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A B S T R A C T 

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 w ork, w e aim t o constrain the emissivity of cosmic high-energy neutrinos fr om e xtrag alactic 
sour ces thr ough their corr elation with the large-scale structur e. We use cr oss-corr elations betw een the IceCube 10-y ear 
data set and tomographic maps of the galaxy overdensity to place constraints on the bias-w eight ed 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 -la w model ∝ (1 + z) a , and a model tracking the star formation history, assuming a simple power -la w 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 σ

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 e xtrag alactic neutrino sour ce models. With futur e neutrino and galaxy data sets, we expect 
the constraining and detection power of this type of analysis to increase. 

Key words: neutrinos – astroparticle physics – methods: statistical – large-scale structure of Universe. 
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 INTRODUCTION  

he identification of the sour ces r esponsible for the diffuse flux
f high-energy astrophysical neutrinos, first det ect ed by the Ice- 
ube Observatory (M. G. Aartsen et al. 2013 ), is an open prob-

em in contemporary astrophysics. Although specific sources or 
ource classes have been associated with observed high-energy 
eutrinos (M. G. Aartsen et al. 2018 ; R. Abbasi et al. 2022 , 2023 ),

hese identifications collectively account for only a minor com- 
onent of the total measured flux. The overwhelming majority 
f these high-energy events exhibit a distribution of arrival di- 
ections consistent with large-scale isotropy (M. G. Aartsen et al. 
020 ), thereby leaving the characteristics of the dominant source 
opulations largely undetermined. Searching for anisotropies in 

he celestial distribution of neutrino arrival directions is among 
he most promising methods to identify the underlying neutrino 
our ce population. Astr ophysical neutrinos ar e e xpect ed t o be
roduced in extragalactic sources whose distribution traces that 
f the large-scale structure (LSS) of matter in the Universe. In this
ase, since the large-scale structure is anisotropic, the neutrino 
ux should carry an imprint of this anisotropy. In particular, this
eans that there should be a non-zero cross-correlation between 

he arrival directions of the neutrinos and the distribution of 
 E-mail: urena@fzu.cz 
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atter in the Universe, for instance as traced by galaxies (K. Fang
t al. 2020 ; A. Ouellette & G. Holder 2024 ) or the unresolved
amma-ra y sk y (M. N egr o et al. 2023 ). Statistical anisotr opies ar e
n particular useful when direct source association is challenging 
o perform due to the low astrophysical neutrino purity among 
arge amount of neutrinos det ect ed. 

The angular cr oss-corr elation between cosmic messengers and 

alaxy catalogues has emerged as a powerful tool for determining 
he properties of the sources of gamma rays (A. Cuoco et al.
015 ), ultr a-high-energy cosmic r ays (F. R. Urban, S. Camera &
. Alonso 2021 ), and gravitational waves (A. Raccanelli et al.
016 ). The measurement of the cross-power spectrum between 

 neutrino sky map and a galaxy survey permits a statistical de-
ection of a correlation between the two fields, which in turn can
e used to constrain the characteristics of the neutrino source 
opulation, even when the emission from any individual source is 
elow the threshold for direct detection. In this work, we develop
 cr oss-corr elation analysis in or der to measur e the pr oduct of 
he neutrino source bias and the comoving neutrino emissivity 
or comoving neutrino energy emissivity). In order to do so, we
tilize t en y ears of IceCube muon-track data (IceCube Collab-
ration 2021 ) and four broad galaxy and quasar catalogues: the
MASS Photometric Redshift catalogue (2MPZ; M. Bilicki et al. 
014 ), the WISExSuperCOSMOS catalogue (WIxSC; M. Bilicki 
t al. 2016 ), a sample from the DESI Legacy Imaging Surveys
DECaLS; Q. Hang et al. 2021 ), and the Gaia-unWISE quasar
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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atalogue (Quaia; K. Storey-Fisher et al. 2024 ). These catalogues
ollectiv ely cov er the br oad r edshift range z � 3 . The r esult-
ng measurements are int erpret ed in terms of two distinct phe-
omenological models for the unknown redshift evolution of the
ource population – for which we can derive constraints on their
odel parameters – or in a model-independent way by taking

dv antage of the tomogr aphic cover age of our galaxy catalogues.
Our analysis builds upon the cr oss-corr elation studies of K.

ang et al. ( 2020 ), A. Ouellette & G. Holder ( 2024 ), but differs in
hat we focus on the physical parameters that define the absolute
eutrino flux, in particular the comoving neutrino emissivity and

he comoving neutrino energy emissivity, together with the linear
ias between neutrinos and the large-scale structure. Our method
llows us to employ the cr oss-corr elation to obtain a measure
f these physical parameters, which has not previously been re-
orted in the literature. 
The paper is organised as follows: in Section 2 , we define

he neutrino flux via the comoving neutrino emissivity and the
omoving neutrino energy emissivity, and describe the angular,
armonic cr oss-corr elation between neutrinos and g alaxies; in
ection 3 , we introduce the neutrino and galaxy data and detail
ow we build the neutrino and galaxy maps from these data;

n Section 4 , we present our analysis and our results. Finally,
n Section 5 , we summarize our results and give an outlook for
uture work. 

 T H EORY  

.1 Neutrino intensity and emissivity 

e start by defining the neutrino intensity I N ( ̂  n ) from a position ̂  n
n the sky as the number of neutrinos observed per unit time, en-
rgy, det ect or area, and solid angle (all measured in the observer’s
rame): 

 N := 

d N o 

d ε o d t o d A o d�o 
. (1) 

onsidering sources emitting from a range of comoving distances
χ around χ , we can relate the intensity I N ( ̂  n ) to the neutrino
missivity j N (the number of neutrinos emitted per unit energy,
ime, and volume in the emit ter’s fr ame, also r eferr ed to as the
eutrino production rate density) as 

 I N := 

j N ( χ ˆ n , z , ε e ) 
4 π (1 + z) 3 

d χ := j N,c ( χ ˆ n , z , ε e ) 
d χ

4 π
, (2) 

here j N,c is the comoving emissivity. Quantities labelled o or e
re in the observer or emit ter fr ames, respectively. Assuming that
he neutrinos only lose energy because of cosmological redshift,
he line- of- sight int egral v ersion of this relation is 

 N ( ̂  n , ε o ) = 

∫ d χ

4 π
j N,c ( χ ˆ n , z , ε o ( 1 + z)) . (3) 

n practice, the quantity we measure is the intensity integrated
ver a given energy band ε min ≤ ε ≤ ε max : 

 N ( ̂  n ) := 

∫ ε max 

d ε o I N ( ̂  n , ε o ) . (4) 
NRAS 546, 1–10 (2026) 

ε min 
.2 Modelling the emissivity 

n order to model the emissivity we use a simple model in which
ll sources have the same spectrum s (ε e ) , which we can write as 
d E 

d t e d ε e 
:= L ν s (ε e ) , (5) 

here L ν is the total energy emitted in the form of neutrinos per
nit time, such that 

∫ 
dε e s (ε e ) = 1 . Given a comoving luminosity

unction for the sources d n c /d L ν , one can express the comoving
eutrino emissivity as 

j N,c ( r , z , ε e ) = 

s ν ( ε e ) 
ε e 

∫ 
d L ν L ν

d n c 

d L ν

( r , z , L ν ) , (6) 

here r := χ ˆ n . Modelling the energy spectrum as a power -la w
pectrum with spectral index β (i.e. s ν (ε e ) ∝ ε 

β
e ), we can e xpr ess

verything in terms of the observed energy as 

 N ( ̂  n ) = 

∫ d χ

4 π
˙ n ν ( χ ˆ n , z ) 

(1 + z) 1 −β
, (7) 

here w e hav e introduced the comoving emission density rate of 
eutrinos int egrat ed ov er the energy band 

˙  ν ( r , z ) := 

∫ ε max 

ε min 

d ε o j N,c ( r , z , ε o ) 

= 

∫ ε max 

ε min 

d ε o 
s ν (ε o ) 

ε o 

∫ 
d L ν L ν

d n c 

d L ν

( r , z , L ν ) . (8) 

iven the 3D matter overdensity δ( χ ˆ n , z ) we can write ˙ n ν ( r , z ) :=
˙ ¯ ν ( z ) [1 + b ν δ( r , z )] , where ˙ n̄ ν ( z ) is the average comoving neu-
rino number density rate, and b ν is the luminosity-w eight ed bias
f neutrino - emitting sources 

 ν := 

∫ 
d L ν L ν (d ̄n c / d L ν ) b(L ν ) ∫ 

d L ν L ν (d ̄n c / d L ν ) 
, (9) 

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

.3 Energy weights 

n the previous section, we assumed that what we measure is the
umber of neutrinos in a given energy band (and from a given
irection). How ev er, since w e can also measure the energy of 
ach neutrino, we can also measure the total energy in neutrinos
er unit time, solid angle, det ect or area, and neutrino energy: 

 E := 

d E o 

d ε o d t o d A o d�o 
= ε o I N . (10) 

ntroducing the comoving energy emissivity (also referred
o as the neutrino luminosity density) j E,c (ε e ) := ε e j N,c (ε e ) =
 ν ( ε e ) 

∫ 
dL ν L ν

dn c 
dL ν

( r , z , L ν ) , we find 

 E ( ̂  n ) = 

∫ d χ

4 π
j E,c ( χ ˆ n , z , ε o ( 1 + z)) . (11) 

imilarly to the previous subsection, we integrate in energy and
ssume a power law with a spectral index β to finally obtain 

 E ( ̂  n ) = 

∫ ε max 

ε min 

d ε o I E ( ̂  n , ε o ) = 

∫ d χ

4 π
˙ ρb 
ν ( χ ˆ n , z ) 

(1 + z) −β
, (12) 

here we defined the comoving neutrino energy density rate as 

˙ ν ( r , z ) := 

∫ ε max 

ε min 

d ε o j E,c ( r , z , ε o ) 

= 

∫ ε max 

ε 

d ε o s ν ( ε o ) 
∫ 

d L ν L ν

dn c 

d L ν

( r , z , L ν ) . (13) 

min 
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ust as before, this quantity can be relat ed t o the 3D matt er ov er-
ensities as ˙ ρν ( r , z ) := 

˙ ρ̄ν ( z ) [1 + b ν δ( r , z )] . 

.4 Harmonic- space cross- correlations 

iv en a matt er tracer U defined on a tw o - sphere, we can define its
D anisotropies �U as a projection of the 3D matter overdensities
( χ ˆ n , z ) : 

U ( ̂  n ) := 

∫ 
d χ q U (χ ) [ b U ū ](z) δ(χ ˆ n , z) , (14) 

here, for the neutrino fluxes above, q U (χ ) is the radial kernel
 U (χ ) := [4 π (1 + z) 1 −β] −1 and ū is either ˙ n̄ ν or ˙ ρ̄ν . 

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

g ( ̂  n ) := 

∫ 
d χ q g ( χ ) b g δ( χ ˆ n , z ) , (15) 

here the radial kernel in this case is given by 

 g (χ ) := H(z) 
d p 
d z 

, (16) 

 g is the galaxy bias and d p/d z is the redshift distribution of 
alaxies in the catalogue. 

In the Limber appr o ximation, which is valid for broad kernels
uch as those we employ here (M. LoVerde & N. Afshordi 2008 ),
he cr oss-corr elation between �U and �g is 

 

U G 

 := 

∫ d χ

χ2 q g ( χ ) q U ( χ ) b g [ b ν ū ]( z ) P ( k 
 , z ) , (17) 

ith P ( k, z ) being the matt er pow er spectrum and the wav enum-
er k 
 is related to the harmonic multipole 
 as k 
 := (
 + 1 / 2) /χ .

Assuming all bias paramet ers t o be constant for simplicity, we
an pull them out of the integrals in the cr oss-corr elations to
nally obtain 

 

I N G 

 = b g 

∫ d χ

χ2 q g ( χ ) 
b ν ˙ n̄ ν ( z ) 

4 π ( 1 + z) 1 −β
P ( k 
 , z ) , (18) 

 

I E G 

 = b g 

∫ d χ

χ2 q g ( χ ) 
b ν ˙ ρ̄ν ( z ) 

4 π ( 1 + z) −β
P ( k 
 , z ) , (19) 

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

 

G G 

 = b 2 g 

∫ d χ

χ2 [ q g ( χ )] 2 P ( k 
 , z ) . (20) 

.5 Modelling the neutrino emission rate 

s discussed in Section 2.2 , the neutrino flux fluctuations depend 

n the luminosity function of the neutrino sources, as well as
heir evolution in time, their clustering properties, and the neu- 
rino energy spectrum. How ev er, the cr oss-corr elation measur e-

ents are only sensitive to the final neutrino emission rates ˙ n̄ ν or
˙ ¯ν (equations 8 and 13 ), resulting from integrating the luminosity 
unction, multiplied by the effective bias of the neutrino sources 
 ν . Since the nature of the astrophysical neutrino sources is not
nown, in this w ork w e will use simple parametrizations to char-
cterize the redshift dependence of the bias-w eight ed emission 

ates. In particular, we will consider three models: 

(i) A power -la w model of the form 

 ν
˙ n̄ ν ( z ) = Nb ν (1 + z) a ; b ν ˙ ρ̄ν (z) = N ρb ν (1 + z) a . (21) 
(ii) A peak model tracking the star formation history. In this 
ase: 

 ν
˙ n̄ ν ( z ) = Nb ν f SFR ( z ) , b ν ˙ ρ̄ν ( z ) = N ρb ν f SFR ( z ) , (22) 

here f SFR ( z ) is a redshift-dependent function that describes the
volution of the star-formation rate density ρSFR as proposed by 
. Madau & M. Dickinson ( 2014 ): 

f SFR ( z ) ≡ ( 1 + z) 2 . 7 

1 + ( ( 1 + z) / 2 . 9) 5 . 6 
. (23) 

(iii) A tomographic model, in which the bias-w eight ed emis- 
ion rates are characterized by their values at the mean redshifts
f the four galaxy samples studied here, which we constrain from
he separate analysis of each cr oss-corr elation. 

Her e, N and N ρ ar e normalization constants with units
f Mpc −3 yr −1 and erg Mpc −3 yr −1 , characterizing the late-time 
ean neutrino emissivity. Due to the degeneracy with the effec- 

ive neutrino bias b ν , we will treat the combinations Nb ν and
 ρb ν as free parameters. Because we do not assume a specific

ype of neutrino source, we do not have an expectation for b ν ;
ow ev er, all but the rarest of astrophysical sources have biases

n the range 1 � b � 5 , and ther efor e b ν should be a quantity
f or der O(1) . Ther efor e, our constraints on Nb ν or N ρb ν will
till allow us to place bounds on the order of magnitude of the
lobal astrophysical neutrino emissivity. In the power -la w model, 
he emissivity decays with redshift at a rate characterized by an
dditional parameter a (assuming a to be negative). In turn, the
eak model follows the star formation history, peaking at z ∼ 2 . 

 DA  T  A  

.1 High-energy neutrinos 

n our analysis, we used the 10-year IceCube point source data set
IceCube Collaboration 2021 ). This data set is composed of track-
ike events in which a muon is detected. The muon produces a
ong track in the det ect or, from which we can obtain the arrival
irection of the muon with an angular resolution of about 1 ◦. 
The IceCube data set is divided into 10 seasons, each of them

ith its own uptime, effective area, and smearing matrix files. 
his last one is a 5D matrix that relates the energy and angular
rror of the reconstructed muon to the true energy, declination, 
nd angular separation of the muon of the original neutrino. For
his w ork, w e will neglect the effects of the smearing matrix, effec-
ively assuming that the parameters of the reconstructed muon 

 epr esent well the original neutrino. We expect this to be a good
ppr o ximation when it comes to energy, since we are considering
ide energy bins. At the energies considered in this work, the

ffect on the angular directions is expect ed t o be similar to the
ngular resolution of the muons. We then expect this angular cor-
ection to have a small impact on the analysis, since large angular
cales contribute the most due to the beaming (see effective beam
elow). The effective area is int erpolat ed t o giv e a continuous
unction A eff (δ, ε o ) . To be precise, the effective area data is binned
n energy and declination. For each bin b , tak e the value of the
ffective area to correspond to an energy E b = 

√ 

E b− E b+ 

and a
eclination δb = 0 . 5 ( δb− + δb+ 

) , where + and − indicate the up-
er and lower limits of the bin, respectively. Then, using a grid of 
oints E b and sin δb , we interpolate linearly to obtain A eff (δ, ε o ) .
e obtain the neutrino maps for each season i separately. Each

v ent contribut es 1 /A eff t o the number int ensity map I i ( ̂  n ) and
MNRAS 546, 1–10 (2026) 
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Figur e 1. N eutrino int ensity maps. The t op panel displays the number- 
density -based map , the bottom panel displa ys the energy -density -based 
map (in GeV units). 
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f  
 o /A eff to the energy intensity map I i E ( ̂  n ) . We then assign a weight
 o each ev ent according t o a 2D Gaussian filter with width corre-
ponding to the angular uncertainty for each event. Considering
ll events as circular Gaussians is an appr o ximation, since mor e
etailed reconstructions often have non-Gaussian distributions
T . Y uan & D. Chirkin 2023 ). Not e that w e e x clude all events with
ffective areas below 10 cm 

2 to avoid numerical artefacts –this
s only relevant for events with high declinations and energies
ver 10 5 GeV. 

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

( ̂  n ) = 

∑ 10 
i =1 Ā 

i 
eff ( ̂  n ) I i ( ̂  n ) 

�pix 
∑ 10 

i =1 T i Ā 

i 
eff ( ̂  n ) 

. (24) 

In this e xpr ession we define �pix as the angular size of each
ixel, T i as the uptime of season i , and Ā 

i 
eff ( ̂  n ) as the effective

rea av eraged ov er all energies for season i . The latter one we
btain by dividing the energy range into small energy bins and
ssuming that in each bin the neutrinos follow a power law with
 spectral index α. Let (ε n , ε n +1 ) be the edges of the n th interval,
ith ε 1 := ε min and ε N+1 := ε max the minimum and maximum

alues, respectiv ely. Then the av erage effectiv e area for each pixel
s calculated as 

¯
 

i 
eff ,p = 

1 
ε α+1 

max − ε α+1 
min 

N ∑ 

n =1 

A eff 

(
δp , 

ε n +1 − ε n 

2 

)
[ ε α+1 

n +1 − ε α+1 
n ] . (25) 

or this w ork, w e choose α = −3 . 7 corresponding to the tilt of 
tmospheric neutrinos (M. G. Aartsen et al. 2015 ). Note that
quation ( 25 ) is only used to weight seasons against each other
n a semi-optimal way. One could skip this step, and the analysis
ould still be valid, but less optimal in terms of the noise proper-

ies of the coadded map. 
Not all det ect ed muons in a giv en energy range are coming

r om astr ophysical neutrinos. Indeed, the largest muon contribu-
ion is atmospheric muons, that is, muons that are generated as
econdary particles in the cosmic ray interactions in the atmo-
phere of the Earth. Given the location of IceCube, taking events
ith a declination larger than −5 ◦ allows us to screen many of 

hese atmospheric muons. The second largest muon contribu-
ion is from atmospheric (rather than astrophysical) neutrinos.
tmospheric neutrinos originate from cosmic r ay inter actions in

he atmosphere; these neutrinos produce muons that are then
et ect ed. We cannot av oid this back gr ound, but we know that
he fraction of astrophysical (atmospheric) neutrinos increases
decreases) with energy. Hence, for our analysis, we focus on the
ighest energies in the range ε min = 10 3 to ε max = 10 6 GeV, for a

otal of 403,529 neutrinos. Note that the atmospheric neutrinos
o not correlate with the LSS, so they will not bias our measure-
ents, but they will contribute to the statistical uncertainties of 

he cr oss-corr elation. 
Once the final map is construct ed, w e comput e the effect of 

nite angular resolution following the fiducial estimate of the
ffective beam described in A. Ouellette & G. Holder ( 2024 ). In
rder to do so, we compute the effective beam function B 

eff 

 :=

 ̄

νν̄

 /C 

νν

 , where C ̄

νν̄

 is the autocorrelation for the map with the

ndividual Gaussian beams and C 

νν

 is the same for the neutrino

ap without any smoothing. We will multiply equations ( 18 ) and
 19 ) by B 

eff 

 before comparing with the data. The finite resolution

f IceCube limits the range of scales over which significant infor-
ation can be extracted to 
 � 100 (see fig. 4 in A. Ouellette & G.
older ( 2024 )). 
NRAS 546, 1–10 (2026) 
In this w ork, w e will build neutrino maps with all neutrinos
ithin the energy range above as well as maps of neutrinos
inned in energy in order to constrain the astrophysical neu-
rino emission rate as a function of observer-frame energy and to
uantify the stability of our results against the presence of atmo-
pheric neutrinos, which are more prominent at low energies. 

Since we expect the angular distribution of atmospheric events
 o be dominat ed mostly by v ery large-scale features, w e sub-
ract the harmonic-space monopole (namely, the average over
he map) and dipole from all our neutrino maps. This reduces
he impact of the atmospheric neutrino contamination on the
tatistical uncertainties of the power spectra at higher 
 s, arising
rom mode-coupling due to the sky mask. 

Lastly, since we are interested in the physical values of the neu-
rino number density rate, equation ( 8 ), and energy density rate,
quation ( 13 ), unlike A. Ouellette & G. Holder ( 2024 ), we will
ot normalize our neutrino maps by dividing by the monopole.
or completeness, when integrated over the full energy range,
he value of the monopole is 3 . 97 × 10 −8 cm 

−2 s −1 sr −1 for the neu-
rino number flux map and 5 . 80 × 10 −5 GeV cm 

−2 s −1 sr −1 for the
nergy flux map, respectively. The final maps are shown in Fig. 1 .

.2 Galaxy catalogues 

n order t o cov er a broad range of redshifts and to capture
he possible redshift evolution of the neutrino sources, we use
our differ ent g alaxy catalogues. For each catalogue we r estrict
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Figure 2. Redshift distributions of the four galaxy catalogues used here. 
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1 http://healpix.sf.net 
2 https://github.com/LSS TDESC/C CL 
urselv es t o a range of complementary r edshifts in or der to mini-
ize correlations between different bins, as explained in Section 

 (see also D. Alonso et al. ( 2024 ) for further details). 
The first sample is the 2MASS Photometric Redshift catalogue 

MPZ (M. Bilicki et al. 2014 ). The sample was selected by cross-
atching the 2MASS (T. H. J arr ett et al. 2000 ), WISE (E. L. Wright

t al. 2010 ), and SuperCOSMOS (J. A. Peacock et al. 2016 ) all-
ky surveys. A neural network approach is used t o deriv e phot o-
etric redshifts with a precision of σz = 0 . 015 , with the median

edshift being of z m 

= 0 . 08 . For our sample, we select galaxies
ith photometric redshift z < 0 . 1 , which gives us a sample with
ean redshift z av = 0 . 064 and 476 190 galaxies in total. For this

atalogue, we will also employ the mask described in N. Kouk- 
ufilippas et al. ( 2020 ) to remove the galactic plane and other
egions contaminated by stars or dust. 

The second sample is the WISE × SuperCOSMOS catalogue: 
I ×SC (M. Bilicki et al. 2016 ). This catalogue is obtained by

ross-matching WISE and SuperCOSMOS. It has a median red- 
hift of z m 

= 0 . 2 and a redshift normalized scatter of σz = 0 . 033 .
e apply the same corrections as described in N. Koukoufilippas 

t al. ( 2020 ). For our w ork, w e choose a sample with photometric
edshift 0 . 1 < z < 0 . 4 with a mean redshift of z av = 0 . 23 , which
onsists of 16 325 449 galaxies. 

The third catalogue is built from the DESI Legacy Imaging 
urveys: DECaLS (A. Dey et al. 2019 ). This is a combination of the
ark Energy Camera Legacy Survey (B. Flaugher et al. 2015 ), the
eijing- Arizona Sk y Survey (H. Zou et al. 2019 ), and the Mayall
-band Legacy Survey (A. Dey et al. 2016 ). Specifically, we use
he sample selected by Q. Hang et al. ( 2021 ) and apply their
orrections for sky contamination. Our sample has a photometric 
edshift range of 0 . 3 < z < 0 . 8 , with an average of z av = 0 . 50 . 

The last catalogue is the Gaia-unWISE quasar catalogue: Quaia 
K. Storey-Fisher et al. 2024 ). This catalogue is built from com-
ining the Gaia quasar sample (A. Vallenari et al. 2023 ) and the

nfrared data from unWISE (A. M. Meisner et al. 2019 ). The sky
ontamination is corrected with a selection function as described 

n K. Storey-Fisher et al. ( 2024 ). Using this selection function, we
an build the sky mask as described in D. Alonso et al. ( 2023 ). Our
elected sample has galaxies with 0 . 8 < z < 5 , with an z av = 1 . 72 ,
or a total of 1092 207 quasars. 

In Fig. 2 , we show the redshift distributions for the four
alaxy catalogues after corrections to the photometric redshifts, 
ormalized to unit peak. The redshift distributions for the two 
ow-r edshift samples wer e estimated via dir ect calibration, using
r oss-matched spectr oscopic samples w eight ed in colour space
details can be found in A. Paopiamsap et al. ( 2024 )). In turn,
he redshift distributions of the two high-redshift samples were 
stimated by stacking the photo- z probability distributions for all 
alaxies in the sample (see Q. Hang et al. ( 2021 ) and D. Alonso
t al. ( 2023 ) for details about the DECaLS and Quia samples,
espectively). The combination of all 4 catalogues allows us to 
over the full redshift range out to z ∼ 3 , with limited overlap
etween samples. In Fig. 3 , we show the sky coverage of each
urv ey in equat orial coordinat es; only declinations abov e −5 ◦ are
seful for us due to the constraints on the neutrino map. 
All the neutrino and galaxy maps are built with HEALPix 

K. M. Górski et al. 2005 ) as implemented by healpy (A. Zonca
t al. 2019 ). 1 We use N side = 256 , corresponding to a pixel size of 
θ � 0 . 22 ◦. This is sufficient, given the limited angular resolution
f the neutrino observations ( δθν ∼ 0 . 7 ◦). The dipole component
f the neutrino maps was subtracted using the remove_dipole 
ethod implemented in healpy . 

 METHODOL  OG  Y  AND  R E S U LT S  

o place constraints on the neutrino emissivity from cross- 
orrelations with the galaxy catalogues described abov e, w e use a
omographic approach consisting of three stages. 

(i) In the first st ep, w e comput e the galaxy pow er spectrum and
he cross-power spectrum between the g alaxy over density and 

he neutrino intensity maps, as well as their covariance matrix. 
or this, we employ the pseudo- C 
 estimator as implemented in
aMaster (D . Alonso, J . Sanchez & A. Slosar 2019 ), in order to
roperly take into account the partial sky coverage of all our data
ets. 

(ii) We then estimate the theory power spectra from equa- 
ions ( 18 ), ( 19 ), and ( 20 ) while varying the free parameters of each

odel (see Section 2.5 ). The theory spectra are obtained with the
ore Cosmology Library (N. E. Chisari et al. 2019 ). 2 We assume
 flat �CDM cosmology with parameters �c = 0 . 25 , �b = 0 . 05 ,
k = 0 , σ8 = 0 . 81 , n s = 0 . 96 , h = 0 . 67 and no massive neutrinos.
(iii) In the last st ep, w e det ermine the free parameters by com-

aring the theory power spectra with the data through a likeli-
ood analysis, which we describe below. 

.1 Galaxy bias 

o estimate the galaxy bias parameter b g for each of the samples
sed here, we use a Gaussian likelihood of the form 

 (b g ) := −1 
2 

(
C D − C M 

(b g ) 
)T M 

−1 (C D − C M 

(b g ) 
)

, (26) 

here the data v ect or C D := C 

G G 

 contains our measurement of 

he galaxy power spectrum, and C M 

(b g ) is the theoretical pre-
iction for these measurements, dependent on b g . M 

−1 is the
nverse covariance matrix for C D . As described in Section 2 , we
ssume a linear bias model to describe the clustering of galax-
es. This is only valid on relatively large scales, and ther efor e
e only use multipoles in the range 
 ≤ k max χ ( ̄z ) , where χ ( ̄z ) is

he comoving distance to the mean redshift of the sample, and
MNRAS 546, 1–10 (2026) 
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Figure 3. Sky coverage of the four different galaxy catalogues used. 
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 max = 0 . 15 Mpc −1 . We assume a constant bias parameter for
he 2MPZ, WI ×SC, and DECaLS samples. In the case of Quaia,
iven its broad redshift distribution, we account for the red-
hift evolution by assuming a redshift-dependent bias of the
orm b Quaia ( z ) = b g ( 0 . 278( ( 1 + z) 2 − 6 . 565) + 2 . 393) , where b g is
 free parameter and the functional form is a numerical fit to the
easur ed r edshift evolution of quasar bias in P. Laurent et al.

 2017 ). 
Doing this, we determine the bias parameters of each sample

o be: 

b 2MPZ 
g = 1 . 212 ± 0 . 027 , b WI ×SC 

g = 1 . 1608 ± 0 . 0072 (27) 
b DECaLS 

g = 1 . 4783 ± 0 . 0059 , b Quaia 
g = 1 . 050 ± 0 . 034 . (28) 

 self-consistent analysis pr opag ating the uncertainties in the
easur ed g alaxy bias when constraining the neutrino emission

ate from the neutrino - galaxy cross- correlation would call for a
oint likelihood combining both power spectra ( C 

GG 

 and C 

I N G 

 ),

imultaneously constraining b g and the neutrino emission prop-
rties. Nev ertheless, giv en the high precision with which the lin-
ar bias of these samples is det ermined, w e opt t o simply treat
hem as fixed parameters in the analysis of the neutrino - galaxy
r oss-corr elation, using the values above. 

.2 Cr oss-corr elation measur ements 

ig. 4 shows the cr oss-corr elations between the neutrino number
nd energy flux maps (top and bottom panels, respectively), and
he four different galaxy samples studied here. The contribution
rom atmospheric neutrinos is most prominent at low multipoles,
ignificantly degrading the statistical uncertainties of the mea-
ur ement. We ther efor e discar d all data below multipole 
 min =
0 in our analysis. Our measurements are binned into bandpow-
rs with a constant width �
 = 30 , and we use all measurements
p to 
 max = 340 . Due to the limited resolution of the neutrino
NRAS 546, 1–10 (2026) 
bservations, no significant information can be g ather ed beyond
his scale, as noted in A. Ouellette & G. Holder ( 2024 ). Fur-
hermore, w e hav e v erified that the r esults r eported her e do not
hange significantly when varying the maximum multipole 
 max .

To quantify the significance with which a cr oss-corr elation
ignal is det ect ed, w e estimat e its signal-t o-noise ratio (SNR) as 

NR = sign (S ) 
√ 

| S | , S = C 

T 
D M 

−1 C D − N dof , (29) 

here C D is a v ect or containing a given cr oss-corr elation mea-
urement (between a galaxy sample and either the number or
nergy flux maps), and M 

−1 is the inverse covariance matrix of 
his measurement. The number of degrees of freedom in this case
s the number of data points (i.e. the size of C D ), and accounts
or the expected value of the null chi-squared χ2 

0 ≡ C 

T 
D M 

−1 C D 
or purely noise-like data compatible with zero. The SNRs of the
ifferent samples studied here are listed in Table 1 . 
As the table shows, we do not find evidence of a clear corre-

ation between the IceCube neutrino maps and the LSS tracers
tudied here. This can be visually verified in Fig. 4 , where all
r oss-corr elation measur ements ar e compatible with zer o corr e-
ation within the statistical uncertainties. This is in qualitative
greement with the results of A. Ouellette & G. Holder ( 2024 ),
ho did not find strong evidence of correlation between the neu-

rino map and the galaxy ov erdensity. Not e, how ev er, that the
uthors found t entativ e det ections of a non-zer o cr oss-corr elation
ith some of their galaxy samples (at the level of ∼ 2 σ at most).

t is worth noting that the methods used here differ significantly
rom those of A. Ouellette & G. Holder ( 2024 ), particularly their
ormalization of the neutrino counts by the local mean density
f neutrino events. This pr ocedur e may enhance the sensitivity
f the resulting map to cr oss-corr elations with LSS tracers, at the
ost of losing information about the unnormalized amplitude of 
he neutrino anisotropies that do correlate with the LSS. Avoid-
ng this is what allows us to translate our measurements into
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Figure 4. Top panel: number-based neutrino - galaxy cross- correlation 
for the galaxy catalogues 2MPZ (green), WI × SC (yellow), DECaLS (red), 
and Quaia (magenta). Bottom panel, energy-based neutrino - g alaxy cr oss- 
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 cr oss-corr elation of 
the neutrino map with each g alaxy catalogue. Her e, SNR N and SNR ρ

are the SNRs for the number- and energy-w eight ed neutrino flux maps. 

Galaxy catalogue SNR N SNR ρ

2MPZ −1 . 26 −0 . 51 
WI ×SC −1 . 34 −1 . 80 
DECaLS −2 . 38 −2 . 46 
Quaia 1 . 67 1 . 51 

c
n

4

T
s  

Table 2. 68% confidence level constraints on the free parameters of 
the power -la w and peak models used to describe the neutrino emission 
rates (see Section 2.5 ). The constraints on the amplitude parameters Nb ν
and N ρb ν are given in units of 10 45 Mpc −3 yr −1 and 10 45 erg Mpc −3 yr −1 , 
respectively. 

Model Nb ν N ρb ν a 

Power law 5 . 8 ± 3 . 6 7 . 9 ± 6 . 3 −2 . 7 ± 1 . 4 
Peak 4 . 0 ± 2 . 1 4 . 7 ± 3 . 6 
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3 ht tps://johannesbuchner.github.io/Ultr aNest/ 
onstraints on physical parameters describing the e xtrag alactic 
eutrino emission rate. 

.3 Constraining the neutrino emission rate 

o estimate the neutrino emissivity parameters from the mea- 
ur ed cr oss-corr elations, we mak e use of a lik elihood-based
ayesian infer ence appr oach. As befor e, we assume a Gaussian
ikelihood, now including data from multiple galaxy samples: 

 ( � θ ) := − 1 
2 

∑ 

G 

(
C D,G − C M,G ( � θ ) 

)
( M G ) −1 (C D,G − C M,G ( � θ ) 

)
. (30) 

s before, C D,G is the measured galaxy-neutrino cross-correlation 

or the G th galaxy sample, and C M,G ( � θ ) is the theoretical pre-
iction for this measurement, dependent on the model param- 
ters � θ . M G is the covariance matrix of the measurements. We
ill consider cr oss-corr elations with both the number-based and 

nergy-based neutrino flux maps. The free parameters of the 
heory model are � θ ∈ { a, Nb ν/N ρb ν} or � θ ∈ { Nb ν/N ρb ν} for the
ower -la w and peak neutrino sources redshift distribution mod- 
ls, respectively. For the analysis, we assume β = 2 . 5 following
. Abbasi et al. ( 2024 ), which we use in equations ( 18 ) and
 19 ). We sample this likelihood using the nested sampling Monte
arlo algorithm MLFriends (J. Buchner 2016 , 2019 ) as imple-
ented in the UltraNest package (J. Buchner 2021 ). 3 We as-

ume flat uninformative priors on the amplitude parameters: Nb ν
nd N ρb ν/ erg ∈ 

[−10 4 , 10 4 
] · 10 45 Mpc −3 yr −1 , and we consider 

nly negative values for the index of the power -la w model, with
 ∈ [ −5 , 0 ] . 
We note that the form of the likelihood in equation ( 30 ) as-

umes that there is negligible correlation between the cross- 
orr elation measur ements in the differ ent r edshift bins. This is
ot entirely correct, since the different galaxy samples have a non-
ero overlap in their redshift distributions. This overlap is small, 
ow ev er (see Fig. 2 ), and thus we do not expect this assumption

o affect our results significantly. 
The 68 per cent constraints we obtain on the free parameters 

f the two parametric models considered here are summarized in 

able 2 . For the number-based intensity maps, the corresponding 
mplitude parameters are positive but compatible with zero at the
 . 6 σ and 1 . 9 σ level for the power -la w model and the peak model,
espectively. This is comparable to the significance with which 

he overall amplitude of the cr oss-corr elation was measur ed in
. Ouellette & G. Holder ( 2024 ). The evidence for a positive cor-

elation is smaller for the energy-based intensity maps, with am- 
litude parameters consistent with zero at the ∼ 1 . 3 σ level. We
ote that the power -la w index a is unconstrained within its prior

or both the number-based and energy-based intensity maps. The 
ounds on the neutrino emissivity as a function of cosmic time
 esulting fr om these constraints, at 1 σ and 2 σ , for the power-
aw and peak models, are shown in Fig. 5 . We report only the
onstraints on the number-based emission rate, since the results 
or b ν ˙ ρν are effectively equivalent. 

In addition to constraining these two parametric models 
f the astrophysical neutrino emission rat e, w e make model-
ndependent measurements using the tomographic approach de- 
MNRAS 546, 1–10 (2026) 
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Figur e 5. Allowed r egions for the bias-w eight ed number density rat e 
of neutrinos times in the two parametric models considered here (red 
and blue for the power -la w and peak models). We show the 1 σ and 2 σ
constraints. 

Figure 6. 1 σ and 2 σ allowed regions for the number and energy density 
rates of neutrinos times b ν when considering the galaxy catalogues indi- 
vidually under the assumption of a constant neutrino density rate over 
every single bin. 
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Table 3. 68% confidence lev el t omogr aphic constr aints on both b ν ˙ n̄ ν
(in units of 10 45 Mpc −3 yr −1 ) and b ν ˙ ρ̄ν (in units of 10 45 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. 

z av ± σz b ν ˙ n̄ ν b ν ˙ ρ̄ν

2MPZ 0 . 064 ± 0 . 026 4 . 7 ± 3 . 5 7 . 3 ± 6 . 3 
WI ×SC 0 . 23 ± 0 . 09 3 . 7 ± 5 . 2 2 . 8 ± 8 . 4 
DECaLS 0 . 50 ± 0 . 13 19 ± 15 13 ± 21 
Quaia 1 . 72 ± 0 . 66 310 ± 250 330 ± 250 
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cribed in Section 2.5 , assuming that the emission r ate v aries only
lowly within each redshift bin considered here. Furthermore,
hese constraints are obtained by analysing the cr oss-corr elation
ith the galaxy sample independently from the rest. The results

re shown in Fig. 6 , with the numerical constraints on b ν ˙ n̄ ν and
 ν ˙ ρ̄ν listed in Table 3 . As in the case of the parametric models con-
idered above, although the measured values of the bias-w eight ed
mission rate are consistently positive, both for ˙ n̄ ν and 

˙ ρ̄ν , they are
ompatible with zero within 2 σ in all cases. 

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

.4 Consist ency t ests 

e performed a number of tests to evaluate the consistency and
obustness of the results presented in the previous section. 
NRAS 546, 1–10 (2026) 
First, to enable a more direct comparison with A. Ouellette &
. Holder ( 2024 ), we obtained constraints assuming a redshift
ependence of the neutrino emissivity modelled after the ex-
ected distribution of galaxies from the Ver a R ubin telescope
SST Science Collaboration ( 2009 ), peaking at z ≈ 1 : 

 ν
˙ n̄ ν ( z ) = Nb ν f R ( z ) ; b ν ˙ ρ̄ν ( z ) = N ρb ν f R ( z ) , (31) 

ith f R ( z ) ≡ (1 + z) 2 exp (−z 2 ) . In this case, we find
b ν = (4 . 3 ± 2 . 4) · 10 45 Mpc −3 yr −1 and N ρb ν = (5 . 1 ± 4 . 1) ·

0 45 erg Mpc −3 yr −1 . The amplitude in the case of the number-
ased intensity map is compatible with zero within 2 σ , in
ualitative agreement with A. Ouellette & G. Holder ( 2024 ),
ho find b ν f astro = 0 . 26 ± 0 . 13 for this model (where f astro is the

raction of astrophysical neutrinos in the IceCube data). As with
ur other models, the energy-based intensity map recovers an
mplitude that is more compatible with zero (within 1 . 2 σ ). 

As a robustness test against the impact of atmospheric neu-
rinos on our conclusions, we repeated the analysis binning the
eutrino data set into three energy bins: 10 3 GeV ≤ ε o < 10 4 GeV ,
0 4 GeV ≤ ε o < 10 5 GeV , and ε o ≥ 10 5 GeV . The resulting con-
traints for these three energy bins are listed in Table 4 . Despite
he fact that atmospheric neutrinos are expected to be more domi-
ant at lower energies, the significance of any potential detection
f a cr oss-corr elation with the LSS does not improve at higher
nergies (rather the opposite, in fact). It is worth noting that,
t these higher energies the loss of statistics due to the signifi-
antly smaller data set, may significantly degrade the possibility
f detecting any e xisting corr elations. For conte xt, in the IceCube
ata set analysed here, we find 393 804 events with 10 3 GeV ≤
 o < 10 4 GeV , 9521 events with 10 4 GeV ≤ ε o < 10 5 GeV , and 204
vents with ε o ≥ 10 5 GeV above the declination cut of −5 ◦. 

Additionally, w e also t est tw o alt ernativ e declination cuts,
eeping only data above δ ≥ +0 ◦ and δ ≥ +5 ◦. The results are
gain listed in Table 4 . The results obtained using our default dec-
ination cut do not change qualitatively: no significant evidence
f a cr oss-corr elation with the g alaxy over density is observed, and
n 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
 emplat e map by averaging the neutrino map in 50 declination
ins of equal sin (δ) . We then subtract this t emplat e from the
eutrino map and repeat the analysis. We find no significant
ifference in this case (in fact, we find a very modest improve-
ent). B y corr elating the atmospheric t emplat e map with galax-

es, we see that the atmospheric t emplat e only contribut es t o
he lowest multipoles 
 � 20 ; owing to this result, we repeat the
nalysis, shifting the multipole range by a decade: 
 ∈ [ 20 − 350 ) .
n 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 
her e. The r esults listed corr espond 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 ν
[
10 45 Mpc −3 yr −1 ] N ρb ν

[
10 45 erg Mpc −3 yr −1 ] a 

10 3 GeV ≤ ε o < 10 4 GeV 5 . 6 ± 3 . 3 8 . 0 ± 5 . 8 −2 . 6 ± 1 . 4 
10 4 GeV ≤ ε o < 10 5 GeV −0 . 018 ± 0 . 021 −0 . 48 ± 0 . 45 −2 . 7 ± 1 . 4 
ε o ≥ 10 5 GeV 0 . 00009 ± 0 . 00031 0 . 064 ± 0 . 064 −2 . 5 ± 1 . 4 

Power law δ ≥ +0 ◦ 4 . 1 ± 3 . 4 5 . 2 ± 6 . 3 −2 . 7 ± 1 . 4 
δ ≥ +5 ◦ 1 . 4 ± 3 . 4 1 . 8 ± 6 . 4 −2 . 7 ± 1 . 4 
Substract atm. t emplat e 5 . 6 ± 3 . 1 8 . 3 ± 5 . 6 −2 . 8 ± 1 . 4 

 ∈ [ 20 − 350 ) 5 . 1 ± 3 . 2 7 . 7 ± 5 . 8 −2 . 8 ± 1 . 4 

10 3 GeV ≤ ε o < 10 4 GeV 4 . 0 ± 2 . 1 4 . 9 ± 3 . 5 
10 4 GeV ≤ ε o < 10 5 GeV −0 . 011 ± 0 . 013 −0 . 28 ± 0 . 25 
ε o ≥ 10 5 GeV 0 . 00012 ± 0 . 00020 0 . 054 ± 0 . 038 

Peak δ ≥ +0 ◦ 2 . 7 ± 2 . 1 3 . 6 ± 3 . 7 
δ ≥ +5 ◦ 1 . 1 ± 2 . 1 2 . 4 ± 3 . 9 
Substract atm. t emplat e 3 . 5 ± 1 . 8 4 . 2 ± 3 . 1 

 ∈ [ 20 − 350 ) 3 . 4 ± 2 . 0 4 . 2 ± 3 . 2 
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he best-fitting parameters. This is expected, since most of the 
onstraining power comes from small 
 due to the shape of the
ffective beam. We collect these results in Table 4 . 

Ov erall, these t ests show that our r esults ar e r obust with r espect
o the different methods used to minimize the impact of the un-
nown atmospheric contamination. This allows us to confidently 

nterpret our results as at best marginal detection of a correlation
etween the IceCube high-energy neutrinos and the low-redshift 
SS. Nevertheless, by examining the cross-correlation with the 
nnormalized neutrino intensity maps, we are able to place upper 
ounds on physical parameters that quantify the expected back- 
round neutrino emissivity from extragalactic sources. 

 DISCUSSION  AND  CONCLUSION  

n this w ork, w e hav e comput ed the angular, harmonic cross-
orrelation between the IceCube 10-year point source neutrino 
ata set and galaxies, in order t o t est whether neutrino sources
ositiv ely correlat e with the large-scale structure. Our analysis, 

ev eraging a t omographic approach with four distinct galaxy cat- 
logues spanning the redshift range 0 < z � 3 , yields constraints
n the clustering and emissivity properties of high-energy neu- 
rino sources. We do not find sufficiently compelling evidence for 
 positive correlation between the neutrino intensity maps and 

he large-scale structure, with all cross-correlations being com- 
atible with zero within 1–2 σ . We introduce two simple models
o describe the neutrino source distribution while keeping the 
umber of free parameters to a minimum, and constrain the 
mplitude of the neutrino emission rate to be b ν ˙ n̄ ν = 5 . 8 ± 3 . 6 ×
0 45 Mpc −3 yr −1 and b ν ˙ n̄ ν = 4 . 0 ± 2 . 1 × 10 45 Mpc −3 yr −1 for the
ower -la w and peak models, respectively. Both models produce 
imilarly significant results for the comoving number density rate 
f neutrinos, not reaching the 2 σ level (see Table 2 ). These results
llow us to constrain the physical density rate as reflected in
ig. 5 . In the power law case, we also attempt to estimate the
ower law index a , but the data is not sufficiently sensitive to
onstrain it beyond its prior. 

We also take advantage of the range of redshifts covered 

y the galaxy samples used here to determine the redshift de- 
endence of the bias-w eight ed neutrino emission rat e in a t o-
ographic and model-independent. The r esults ar e shown in 
able 3 , and allow us to constrain the emission rate from b ν ˙ n̄ ν =
4 . 7 ± 3 . 5) × 10 45 Mpc −3 yr −1 for the low-redshift 2MPZ cata-
ogue, at z � 0 . 06 , to b ν ˙ n̄ ν = (310 ± 250) × 10 45 Mpc −3 yr −1 for
he high-redshift Quaia sample, at z � 1 . 7 . Although the mean
missivity grows with redshift, the statistical uncertainties grow 

n tandem, and we do not find evidence of a positive correlation
n any redshift bin beyond 2 σ . 

A minor shortcoming of this analysis is our treatment of the
arge-scale galaxy bias as a fixed, known quantity, given its rel-
tively small uncertainties derived from the galaxy autocorrela- 
ion. As the sensitivity of neutrino observatories increases, and 

f a detection of the correlation between the neutrino signal and
he large-scale structure is made, fully pr opag ating all parameter
ncertainties will become of vital importance. In this case, this 
ould be easily achieved through a joint analysis of the galaxy
utocorrelation and the galaxy-neutrino cross-spectra analysed 

ere. 
These findings are consistent with and complementary to pre- 

ious searches for a neutrino -large- scale- structur e corr elation.
ompared to the analyses of K. Fang et al. ( 2020 ) and A. Ouel-

ette & G. Holder ( 2024 ), our method can determine the physi-
al parameters describing the neutrino flux, namely the number 
missivity ˙ n̄ ν and energy emissivity ˙ ρ̄ν , albeit only in combination 

ith the effective bias b ν of astrophysical neutrino sources. This 
s made possible by constructing neutrino maps that preserve 
he absolute flux scale, which can thus be measured directly in
he event of a significant cr oss-corr elation detection. Our results
an be juxtaposed against the expectations from several classes of 
eutrino sources (K. Murase & E. Waxman 2016 ; K. M. Groth &
. Ahlers 2025 ), which, how ev er, suffer from large uncertainties

n both the overall neutrino luminosity and the radial kernels of 
he sources. 

N e xt-generation facilities such as the neutrino observatories 
ceCube-Gen2 and KM3NeT combined with the depth and sky 
overage of upcoming galaxy surveys such as the Vera C. Rubin
bservatory (LSS T) and E uclid will significantly impr ove the sen-

itivity of cr oss-corr elations between neutrinos and g alaxies. This
ill increase the pot ential t o make a detection of this correlation,

mprove our understanding of astrophysical neutrino sources and 

mission mechanisms, and potentially use neutrinos as a cosmo- 
ogical probe. Until then, further improvements will depend on 
MNRAS 546, 1–10 (2026) 
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 more robust modelling of the atmospheric flux, which would
llow us to mor e r eliable subtract this dominant source of con-
amination. 

Measuring the neutrino emissivity as a function of redshift
ould provide a direct estimate of the total neutrino luminosity
ensity of the Universe at a given epoch. This can be compared
ith theor etical pr edictions for various candidate source popu-

ations such as star-forming galaxies, specific classes of active
alactic nuclei, or tidal disruption events, ther eby pr oviding a
ow erful t ool t o discriminat e betw een candidat es for the origin
f high-energy neutrinos. 
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