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ABSTRACT

Despite growing efforts to find the sources of high-energy neutrinos measured by IceCube, the bulk of the neutrinos remain
with unknown origins. In this work, we aim to constrain the emissivity of cosmic high-energy neutrinos from extragalactic
sources through their correlation with the large-scale structure. We use cross-correlations between the IceCube 10-year
data set and tomographic maps of the galaxy overdensity to place constraints on the bias-weighted high-energy neutrino
emissivity out to redshift z ~ 3. We test two different models to describe the evolution of neutrino emissivity with redshift,
a power-law model « (1 + z)%, and a model tracking the star formation history, assuming a simple power-law model for
the energy injection spectrum. We also consider a non-parametric reconstruction of the astrophysical neutrino emissivity
as a function of redshift. We do not find any significant correlation, with our strongest results corresponding to a 1.9¢
deviation with respect to a model with zero signal. We use our measurements to place upper bounds on the bias-weighted
astrophysical high-energy neutrino emission rate as a function of redshift for different source models. This analysis
provides a new probe to test extragalactic neutrino source models. With future neutrino and galaxy data sets, we expect

the constraining and detection power of this type of analysis to increase.
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1 INTRODUCTION

The identification of the sources responsible for the diffuse flux
of high-energy astrophysical neutrinos, first detected by the Ice-
Cube Observatory (M. G. Aartsen et al. 2013), is an open prob-
lem in contemporary astrophysics. Although specific sources or
source classes have been associated with observed high-energy
neutrinos (M. G. Aartsen et al. 2018; R. Abbasi et al. 2022, 2023),
these identifications collectively account for only a minor com-
ponent of the total measured flux. The overwhelming majority
of these high-energy events exhibit a distribution of arrival di-
rections consistent with large-scale isotropy (M. G. Aartsen et al.
2020), thereby leaving the characteristics of the dominant source
populations largely undetermined. Searching for anisotropies in
the celestial distribution of neutrino arrival directions is among
the most promising methods to identify the underlying neutrino
source population. Astrophysical neutrinos are expected to be
produced in extragalactic sources whose distribution traces that
of the large-scale structure (LSS) of matter in the Universe. In this
case, since the large-scale structure is anisotropic, the neutrino
flux should carry an imprint of this anisotropy. In particular, this
means that there should be a non-zero cross-correlation between
the arrival directions of the neutrinos and the distribution of
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matter in the Universe, for instance as traced by galaxies (K. Fang
et al. 2020; A. Ouellette & G. Holder 2024) or the unresolved
gamma-ray sky (M. Negro et al. 2023). Statistical anisotropies are
in particular useful when direct source association is challenging
to perform due to the low astrophysical neutrino purity among
large amount of neutrinos detected.

The angular cross-correlation between cosmic messengers and
galaxy catalogues has emerged as a powerful tool for determining
the properties of the sources of gamma rays (A. Cuoco et al.
2015), ultra-high-energy cosmic rays (F. R. Urban, S. Camera &
D. Alonso 2021), and gravitational waves (A. Raccanelli et al.
2016). The measurement of the cross-power spectrum between
a neutrino sky map and a galaxy survey permits a statistical de-
tection of a correlation between the two fields, which in turn can
be used to constrain the characteristics of the neutrino source
population, even when the emission from any individual source is
below the threshold for direct detection. In this work, we develop
a cross-correlation analysis in order to measure the product of
the neutrino source bias and the comoving neutrino emissivity
(or comoving neutrino energy emissivity). In order to do so, we
utilize ten years of IceCube muon-track data (IceCube Collab-
oration 2021) and four broad galaxy and quasar catalogues: the
2MASS Photometric Redshift catalogue (2MPZ; M. Bilicki et al.
2014), the WISExSuperCOSMOS catalogue (WIxSC; M. Bilicki
et al. 2016), a sample from the DESI Legacy Imaging Surveys
(DECaLS; Q. Hang et al. 2021), and the Gaia-unWISE quasar
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catalogue (Quaia; K. Storey-Fisher et al. 2024). These catalogues
collectively cover the broad redshift range z < 3. The result-
ing measurements are interpreted in terms of two distinct phe-
nomenological models for the unknown redshift evolution of the
source population - for which we can derive constraints on their
model parameters - or in a model-independent way by taking
advantage of the tomographic coverage of our galaxy catalogues.

Our analysis builds upon the cross-correlation studies of K.
Fang et al. (2020), A. Ouellette & G. Holder (2024), but differs in
that we focus on the physical parameters that define the absolute
neutrino flux, in particular the comoving neutrino emissivity and
the comoving neutrino energy emissivity, together with the linear
bias between neutrinos and the large-scale structure. Our method
allows us to employ the cross-correlation to obtain a measure
of these physical parameters, which has not previously been re-
ported in the literature.

The paper is organised as follows: in Section 2, we define
the neutrino flux via the comoving neutrino emissivity and the
comoving neutrino energy emissivity, and describe the angular,
harmonic cross-correlation between neutrinos and galaxies; in
Section 3, we introduce the neutrino and galaxy data and detail
how we build the neutrino and galaxy maps from these data;
in Section 4, we present our analysis and our results. Finally,
in Section 5, we summarize our results and give an outlook for
future work.

2 THEORY

2.1 Neutrino intensity and emissivity

We start by defining the neutrino intensity Iy (i) from a position fi
in the sky as the number of neutrinos observed per unit time, en-
ergy, detector area, and solid angle (all measured in the observer’s
frame):

dN,
V= Gedndads,” W
Considering sources emitting from a range of comoving distances
dx around yx, we can relate the intensity Iy(fi) to the neutrino
emissivity jy (the number of neutrinos emitted per unit energy,
time, and volume in the emitter’s frame, also referred to as the
neutrino production rate density) as

o jN(Xﬁv <, ge)

dx
Iy = = jNne , Z, e) 2
diy an( 1 2p dy = jnc(xh,z ¢ )4ﬂ (2)

where jy . is the comoving emissivity. Quantities labelled o or e
are in the observer or emitter frames, respectively. Assuming that

the neutrinos only lose energy because of cosmological redshift,
the line-of-sight integral version of this relation is

d
Iv(h, &) = / L ez, e(1+2)). 3)

In practice, the quantity we measure is the intensity integrated
over a given energy band emin < & < &max:

Tu(h) = / ™ deo Iv(h, 0). @

€min
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2.2 Modelling the emissivity

In order to model the emissivity we use a simple model in which
all sources have the same spectrum s(e, ), which we can write as
dE

— =L, s(e.), 5
Gae, = Lot ©
where L, is the total energy emitted in the form of neutrinos per
unit time, such that f de, s(e,) = 1. Given a comoving luminosity
function for the sources dn./dL,, one can express the comoving
neutrino emissivity as

Sy (&e dn,
INe(r, 2, 8.) = (&) / dL,L, —(r,z,L,), (6)
& dL,

where r := xfi. Modelling the energy spectrum as a power-law
spectrum with spectral index g (i.e. s, (&) x & 5y, we can express
everything in terms of the observed energy as

L dx m(xh,z)
IN(n)_/EW’ @)

where we have introduced the comoving emission density rate of
neutrinos integrated over the energy band

l"lu(l', Z) = / d80 jN.C(rs Z, 50)

€min

Emax v d
- / de, 528 / AL, L, S (r, 7, L), (8)
o drL,

€min

Given the 3D matter overdensity §(x fi, z) we can write 1, (r, 2) :=
1,(z) [1 + b, 8(r, )], where 7,(z) is the average comoving neu-
trino number density rate, and b, is the luminosity-weighted bias
of neutrino-emitting sources

p . J 4Ly Lu(dAe/dL,) b(L,)
" JdLL(dagdL)

9

with b(L, ) the linear bias for sources with luminosity L,.

2.3 Energy weights

In the previous section, we assumed that what we measure is the
number of neutrinos in a given energy band (and from a given
direction). However, since we can also measure the energy of
each neutrino, we can also measure the total energy in neutrinos
per unit time, solid angle, detector area, and neutrino energy:

dE,
Ig=————
de, dt, dA, d2,
Introducing the comoving energy emissivity (also referred
to as the neutrino luminosity density) jg .(¢.) := €. jn.c(&.) =

su(ee) [ dLy Ly g=(r. z. L,), we find

=g, In. (10)

d
I:(8) = / X i o, 2,641+ ). (1)

Similarly to the previous subsection, we integrate in energy and
assume a power law with a spectral index g to finally obtain

€max d +b "7
Zo@) = [ detoth ) = [ EEURE (12)

where we defined the comoving neutrino energy density rate as

€min

,é\,(l‘, Z) = / de, .]'E,c(r, Z, 50)
Emax dnc
= / de, s, (&) / dL, L, a(r’ z,L,). (13)

€min



Just as before, this quantity can be related to the 3D matter over-
densities as p, (r, 2) := p,(2) [1 + b, 8(r, 2)].

2.4 Harmonic-space cross-correlations

Given a matter tracer U defined on a two-sphere, we can define its
2D anisotropies AU as a projection of the 3D matter overdensities
8(xn, z):

AU(R) = / dx qu (0 [bu @) 8(xh. 2). (14)

where, for the neutrino fluxes above, gy (x) is the radial kernel
qu(x) :=[4m (1 4+ z)' 17! and 1 is either 71, or j,.

The second matter tracer that we want to correlate with the
neutrinos is a catalogue of galaxies, for which, in analogy with
equation (14), we can write as

Agh) = f dx ge(x) beS(xA. 2). (1)

where the radial kernel in this case is given by

d
qs(x) :=H(z) £ , (16)

b, is the galaxy bias and dp/dz is the redshift distribution of
galaxies in the catalogue.

In the Limber approximation, which is valid for broad kernels
such as those we employ here (M. LoVerde & N. Afshordi 2008),
the cross-correlation between AU and Ag is

d
C = / %qg(X)qU(X)bg [byia](z) P(ke, )., a7

with P(k, 7) being the matter power spectrum and the wavenum-
ber k, is related to the harmonic multipole ¢ ask, := (¢ + 1/2)/x.

Assuming all bias parameters to be constant for simplicity, we
can pull them out of the integrals in the cross-correlations to
finally obtain

d b, i,
CHO b / %qg(x)ﬁ}’(kg,z), (18)
. b, p(2)
72 = by [ K s P O Pl 2). 19)

for the number-based and energy-based neutrino maps, respec-
tively. In the same way, the galaxy autocorrelation is

d
C%=b; / X—)i[qgu)]ZP(kz,z). (20)

2.5 Modelling the neutrino emission rate

Asdiscussed in Section 2.2, the neutrino flux fluctuations depend
on the luminosity function of the neutrino sources, as well as
their evolution in time, their clustering properties, and the neu-
trino energy spectrum. However, the cross-correlation measure-
ments are only sensitive to the final neutrino emission rates 1, or
b, (equations 8 and 13), resulting from integrating the luminosity
function, multiplied by the effective bias of the neutrino sources
b,. Since the nature of the astrophysical neutrino sources is not
known, in this work we will use simple parametrizations to char-
acterize the redshift dependence of the bias-weighted emission
rates. In particular, we will consider three models:

(i) A power-law model of the form

b,,(z) = Nb, (1 +2)*;  bypu(z) = Nyb, (1 +2)". (€3]
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(ii) A peak model tracking the star formation history. In this
case:

bvﬁv(Z) = Nbv fSFR(Z)7 bvﬁv(Z) = prv fSFR(Z) ) (22)

where fsrr(z) is a redshift-dependent function that describes the
evolution of the star-formation rate density pspr as proposed by
P. Madau & M. Dickinson (2014):
(1 + Z)2A7
7)) = . 23

Forn(®) = T o 7aey (23)

(iii) A tomographic model, in which the bias-weighted emis-
sion rates are characterized by their values at the mean redshifts
of the four galaxy samples studied here, which we constrain from
the separate analysis of each cross-correlation.

Here, N and N, are normalization constants with units
of Mpc—3yr~! and ergMpc 3 yr~!, characterizing the late-time
mean neutrino emissivity. Due to the degeneracy with the effec-
tive neutrino bias b,, we will treat the combinations Nb, and
N,b, as free parameters. Because we do not assume a specific
type of neutrino source, we do not have an expectation for b,;
however, all but the rarest of astrophysical sources have biases
in the range 1 < b < 5, and therefore b, should be a quantity
of order O(1). Therefore, our constraints on Nb, or N,b, will
still allow us to place bounds on the order of magnitude of the
global astrophysical neutrino emissivity. In the power-law model,
the emissivity decays with redshift at a rate characterized by an
additional parameter a (assuming a to be negative). In turn, the
peak model follows the star formation history, peaking at z ~ 2.

3 DATA

3.1 High-energy neutrinos

In our analysis, we used the 10-year IceCube point source data set
(IceCube Collaboration 2021). This data set is composed of track-
like events in which a muon is detected. The muon produces a
long track in the detector, from which we can obtain the arrival
direction of the muon with an angular resolution of about 1°.
The IceCube data set is divided into 10 seasons, each of them
with its own uptime, effective area, and smearing matrix files.
This last one is a 5D matrix that relates the energy and angular
error of the reconstructed muon to the true energy, declination,
and angular separation of the muon of the original neutrino. For
this work, we will neglect the effects of the smearing matrix, effec-
tively assuming that the parameters of the reconstructed muon
represent well the original neutrino. We expect this to be a good
approximation when it comes to energy, since we are considering
wide energy bins. At the energies considered in this work, the
effect on the angular directions is expected to be similar to the
angular resolution of the muons. We then expect this angular cor-
rection to have a small impact on the analysis, since large angular
scales contribute the most due to the beaming (see effective beam
below). The effective area is interpolated to give a continuous
function A (3, &,). To be precise, the effective area data is binned
in energy and declination. For each bin b, take the value of the
effective area to correspond to an energy E, = +/Ey_ Ep, and a
declination 8, = 0.5 (85— + &b+ ), Wwhere + and — indicate the up-
per and lower limits of the bin, respectively. Then, using a grid of
points E}, and sin 8, we interpolate linearly to obtain Az (6, ).
We obtain the neutrino maps for each season i separately. Each
event contributes 1/A. to the number intensity map Z% (i) and
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€0/ Aefr to the energy intensity map Z% (fi). We then assign a weight
to each event according to a 2D Gaussian filter with width corre-
sponding to the angular uncertainty for each event. Considering
all events as circular Gaussians is an approximation, since more
detailed reconstructions often have non-Gaussian distributions
(T. Yuan & D. Chirkin 2023). Note that we exclude all events with
effective areas below 10 cm? to avoid numerical artefacts —this
is only relevant for events with high declinations and energies
over 10° GeV.

The total number intensity and energy intensity maps are ob-
tained by merging the seasonal maps according to

o1 Ay () T'(R)
pix 21121 TiAieff(ﬁ)

In this expression we define Q,;, as the angular size of each
pixel, T; as the uptime of season i, and Aéﬁ(ﬁ) as the effective
area averaged over all energies for season i. The latter one we
obtain by dividing the energy range into small energy bins and
assuming that in each bin the neutrinos follow a power law with
a spectral index «. Let (&, €n41) be the edges of the nth interval,
with &) := epin and ey = &max the minimum and maximum
values, respectively. Then the average effective area for each pixel
is calculated as

Z(h) = (24)

N
. 1 Eny1 — €
Ay = e 3 A (00 225 ) fe] - e).29)
€max — €min n=1
For this work, we choose o = —3.7 corresponding to the tilt of

atmospheric neutrinos (M. G. Aartsen et al. 2015). Note that
equation (25) is only used to weight seasons against each other
in a semi-optimal way. One could skip this step, and the analysis
would still be valid, but less optimal in terms of the noise proper-
ties of the coadded map.

Not all detected muons in a given energy range are coming
from astrophysical neutrinos. Indeed, the largest muon contribu-
tion is atmospheric muons, that is, muons that are generated as
secondary particles in the cosmic ray interactions in the atmo-
sphere of the Earth. Given the location of IceCube, taking events
with a declination larger than —5° allows us to screen many of
these atmospheric muons. The second largest muon contribu-
tion is from atmospheric (rather than astrophysical) neutrinos.
Atmospheric neutrinos originate from cosmic ray interactions in
the atmosphere; these neutrinos produce muons that are then
detected. We cannot avoid this background, but we know that
the fraction of astrophysical (atmospheric) neutrinos increases
(decreases) with energy. Hence, for our analysis, we focus on the
highest energies in the range sy, = 103 t0 gyax = 10° GeV, for a
total of 403,529 neutrinos. Note that the atmospheric neutrinos
do not correlate with the LSS, so they will not bias our measure-
ments, but they will contribute to the statistical uncertainties of
the cross-correlation.

Once the final map is constructed, we compute the effect of
finite angular resolution following the fiducial estimate of the
effective beam described in A. Ouellette & G. Holder (2024). In
order to do so, we compute the effective beam function Bsz =
C}”/C}¥, where C}” is the autocorrelation for the map with the
individual Gaussian beams and C}"” is the same for the neutrino
map without any smoothing. We will multiply equations (18) and
(19) by B before comparing with the data. The finite resolution
of IceCube limits the range of scales over which significant infor-
mation can be extracted to £ < 100 (see fig. 4 in A. Ouellette & G.
Holder (2024)).
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Figure 1. Neutrino intensity maps. The top panel displays the number-
density-based map, the bottom panel displays the energy-density-based
map (in GeV units).

In this work, we will build neutrino maps with all neutrinos
within the energy range above as well as maps of neutrinos
binned in energy in order to constrain the astrophysical neu-
trino emission rate as a function of observer-frame energy and to
quantify the stability of our results against the presence of atmo-
spheric neutrinos, which are more prominent at low energies.

Since we expect the angular distribution of atmospheric events
to be dominated mostly by very large-scale features, we sub-
tract the harmonic-space monopole (namely, the average over
the map) and dipole from all our neutrino maps. This reduces
the impact of the atmospheric neutrino contamination on the
statistical uncertainties of the power spectra at higher ¢s, arising
from mode-coupling due to the sky mask.

Lastly, since we are interested in the physical values of the neu-
trino number density rate, equation (8), and energy density rate,
equation (13), unlike A. Ouellette & G. Holder (2024), we will
not normalize our neutrino maps by dividing by the monopole.
For completeness, when integrated over the full energy range,
the value of the monopole is 3.97 x 1078 cm~2s~sr~! for the neu-
trino number flux map and 5.80 x 107> GeV cm~2s~!sr~! for the
energy flux map, respectively. The final maps are shown in Fig. 1.

3.2 Galaxy catalogues

In order to cover a broad range of redshifts and to capture
the possible redshift evolution of the neutrino sources, we use
four different galaxy catalogues. For each catalogue we restrict
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Figure 2. Redshift distributions of the four galaxy catalogues used here.

ourselves to a range of complementary redshifts in order to mini-
mize correlations between different bins, as explained in Section
4 (see also D. Alonso et al. (2024) for further details).

The first sample is the 2MASS Photometric Redshift catalogue
2MPZ (M. Bilicki et al. 2014). The sample was selected by cross-
matching the 2MASS (T. H. Jarrett et al. 2000), WISE (E. L. Wright
et al. 2010), and SuperCOSMOS (J. A. Peacock et al. 2016) all-
sky surveys. A neural network approach is used to derive photo-
metric redshifts with a precision of o, = 0.015, with the median
redshift being of z,, = 0.08. For our sample, we select galaxies
with photometric redshift z < 0.1, which gives us a sample with
mean redshift z,, = 0.064 and 476 190 galaxies in total. For this
catalogue, we will also employ the mask described in N. Kouk-
oufilippas et al. (2020) to remove the galactic plane and other
regions contaminated by stars or dust.

The second sample is the WISE x SuperCOSMOS catalogue:
WIxSC (M. Bilicki et al. 2016). This catalogue is obtained by
cross-matching WISE and SuperCOSMOS. It has a median red-
shift of z,, = 0.2 and a redshift normalized scatter of o, = 0.033.
We apply the same corrections as described in N. Koukoufilippas
et al. (2020). For our work, we choose a sample with photometric
redshift 0.1 < z < 0.4 with a mean redshift of z,, = 0.23, which
consists of 16 325 449 galaxies.

The third catalogue is built from the DESI Legacy Imaging
Surveys: DECaLS (A. Dey et al. 2019). This is a combination of the
Dark Energy Camera Legacy Survey (B. Flaugher et al. 2015), the
Beijing-Arizona Sky Survey (H. Zou et al. 2019), and the Mayall
z-band Legacy Survey (A. Dey et al. 2016). Specifically, we use
the sample selected by Q. Hang et al. (2021) and apply their
corrections for sky contamination. Our sample has a photometric
redshift range of 0.3 < z < 0.8, with an average of z,, = 0.50.

The last catalogue is the Gaia-unWISE quasar catalogue: Quaia
(K. Storey-Fisher et al. 2024). This catalogue is built from com-
bining the Gaia quasar sample (A. Vallenari et al. 2023) and the
infrared data from unWISE (A. M. Meisner et al. 2019). The sky
contamination is corrected with a selection function as described
in K. Storey-Fisher et al. (2024). Using this selection function, we
can build the sky mask as described in D. Alonso et al. (2023). Our
selected sample has galaxieswith 0.8 < z < 5,withanz,, = 1.72,
for a total of 1092 207 quasars.

In Fig. 2, we show the redshift distributions for the four
galaxy catalogues after corrections to the photometric redshifts,
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normalized to unit peak. The redshift distributions for the two
low-redshift samples were estimated via direct calibration, using
cross-matched spectroscopic samples weighted in colour space
(details can be found in A. Paopiamsap et al. (2024)). In turn,
the redshift distributions of the two high-redshift samples were
estimated by stacking the photo-z probability distributions for all
galaxies in the sample (see Q. Hang et al. (2021) and D. Alonso
et al. (2023) for details about the DECaLS and Quia samples,
respectively). The combination of all 4 catalogues allows us to
cover the full redshift range out to z ~ 3, with limited overlap
between samples. In Fig. 3, we show the sky coverage of each
survey in equatorial coordinates; only declinations above —5° are
useful for us due to the constraints on the neutrino map.

All the neutrino and galaxy maps are built with HEALPix
(K. M. Gorski et al. 2005) as implemented by healpy (A. Zonca
et al. 2019).! We use Ngge = 256, corresponding to a pixel size of
80 ~ 0.22°. This is sufficient, given the limited angular resolution
of the neutrino observations (86, ~ 0.7°). The dipole component
of the neutrino maps was subtracted using the remove dipole
method implemented in healpy.

4 METHODOLOGY AND RESULTS

To place constraints on the neutrino emissivity from cross-
correlations with the galaxy catalogues described above, we use a
tomographic approach consisting of three stages.

(i) In the first step, we compute the galaxy power spectrum and
the cross-power spectrum between the galaxy overdensity and
the neutrino intensity maps, as well as their covariance matrix.
For this, we employ the pseudo-C, estimator as implemented in
NaMaster (D. Alonso, J. Sanchez & A. Slosar 2019), in order to
properly take into account the partial sky coverage of all our data
sets.

(i) We then estimate the theory power spectra from equa-
tions (18), (19), and (20) while varying the free parameters of each
model (see Section 2.5). The theory spectra are obtained with the
Core Cosmology Library (N. E. Chisari et al. 2019).2 We assume
a flat ACDM cosmology with parameters Q. = 0.25, €2 = 0.05,
Qr = 0,03 = 0.81, ny = 0.96, h = 0.67 and no massive neutrinos.

(iii) In the last step, we determine the free parameters by com-
paring the theory power spectra with the data through a likeli-
hood analysis, which we describe below.

4.1 Galaxy bias

To estimate the galaxy bias parameter b, for each of the samples
used here, we use a Gaussian likelihood of the form

L(by) == —% (Cp — Cu(by)" M (Cp — Cu(by)) (26)

where the data vector Cp := C{ ¢ contains our measurement of
the galaxy power spectrum, and Cy(b,) is the theoretical pre-
diction for these measurements, dependent on b,. M1 is the
inverse covariance matrix for Cp. As described in Section 2, we
assume a linear bias model to describe the clustering of galax-
ies. This is only valid on relatively large scales, and therefore
we only use multipoles in the range ¢ < knaxx (Z), where x(2) is
the comoving distance to the mean redshift of the sample, and

Lhitp://healpix.sf.net
2https://github.com/LSSTDESC/CCL
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Figure 3. Sky coverage of the four different galaxy catalogues used.

kmax = 0.15Mpc™'. We assume a constant bias parameter for
the 2MPZ, WIxSC, and DECaLS samples. In the case of Quaia,
given its broad redshift distribution, we account for the red-
shift evolution by assuming a redshift-dependent bias of the
form bquaia(z) = bg (0.278((1 + 2)* — 6.565) + 2.393), where by is
a free parameter and the functional form is a numerical fit to the
measured redshift evolution of quasar bias in P. Laurent et al.
(2017).

Doing this, we determine the bias parameters of each sample
to be:

bMP” =1.212+£0.027,  by™5C =1.1608 £ 0.0072 @7
bR = 1.4783 £0.0059,  bQ™™ =1.050 £ 0.034. (28)

A self-consistent analysis propagating the uncertainties in the
measured galaxy bias when constraining the neutrino emission
rate from the neutrino-galaxy cross-correlation would call for a
joint likelihood combining both power spectra (C%¢ and C;%),
simultaneously constraining b, and the neutrino emission prop-
erties. Nevertheless, given the high precision with which the lin-
ear bias of these samples is determined, we opt to simply treat
them as fixed parameters in the analysis of the neutrino-galaxy
cross-correlation, using the values above.

4.2 Cross-correlation measurements

Fig. 4 shows the cross-correlations between the neutrino number
and energy flux maps (top and bottom panels, respectively), and
the four different galaxy samples studied here. The contribution
from atmospheric neutrinos is most prominent at low multipoles,
significantly degrading the statistical uncertainties of the mea-
surement. We therefore discard all data below multipole £, =
10 in our analysis. Our measurements are binned into bandpow-
ers with a constant width A¢ = 30, and we use all measurements
up to £max = 340. Due to the limited resolution of the neutrino
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observations, no significant information can be gathered beyond
this scale, as noted in A. Ouellette & G. Holder (2024). Fur-
thermore, we have verified that the results reported here do not
change significantly when varying the maximum multipole £y,y.
To quantify the significance with which a cross-correlation
signal is detected, we estimate its signal-to-noise ratio (SNR) as

SNR = sign(S) /|S| ,

where Cp is a vector containing a given cross-correlation mea-
surement (between a galaxy sample and either the number or
energy flux maps), and M™! is the inverse covariance matrix of
this measurement. The number of degrees of freedom in this case
is the number of data points (i.e. the size of Cp), and accounts
for the expected value of the null chi-squared x¢ = CIM~ICp
for purely noise-like data compatible with zero. The SNRs of the
different samples studied here are listed in Table 1.

As the table shows, we do not find evidence of a clear corre-
lation between the IceCube neutrino maps and the LSS tracers
studied here. This can be visually verified in Fig. 4, where all
cross-correlation measurements are compatible with zero corre-
lation within the statistical uncertainties. This is in qualitative
agreement with the results of A. Ouellette & G. Holder (2024),
who did not find strong evidence of correlation between the neu-
trino map and the galaxy overdensity. Note, however, that the
authors found tentative detections of a non-zero cross-correlation
with some of their galaxy samples (at the level of ~ 2o at most).
It is worth noting that the methods used here differ significantly
from those of A. Ouellette & G. Holder (2024), particularly their
normalization of the neutrino counts by the local mean density
of neutrino events. This procedure may enhance the sensitivity
of the resulting map to cross-correlations with LSS tracers, at the
cost of losing information about the unnormalized amplitude of
the neutrino anisotropies that do correlate with the LSS. Avoid-
ing this is what allows us to translate our measurements into

S =CIM™Cp — Nyot, (29)
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Figure 4. Top panel: number-based neutrino-galaxy cross-correlation
for the galaxy catalogues 2MPZ (green), WI x SC (yellow), DECaLS (red),
and Quaia (magenta). Bottom panel, energy-based neutrino-galaxy cross-
correlations for the same catalogues. A dashed black line is shown at
C, = 0 for guidance. The points for different catalogues are all shifted in ¢
for illustration purposes, but they all correspond to the ¢ where the 2MPZ
values are shown.

Table 1. Signal-to-noise ratios obtained from the cross-correlation of
the neutrino map with each galaxy catalogue. Here, SNRy and SNR,
are the SNRs for the number- and energy-weighted neutrino flux maps.

Galaxy catalogue SNRy SNR,
2MPZ —1.26 —0.51
WIxSC —1.34 —1.80
DECaLS —2.38 —2.46
Quaia 1.67 1.51

constraints on physical parameters describing the extragalactic
neutrino emission rate.

4.3 Constraining the neutrino emission rate

To estimate the neutrino emissivity parameters from the mea-
sured cross-correlations, we make use of a likelihood-based

Constraints on high-energy neutrino emission 7

Table 2. 68% confidence level constraints on the free parameters of
the power-law and peak models used to describe the neutrino emission
rates (see Section 2.5). The constraints on the amplitude parameters Nb,,
and N,,b, are given in units of 104> Mpc™3 yr~! and 10*° erg Mpc—3 yr~1,
respectively.

Model Nb, N,yb, a
Power law 5.8+3.6 79+6.3 —27+1.4
Peak 4.0+2.1 4.7+3.6

Bayesian inference approach. As before, we assume a Gaussian
likelihood, now including data from multiple galaxy samples:

L@) = *% Z (Cp,c — Cum,6(0)) (Mg) ™ (Cp,g — Cum6(H)). (30)
G

As before, Cp ¢ is the measured galaxy-neutrino cross-correlation
for the Gth galaxy sample, and Cy; (@) is the theoretical pre-
diction for this measurement, dependent on the model param-
eters §. Mg is the covariance matrix of the measurements. We
will consider cross-correlations with both the number-based and
energy-based neutrino flux maps. The free parameters of the
theory model are 9 € {a, Nb,/N,b,} or g€ {Nb,/N,b,} for the
power-law and peak neutrino sources redshift distribution mod-
els, respectively. For the analysis, we assume 8 = 2.5 following
R. Abbasi et al. (2024), which we use in equations (18) and
(19). We sample this likelihood using the nested sampling Monte
Carlo algorithm MLFriends (J. Buchner 2016, 2019) as imple-
mented in the UltraNest package (J. Buchner 2021).> We as-
sume flat uninformative priors on the amplitude parameters: Nb,
and N,b,/erg € [—10%, 10*] - 10* Mpc~*yr~!, and we consider
only negative values for the index of the power-law model, with
a € [-5,0].

We note that the form of the likelihood in equation (30) as-
sumes that there is negligible correlation between the cross-
correlation measurements in the different redshift bins. This is
not entirely correct, since the different galaxy samples have a non-
zero overlap in their redshift distributions. This overlap is small,
however (see Fig. 2), and thus we do not expect this assumption
to affect our results significantly.

The 68 per cent constraints we obtain on the free parameters
of the two parametric models considered here are summarized in
Table 2. For the number-based intensity maps, the corresponding
amplitude parameters are positive but compatible with zero at the
1.60 and 1.90 level for the power-law model and the peak model,
respectively. This is comparable to the significance with which
the overall amplitude of the cross-correlation was measured in
A. Ouellette & G. Holder (2024). The evidence for a positive cor-
relation is smaller for the energy-based intensity maps, with am-
plitude parameters consistent with zero at the ~ 1.30 level. We
note that the power-law index a is unconstrained within its prior
for both the number-based and energy-based intensity maps. The
bounds on the neutrino emissivity as a function of cosmic time
resulting from these constraints, at 1o and 20, for the power-
law and peak models, are shown in Fig. 5. We report only the
constraints on the number-based emission rate, since the results
for b, p, are effectively equivalent.

In addition to constraining these two parametric models
of the astrophysical neutrino emission rate, we make model-
independent measurements using the tomographic approach de-

3https://johannesbuchner.github.io/UltraNest/
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Figure 5. Allowed regions for the bias-weighted number density rate
of neutrinos times in the two parametric models considered here (red
and blue for the power-law and peak models). We show the 1o and 2o
constraints.
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Figure 6. 1o and 20 allowed regions for the number and energy density
rates of neutrinos times b, when considering the galaxy catalogues indi-
vidually under the assumption of a constant neutrino density rate over
every single bin.

scribed in Section 2.5, assuming that the emission rate varies only
slowly within each redshift bin considered here. Furthermore,
these constraints are obtained by analysing the cross-correlation
with the galaxy sample independently from the rest. The results
are shown in Fig. 6, with the numerical constraints on b, 7, and
b, 5, listed in Table 3. As in the case of the parametric models con-
sidered above, although the measured values of the bias-weighted
emission rate are consistently positive, both for 71, and 5,, they are
compatible with zero within 2o in all cases.

To our knowledge, these are the first tomographic constraints
on the emissivity of the diffuse astrophysical background of high-
energy neutrinos.

4.4 Consistency tests

We performed a number of tests to evaluate the consistency and
robustness of the results presented in the previous section.
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Table 3. 68% confidence level tomographic constraints on both b, i1,
(in units of 10¥ Mpc—3 yr~1)and b, p, (in units of 10*> erg Mpc =3 yr~1),
effectively assuming a constant value within each redshift bin. In the
second column, we show the average redshift of each bin together with
the standard deviation of the associated redshift distribution for each
galaxy catalogue.

Zav = Oz bv ﬁ-v bv va
2MPZ 0.064 £ 0.026 47+35 7.3£6.3
WIxSC 0.23+:0.09 3.7£52 2.8+8.4
DECaLS 0.50 +£0.13 19+15 13+£21
Quaia 1.72 £ 0.66 310 £ 250 330 £ 250

First, to enable a more direct comparison with A. Ouellette &
G. Holder (2024), we obtained constraints assuming a redshift
dependence of the neutrino emissivity modelled after the ex-
pected distribution of galaxies from the Vera Rubin telescope
LSST Science Collaboration (2009), peaking at z ~ 1:

buﬁv(Z) :Nbv fR(Z); bvﬁv(z) :prv fR(z)» (31)

with  fr(z) = (1 +z)*exp(—z?). In this case, we find
Nb, = (4.34+2.4)-10¥ Mpc3yr! and N,b, = (5.1£4.1)-
10% ergMpc > yr~!. The amplitude in the case of the number-
based intensity map is compatible with zero within 2o, in
qualitative agreement with A. Ouellette & G. Holder (2024),
who find b, fastro = 0.26 £ 0.13 for this model (where f,qy, is the
fraction of astrophysical neutrinos in the IceCube data). As with
our other models, the energy-based intensity map recovers an
amplitude that is more compatible with zero (within 1.20).

As a robustness test against the impact of atmospheric neu-
trinos on our conclusions, we repeated the analysis binning the
neutrino data set into three energy bins: 10° GeV < ¢, < 10* GeV,
10* GeV < g, < 10° GeV, and &, > 10° GeV. The resulting con-
straints for these three energy bins are listed in Table 4. Despite
the fact that atmospheric neutrinos are expected to be more domi-
nant at lower energies, the significance of any potential detection
of a cross-correlation with the LSS does not improve at higher
energies (rather the opposite, in fact). It is worth noting that,
at these higher energies the loss of statistics due to the signifi-
cantly smaller data set, may significantly degrade the possibility
of detecting any existing correlations. For context, in the IceCube
data set analysed here, we find 393 804 events with 10° GeV <
&, < 10* GeV, 9521 events with 10* GeV < ¢, < 10° GeV, and 204
events with g, > 10° GeV above the declination cut of —5°.

Additionally, we also test two alternative declination cuts,
keeping only data above § > 4+0° and § > +5°. The results are
again listed in Table 4. The results obtained using our default dec-
lination cut do not change qualitatively: no significant evidence
of a cross-correlation with the galaxy overdensity is observed, and
in fact, the best-fitting amplitude parameters decrease marginally.

Finally, following the recent work by the IceCube collaboration
(R. Abbasi et al. 2025), we generate an atmospheric neutrino
template map by averaging the neutrino map in 50 declination
bins of equal sin(§). We then subtract this template from the
neutrino map and repeat the analysis. We find no significant
difference in this case (in fact, we find a very modest improve-
ment). By correlating the atmospheric template map with galax-
ies, we see that the atmospheric template only contributes to
the lowest multipoles ¢ < 20; owing to this result, we repeat the
analysis, shifting the multipole range by a decade: £ € [20 — 350).
In this case, we observe a slight decrease in the amplitude of
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Table 4. 68% confidence interval for the parameters characterizing the neutrino emission rate in the two source models explored
here. The results listed correspond to the different consistency tests carried out to quantify the impact of atmospheric neutrinos
on our measurements. These correspond to the analysis of neutrino maps in different energy ranges and the use of different

declination cuts.

Model Case Nb,[10¥ Mpc—3yr~!]  N,b,[10% ergMpc—3yr—!] a
103 GeV < g, < 10* GeV 5.6+3.3 8.0+5.8 —26+14
10% GeV < g, < 10° GeV —0.018 £ 0.021 —0.48 +0.45 —27+14
g0 > 10° GeV 0.00009 =+ 0.00031 0.064 + 0.064 —25+1.4
Power law § > +0° 41+3.4 5.2+6.3 —2.7+1.4
8> +5° 14+34 1.8+ 6.4 —27+14
Substract atm. template 5.6+3.1 83+5.6 —28+14
£ € [20 — 350) 51+3.2 7.7+5.8 —28+14
103 GeV < g, < 10* GeV 40+2.1 49435
10% GeV < g, < 10° GeV —0.011 £ 0.013 —0.284+0.25
g0 > 10° GeV 0.00012 = 0.00020 0.054 4 0.038
Peak 8> +0° 27421 3.6 +3.7
8> +5° 1.1+21 24439
Substract atm. template 35+1.8 42+3.1
£ € [20 — 350) 34420 42432

the best-fitting parameters. This is expected, since most of the
constraining power comes from small ¢ due to the shape of the
effective beam. We collect these results in Table 4.

Overall, these tests show that our results are robust with respect
to the different methods used to minimize the impact of the un-
known atmospheric contamination. This allows us to confidently
interpret our results as at best marginal detection of a correlation
between the IceCube high-energy neutrinos and the low-redshift
LSS. Nevertheless, by examining the cross-correlation with the
unnormalized neutrino intensity maps, we are able to place upper
bounds on physical parameters that quantify the expected back-
ground neutrino emissivity from extragalactic sources.

5 DISCUSSION AND CONCLUSION

In this work, we have computed the angular, harmonic cross-
correlation between the IceCube 10-year point source neutrino
data set and galaxies, in order to test whether neutrino sources
positively correlate with the large-scale structure. Our analysis,
leveraging a tomographic approach with four distinct galaxy cat-
alogues spanning the redshift range 0 < z < 3, yields constraints
on the clustering and emissivity properties of high-energy neu-
trino sources. We do not find sufficiently compelling evidence for
a positive correlation between the neutrino intensity maps and
the large-scale structure, with all cross-correlations being com-
patible with zero within 1-2¢. We introduce two simple models
to describe the neutrino source distribution while keeping the
number of free parameters to a minimum, and constrain the
amplitude of the neutrino emission rate to be b, 7, = 5.8 & 3.6 x
10 Mpc~3yr~! and b, i, = 4.0 £ 2.1 x 10" Mpc~3yr~! for the
power-law and peak models, respectively. Both models produce
similarly significant results for the comoving number density rate
of neutrinos, not reaching the 2o level (see Table 2). These results
allow us to constrain the physical density rate as reflected in
Fig. 5. In the power law case, we also attempt to estimate the
power law index a, but the data is not sufficiently sensitive to
constrain it beyond its prior.

We also take advantage of the range of redshifts covered
by the galaxy samples used here to determine the redshift de-
pendence of the bias-weighted neutrino emission rate in a to-
mographic and model-independent. The results are shown in

Table 3, and allow us to constrain the emission rate from b, 7, =
(4.7£3.5) x 10¥ Mpc3yr~! for the low-redshift 2MPZ cata-
logue, at z >~ 0.06, to b, i, = (310 # 250) x 10* Mpc 3 yr~! for
the high-redshift Quaia sample, at z ~ 1.7. Although the mean
emissivity grows with redshift, the statistical uncertainties grow
in tandem, and we do not find evidence of a positive correlation
in any redshift bin beyond 2o

A minor shortcoming of this analysis is our treatment of the
large-scale galaxy bias as a fixed, known quantity, given its rel-
atively small uncertainties derived from the galaxy autocorrela-
tion. As the sensitivity of neutrino observatories increases, and
if a detection of the correlation between the neutrino signal and
the large-scale structure is made, fully propagating all parameter
uncertainties will become of vital importance. In this case, this
could be easily achieved through a joint analysis of the galaxy
autocorrelation and the galaxy-neutrino cross-spectra analysed
here.

These findings are consistent with and complementary to pre-
vious searches for a neutrino-large-scale-structure correlation.
Compared to the analyses of K. Fang et al. (2020) and A. Ouel-
lette & G. Holder (2024), our method can determine the physi-
cal parameters describing the neutrino flux, namely the number
emissivity #i, and energy emissivity j,, albeit only in combination
with the effective bias b, of astrophysical neutrino sources. This
is made possible by constructing neutrino maps that preserve
the absolute flux scale, which can thus be measured directly in
the event of a significant cross-correlation detection. Our results
can be juxtaposed against the expectations from several classes of
neutrino sources (K. Murase & E. Waxman 2016; K. M. Groth &
M. Ahlers 2025), which, however, suffer from large uncertainties
in both the overall neutrino luminosity and the radial kernels of
the sources.

Next-generation facilities such as the neutrino observatories
IceCube-Gen2 and KM3NeT combined with the depth and sky
coverage of upcoming galaxy surveys such as the Vera C. Rubin
Observatory (LSST) and Euclid will significantly improve the sen-
sitivity of cross-correlations between neutrinos and galaxies. This
will increase the potential to make a detection of this correlation,
improve our understanding of astrophysical neutrino sources and
emission mechanisms, and potentially use neutrinos as a cosmo-
logical probe. Until then, further improvements will depend on

MNRAS 546, 1-10 (2026)
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a more robust modelling of the atmospheric flux, which would
allow us to more reliable subtract this dominant source of con-
tamination.

Measuring the neutrino emissivity as a function of redshift
would provide a direct estimate of the total neutrino luminosity
density of the Universe at a given epoch. This can be compared
with theoretical predictions for various candidate source popu-
lations such as star-forming galaxies, specific classes of active
galactic nuclei, or tidal disruption events, thereby providing a
powerful tool to discriminate between candidates for the origin
of high-energy neutrinos.
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