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1. Introduction

The origins of ultrahigh energy cosmic rays (UHECRs, 𝐸 ≳ 1018 eV = 1 EeV) remain an open
question in the field of astroparticle physics. A key piece of evidence towards discovering their origin
would be measurement of the distribution of their sources in the universe, i.e. their source evolution.
However, UHECRs observed on Earth probe only a small portion of the universe (≲ 100 Mpc) due
to horizons imprinted by the GZK effect [1, 2] and extragalactic magnetic fields [3].

Recent investigations into the origin of the dipole in UHECR arrival directions [4] have shown
that this dipole can be well-explained if UHECR sources follow the distribution of matter in the
universe [3, 5]. The local matter distribution (hereafter, the local large scale structure (LSS)) is
anisotropic, unlike the homogeneous, isotropic universe at high redshifts. One can understand
the UHECR dipole as being an imprint of UHECRs originating only from our local, anisotropic
supercluster which is then seen through the lens of magnetic deflections in the Galaxy [3].

By contrast, neutrinos have no inherent horizon due to their lack of interactions in propagation.
In particular, ultrahigh energy neutrinos (𝐸 ≳ 30 PeV) are expected to be produced exclusively
through UHECR interactions — unless one invokes beyond the Standard Model mechanisms [6].
Neutrinos can be produced through UHECR interactions both with ambient photons and gas inside
their sources (see e.g. [7]), as well as, with the cosmic microwave background (CMB) and extra-
galactic background light (EBL) [1, 2]. This has two important consequences: first, UHE neutrinos
should trace the distribution of UHECR sources, if UHE neutrinos are dominantly produced by
in-source UHECR interactions (i.e. they are dominantly astrophysical neutrinos); and second, UHE
neutrinos will inherit a spectral cutoff from UHECRs, so that UHE neutrinos have an effective max-
imum energy, 𝐸max. The existence of a maximum energy implies that neutrino sky maps will have
an observer-induced horizon imprinted by the energy threshold, 𝐸th, for the map. This horizon is
due to neutrinos with energy 𝐸max redshifting to energies below 𝐸th if they originate from a redshift
𝑧 > 𝑧max = 𝐸max/𝐸th − 1. This horizon will be more local for higher threshold sky maps, and will
therefore probe less of the isotropic high redshift universe and relatively more of the anisotropic
local LSS.

In this study, we aim to explore the degree to which the UHE neutrino sky is anisotropic and
how this anisotropy can be used to probe the distribution of UHE neutrino sources (and therefore
of UHECRs). Here we layout a framework for such an analysis which could be used by observers
and discuss challenges with this approach.

2. Model

2.1 The density field

To begin we make a few simplifying assumptions to calculate the anisotropy of the UHE
neutrino sky. First, we assume all sources emit a common neutrino spectral emission rate, 𝑄a (𝐸),
and that this astrophysical spectrum is the dominant contribution to the observed UHE neutrino
spectrum. Second, we assume that neutrinos from low redshifts follow the local LSS whereas those
from the high redshift universe are distributed nearly isotropically.

The local LSS is, in our calculations, given by the quasi-linear density field based on an
ensemble of 20 constrained realizations of the local (within 360 Mpc) universe [8]. A view of this
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median density field is shown at https://skfb.ly/6AFxT. The density field beyond the box boundaries
is obtained in the linear regime using a series of linear constrained realisations (based on the linear
WF/CRs algorithm [9, 10]) within a 1830 Mpc depth. The use of the linear realisations is justified
as the contributions to the anisotropy from beyond the box of 360 Mpc are dominated by large
(linear) scales (see [8] for more details). Beyond 1830 Mpc we assume the density field fluctuations
are small enough to be well-approximated as perfectly isotropic.

2.2 Building skymaps

Given our assumption that all sources produce a common neutrino spectrum, the integrated
flux of neutrinos with energies 𝐸 > 𝐸th at Earth which originated from 𝑧 < 𝑧0 is given by

𝐽a (𝐸 > 𝐸th, 𝑧 < 𝑧′) = 𝑐

4𝜋

∫ 𝑧′

0

𝑑𝑧

𝐻 (𝑧)

∫ ∞

𝐸th

La (𝑧, (1 + 𝑧)𝐸)𝑑𝐸 , (1)

where La (𝑧, 𝐸) = H(𝑧)𝑄a (𝐸) is the neutrino spectral emission rate density andH(𝑧) is the source
density. Defining the local LSS as the structure within the scale at which the universe becomes
approximately homogeneous and isotropic, 𝑧H&I, we can calculate the fraction of the total flux
coming from this region 𝑤(𝑧 < 𝑧H&I) as

𝑤(𝑧 < 𝑧′) = 𝐽a (𝐸 > 𝐸th, 𝑧 < 𝑧′)
𝐽a (𝐸 > 𝐸th)

, (2)

where we simplify our notation to 𝐽a (𝐸 > 𝐸th) for the integrated flux originating from all redshifts.
In particular, (2) depends only on the ratio 𝐸max/𝐸th rather than the absolute energy scale of the
cutoff energy.

Therefore, in order to calculate (2) we need to know 𝑄a (𝐸) and H(𝑧). Since neutrinos
propagate without significant interactions the neutrino spectrum at Earth is roughly 𝑄a (𝐸) and,
therefore, future neutrino observatories will be able to measure it directly. For our purposes
we assume that 𝑄a (𝐸) is well-characterized by a single power-law with an exponential cutoff,
𝑄a (𝐸) ∝ 𝐸𝛾 exp(−𝐸/𝐸max). On the other hand, we must adopt a model for the source density,
H(𝑧). For simplicity, we use a two-parameter model of the source evolution

H𝑚,𝑧0 (𝑧) = H0

{
(1 + 𝑧)𝑚 𝑧 ≤ 𝑧0

(1 + 𝑧0)𝑚𝑒−(𝑧−𝑧0 ) 𝑧 > 𝑧0
. (3)

In order to obtain an accurate estimate of the anisotropy we use the LSS matter density field [8]
derived CosmicFlows-2 catalogue of peculiar velocities [11], described in Section 2.1. With this
field density we can calculate the fraction of the all-sky flux in sky map pixel 𝑖 as

𝑓𝑖 =
∑︁
𝑗

𝑤 𝑗

𝑀𝑖 𝑗

𝑀 𝑗

, (4)
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Figure 1: Predicted neutrino sky maps for threshold energies at the maximum neutrino energy for two
different source evolution indices: 𝑚 = −5 (top) and 𝑚 = 0 (bottom). The color scale indicates the predicted
neutrino flux relative to the all-sky average. We assume 𝑧0 = 2 and a spectral index of 𝛾 = −2.53. The top
sky map serves as the template map for our maximum likelihood analysis.

4



P
o
S
(
I
C
R
C
2
0
2
3
)
1
0
4
9

Probing extreme astrophysical accelerators through neutrino anisotropy Marco Stein Muzio

where 𝑤 𝑗 = 𝑤(𝑧 < 𝑧 𝑗 + Δ𝑧) − 𝑤(𝑧 < 𝑧 𝑗) is the fraction of the total neutrino flux originating from
radial shell 𝑗 , 𝑀 𝑗 = 𝜌 𝑗𝑉 𝑗 is the total mass in a radial shell 𝑗 , and 𝑀𝑖 𝑗 = 𝜌𝑖 𝑗𝑉𝑖 𝑗 is the total mass in a
radial shell 𝑗 within the solid angle subtended by pixel 𝑖. Beyond the bounds of the CosmicFlows-2
matter density field we assume 𝜌𝑖 𝑗 = 𝜌 𝑗 . With this formulation the relative flux from a given
direction is determined by the relative amount of matter in that direction, 𝑀𝑖 𝑗/𝑀 𝑗 , while the total
flux from a given radial shell is determined by the flux fraction, 𝑤𝑖 . Such a factorization of the
radial and angular components is well-justified since even if the number of sources scales the matter
density, their inherent luminosity provides an additional scaling of the overall flux from a given
radial shell. The product of the inherent source luminosity and number density of sources is fully
captured by the source evolution. By contrast, we do not expect the inherent source luminosity to
have an angular dependence.

Using (4), the flux in pixel 𝑖 is simply 𝐽a,𝑖 = 𝑓𝑖𝐽a . Example sky maps are shown in Fig. 1
for two different source evolutions, where we assume 𝛾 = −2.53 (motivated by the best-fit spectral
index of the IceCube Cascades dataset [12]), a threshold energy of 𝐸max, and 𝑧0 = 2.

2.3 Anisotropy measure

In order to measure the very particular anisotropy arising from the local LSS, we adopt
a maximum likelihood analysis. We consider two nested hypotheses: a null hypothesis of an
isotropic sky map and an alternative hypothesis of a superposition of an isotropic sky map and a
local LSS template. The local LSS template we adopt is the sky map predicted for a very local
neutrino horizon, that shown in the top of Fig. 1 for which 𝑧max ≃ 0.11. Under this framework the
number of neutrino events predicted in pixel 𝑖, `𝑖 , is given by

`𝑖 =

[
𝛼 𝑓𝑖 + (1 − 𝛼)ΔΩ𝑖

4𝜋

]
𝑁evts , (5)

where 𝛼 is the relative weight between the two templates (𝛼 = 0 corresponding to the null hypoth-
esis), ΔΩ𝑖 is the solid angle subtended by pixel 𝑖, and 𝑁evts is the total number of neutrino events
in the sky map. Given a set of observed neutrinos 𝑛𝑖 , the likelihood is then given by the product of
Poisson probabilities

L(𝛼 |𝑛𝑖) =
∏
𝑖

Poiss(𝑛𝑖 |`𝑖) . (6)

With this definition we obtain an estimate of𝛼 by maximizing the log-likelihood ratio ln (L(𝛼 |𝑛𝑖)/L(0|𝑛𝑖)).
In the limit of large statistics, we use this estimate of 𝛼 to measure the level of neutrino anisotropy
for a predicted sky map.

3. Results

Figure 2 shows the maximum likelihood estimate of 𝛼 as a function of the source evolution
power-law index𝑚. As can be seen the value of 𝛼 is sensitive to the underlying value of𝑚. Since the
underlying spectrum of neutrinos emitted by the source (i.e. the value of 𝛾 and 𝐸max) can be directly
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Figure 2: Anisotropy measure 𝛼 as a function of source evolution power-law index 𝑚 (𝑧0 = 2 and 𝛾 = −2.53
fixed) for various threshold energies. Dashed lines indicate the 90% confidence level upper-limit of 𝛼 given
a number of observed events for a truly isotropic distribution.

inferred from observation, measurement of 𝛼 allows for a measurement of or strong constraint on
𝑚. In particular, we note Fig. 2 shows that the level of anisotropy increases for increasing energy
threshold (i.e. shrinking neutrino horizon), as predicted. This fact allows observers to enhance the
level of anisotropy. In fact, the change in anisotropy level with energy threshold can be used to
extract additional information about the source evolution, in particular the value of 𝑧0, as will be
discussed in a forthcoming publication.

Even if the value of 𝐸max is unknown, a measurement of (or upper-limit on) 𝛼 provides a
lower-bound on 𝑚. This is because there is a guaranteed minimum level of anisotropy due to
the inherent brightness of the foreground local LSS even for a large neutrino horizon (i.e. small
𝐸th/𝐸max ratio).

The immediate challenge with measuring 𝛼 comes from the fact that the strength of this
anisotropy increases as the threshold energy increases (since this shrinks the observer-induced
horizon). However, this increase in energy threshold necessarily decreases the number of neutrino
events contributing to the sky map, therefore decreasing the statistical significance of the measure-
ment. Specific analyses must optimize their threshold energy in order to maximize the statistical
significance of their measurement.
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Figure 3: 90% CL upper-limit of the value of 𝛼 using our maximum likelihood analyses for events sampled
from a truly isotropic distribution.

To give an idea of how many neutrino events are required to measure 𝛼 Fig. 3 shows the 90%
confidence level (CL) upper-limit on the value of 𝛼 given a truly isotropic distribution of neutrino
events. This shows that to distinguish from the null hypothesis, analyses require a dataset with
O(103) neutrinos. With a O(105) neutrino dataset, the null hypothesis can be rejected at 90% CL
for most source evolutions we consider here.

Throughout this analysis we have assumed that the neutrino flux is dominated by astrophysically
produced neutrinos. Cosmogenic neutrinos are produced in propagation and, therefore, will be
biased towards higher redshift sources. We expect that cosmogenic neutrinos will serve to increase
the contribution of high-redshift sources to the total neutrino flux and, therefore, reduce the level of
neutrino anisotropy. Similarly, strong extragalactic magnetic fields around filaments may increase
the residence time of UHECRs in their source clusters [13]. This would serve to produce an
additional neutrino flux contribution which traces the matter distribution of the universe, thereby
further increasing the neutrino anisotropy. However, both of these effects are strongly model
dependent and is beyond the scope of this current study.

One final detail which we have not directly addressed is the bias between the normal matter
and dark matter density fields. This bias can depend on the properties of the galaxy host to the
neutrino source, which may lead some source types to produce neutrino anisotropies which are not
well-represented by the simple model described above. We leave investigation of this effect for
future work.
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4. Summary

Ultrahigh energy neutrinos are expected to be produced exclusively by ultrahigh energy cosmic
rays. Measurement of the (apparent) end of the ultrahigh energy cosmic ray spectrum implies that,
in practice, there is also a maximum neutrino energy. This fact alone implies that neutrinos do not
probe the entire universe and, instead, are limited by an observer-induced horizon.

Throughout this work we have shown that this observer-induced horizon can be used to enhance
the anisotropic imprint of the local large-scale structure. Measurement of the level of anisotropy
can be used to measure, or strongly constrain, the evolution of the underlying neutrino sources.
Since we expect these neutrinos to be produced by ultrahigh energy cosmic rays, this provides an
indirect measurement of the evolution of ultrahigh energy cosmic ray sources themselves. Though
such a measurement will be challenging to make in practice, it provides a concrete road map to
probe the most extreme astrophysical accelerators in the universe.
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