. We have checked the distance of each
galaxy against those tabulated in the HyperLEDA database [15], which provides cosmic-ladder
estimates for about 4,000 nearby galaxies that are not in the Hubble flow, spectroscopic estimates
for about half of the sample and 2MPZ photometric estimates for the other half. The crossmatch
with HyperLEDA improves the number of spectroscopic estimates by a factor of four with respect
to catalogs established by the GW community [10, 11]. The sample is compatible with being flux
limited at high Galactic latitudes but a deficit of galaxies is observed in the ZoA. The galaxy-count
decrease in the ZoA is modeled with an empirical function of Galactic latitude, which provides
incompleteness correction factors. Such corrections do not suffice close to the Galactic bulge and
we employ galaxy cloning, i.e. the filling of the ZoA with galaxies from mirrored regions above
and below the Galactic plane, to establish a realistic model for the entire sky. The "∗ distribution
derived from the 4c sample is shown to be consistent with the constraints derived from deep-field
observations. The parametrization of the deep-field "∗ function is used to infer incompleteness
correction factors as a function of luminosity distance. Accounting for such corrections on the sphere
and in depth, the "∗ density is shown to converge towards the deep-field value for distances larger
than 100Mpc. SFR estimates are also provided for each galaxy in the sample, exploiting the relation
between "∗ and SFR for three morphological branches established with NIR and HU observations
of galaxies in the Local Volume, at distances smaller than 11Mpc. Morphological information
is available from HyperLEDA for about a third of the sample out to 350Mpc and the observed
morphological distribution as a function of distance is exploited to provide a statistical estimate
of SFR for the remaining two thirds of the sample. The catalog finally provides incompleteness
correction factors for the SFR density, which is shown, as for "∗, to converge beyond 100Mpc
towards the deep-field value. The SFR densities in the Northern and Southern hemispheres, as well
as in the ZoA, connect smoothly with that at lookback times larger than 1Gyr (see Fig. 1).
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Figure 1: The star formation history from cosmic dawn down to the past billion year. The SFR density at
lookback times larger than 1Gyr, shown as a black solid line, follows the Fermi-LAT constraints parametrized
by Ref. [16] (see Table 5, initial SFR normalization). The local overdensity at shorter lookback times in the
Northern and Southern hermispheres as well as in the Zone of Avoidance are estimated from our catalog and
illustrated by colored lines, as labeled in the figure.
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Figure 2: The stellar-mass overdensity in the Local Sheet (left) and in the Local Universe (right). The
density �elds displayed in comoving supergalactic coordinates are smoothed with a 3D Gaussian �lter on
comoving scales of 0.2 Mpc (left) and 10 Mpc (right). See Ref. [13] for more details.

Figure 2 displays the 3D" � distribution inferred from the catalog, normalized to the mean
value within 350 Mpc. The distribution of galaxies within a box of 10 Mpc-width in comoving
supergalactic coordinates is consistent with a planar distribution along the Local Sheet or the
supergalactic plane [17]. The" � distribution within a box of 600 Mpc-width matches the 3D
density �elds inferred from Cosmic Flows (e.g. [14]). The Cosmic-Flow distribution of matter
was shown to provide a satisfactory model to the arrival directions of UHECRs above 8 EeV [18],
where a dipolar pattern is detected beyond5f con�dence level [3]. The authors of Ref. [18]
account in particular for the limited horizon of UHECRs induced by their propagation in the cosmic
microwave and infrared backgrounds, as well as for magnetic de�ections. Our catalog o�ers the
opportunity not only to verify their results on large angular scales at energies larger than 8 EeV but
also, as per the discrete nature of our catalog, to model the UHECR sky on smaller angular scales
up to the highest energies, where the UHECR horizon shrinks. The present contribution focuses on
accounting for the UHECR horizon and on investigating� -�elds on cluster scales.

3. The limited reach of UHECRs

We model the �ux and composition of UHECRs reaching Earth following an approach similar
to that developed in Ref. [19] (�SPG� reference model). The three essential ingredients are the
1D distribution of the UHECR production rate, the UHECR spectrum at escape from the source
environment and the modeling of energy losses and photo-dissociation of UHECRs along the line
of sight. For the latter ingredient, we exploitSimprop [20] to generate a transfer tensor tabulating
the number of UHECRs reaching Earth as a function of observed energy and nuclear species, for
the initial injection of a given nuclear species at redshiftI and initial rigidity ' (energy over charge).
The tensor is stored as anumpy5D array, whose product with any source distribution as a function
of I and injection spectrum as a function of' can be e�ciently computed. The injection spectrum
follows a power-law with a rigidity cuto� [20] and is assumed to be universal, that is independent
of the host galaxy and identical for each injected nuclear species. The latter hypothesis follows the
so-called Peters' cycles, i.e. acceleration up to a maximum energy proportional to the charge.
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