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Abstract. The Cosmic Neutrino Background (CNB) encodes a wealth of information, but
has not yet been observed directly. To determine the prospects of detection and to study
its information content, we reconstruct the phase-space distribution of local relic neutrinos
from the three-dimensional distribution of matter within 200 h−1 Mpc of the Milky Way.
Our analysis relies on constrained realization simulations and forward modelling of the 2M++
galaxy catalogue. We find that the angular distribution of neutrinos is anti-correlated with
the projected matter density, due to the capture and deflection of neutrinos by massive
structures along the line of sight. Of relevance to tritium capture experiments, we find that
the gravitational clustering effect of the large-scale structure on the local number density of
neutrinos is more important than that of the Milky Way for neutrino masses less than 0.1 eV.
Nevertheless, we predict that the density of relic neutrinos is close to the cosmic average,
with a suppression or enhancement over the mean of (−0.3%, +7%, +27%) for masses of
(0.01, 0.05, 0.1) eV. This implies no more than a marginal increase in the event rate for tritium
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capture experiments like PTOLEMY. We also predict that the CNB and CMB rest frames
coincide for 0.01 eV neutrinos, but that neutrino velocities are significantly perturbed for
masses larger than 0.05 eV. Regardless of mass, we find that the angle between the neutrino
dipole and the ecliptic plane is small, implying a near-maximal annual modulation in the bulk
velocity. Along with this paper, we publicly release our simulation data, comprising more
than 100 simulations for six different neutrino masses.

Keywords: cosmic web, cosmological neutrinos, dark matter simulations, neutrino experi-
ments
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1 Introduction

Precise measurements of a near-perfect black-body energy spectrum and of a power-law
spectrum of temperature fluctuations in the Cosmic Microwave Background (CMB) reveal
detailed information about the state of the Universe at the time of decoupling around
t = 105 yrs [1–3]. There is strong but indirect evidence for another Big Bang fossil in the
form of Neff = 2.99+0.34

−0.33 species of fermionic particles that were relativistic when the radiation
decoupled [4]. This is consistent with the prediction of Neff = 3.045 for the Cosmic Neutrino
Background (CNB), consisting of three species that decoupled far earlier, at only t = 1 s [5–7].
That these particles are indeed neutrinos could be confirmed if they were found to be non-
relativistic today, given the standard prediction for the present-day neutrino temperature,
Tν = 1.68 × 10−4 eV, and the minimum mass, mν ≳ 0.05 eV, required by neutrino oscillations
for the most massive species [8–10]. Although detecting the indirect cosmological effects of
massive neutrinos is challenging, this target could soon be in reach, as suggested by improved
constraints on the cosmic neutrino mass fraction [11–14].

Direct detection of relic neutrinos will be more challenging still and is likely beyond our
immediate capabilities. The Karlsruhe Tritium Neutrino Experiment (KATRIN) recently
placed an upper bound of 9.7 × 1010 on the local neutrino overdensity relative to the cosmic
mean [15], far greater than the density predicted in this paper and elsewhere. An experiment
specifically designed for CNB detection has been proposed by the PTOLEMY collaboration [16–
18]. Like KATRIN, the PTOLEMY proposal aims to capture neutrinos through the inverse
β-decay of tritium [5, 19], but with targets bound to a graphene substrate to enable a larger
target mass, which has its own challenges [18, 20]. Other detection proposals rely on the net
momentum transfer from the neutrino wind to macroscopic test masses [21–24], absorption
features in the cosmic ray spectrum [25, 26], blocking of neutrino emission from de-exciting
atoms due to the Pauli exclusion principle [27] or the capture of neutrinos on high-energy ion
beams [28]. We refer to [29] for a detailed review of the subject.

– 1 –
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Like the CMB, the neutrino background carries both primordial or primary perturbations
and secondary gravitational perturbations imprinted by the large-scale structure at late
times [30–34]. Since neutrinos are massive particles, secondary perturbations are more
significant and depend on the neutrino mass and momentum, giving the background additional
structure compared to the CMB. In some cases, gravitational effects may lead to slight
modifications of the expected signal and in others they open up entirely new ways of testing
neutrino physics. For tritium capture experiments like PTOLEMY, the expected event rate is
proportional to the local number density of neutrinos [17], given by the monopole moment of
the phase-space distribution. If the tritium targets are polarized, PTOLEMY could measure
the angular power spectrum by exploiting the dependence of the event rate on the angle
between the polarization and neutrino momentum axes [35]. Some proposals depend on
the velocity of neutrinos in the lab frame [21–24, 29], while the orientation of the dipole is
important for methods that rely on periodic or angular modulation of the capture rate [35–37].
Pauli blocking could in principle probe the momentum distribution [27, 29]. Additionally,
gravitational perturbations may change the flavour [38] and helicity [39–42] makeup of the
neutrino background, affecting the ability of experiments like PTOLEMY to distinguish
between Dirac and Majorana neutrinos.

To determine the prospects of current and future CNB detection proposals, we therefore
need to model the phase-space distribution of relic neutrinos, including its higher-order
directional perturbations. Previous studies have looked at the gravitational enhancement of
the monopole moment due to the Milky Way [43–47] and nearby Andromeda and Virgo [46].
A very recent study also considered the gravitational influence of dark matter structures in a
random (25 Mpc)3 region on the neutrino phase-space distribution [48]. Here, we expand on
these works in several ways. First and foremost, we model the full six-dimensional phase-space
distribution of relic neutrinos, taking into account perturbations imprinted on the neutrinos
before they entered our galactic neighbourhood. Second, we use self-consistent cosmological
simulations to accurately model the time evolution of the large-scale structure and the neutrino
background. Third, we use an accurate non-linear treatment of massive neutrinos [49], which
includes the gravitational effects of the neutrinos themselves. Fourth, we model the large-scale
distribution of matter within 200 h−1 Mpc,1 over the full sky, using observations from the
2M++ galaxy redshift catalogue [50]. Fifth, we use a more recent estimate of the Milky Way
mass from [51], which is significantly lower than the value used in previous studies, depressing
the effect of the Milky Way.

Using our constrained phase-space simulations, we compute the expected density, velocity,
and direction of relic neutrinos, as well as expected event rates for PTOLEMY. We also study
the distribution of angular anisotropies, finding that local neutrino density perturbations
are anti-correlated with the projected matter distribution, due to the capture and deflection
of neutrinos by massive objects along the line of sight. To facilitate future analyses of the
neutrino phase-space distribution, we publicly release our simulation data alongside this
paper (see appendix A). The paper is organized as follows. We describe our simulation and
calibration methods in section 2. Our main results are presented in section 3. We finally
conclude in section 4.

1In this expression, h is defined in terms of Hubble’s constant as h ≡ H0/(100 km/s/Mpc).
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2 Methods

We now describe our simulation and analysis methods, starting with the details of the
constrained simulations in section 2.1, our calibration procedure for applying 2M++ constraints
to different neutrino cosmologies in section 2.2, and our treatment of non-linear neutrino
perturbations in section 2.3.

2.1 Constrained simulations

Our analysis is based on constrained ΛCDM simulations of the local Universe. Whereas most
cosmological simulations start from random initial conditions and only reproduce observations
in a statistical sense, constrained simulations employ specialized initial conditions that give
rise to an in silico facsimile of the observed large-scale structure. Within the precision of
the constraints, objects appear in the right relative positions and with the right dimensions,
enabling a one-to-one comparison with observations. The past few years have seen constrained
simulations being used for a wide range of applications and employing a variety of methods
to set up the initial conditions [52–57]. In this paper, we use a Bayesian forward modelling
approach known as ‘Bayesian Origin Reconstruction from Galaxies’ (BORG) [58–60]. This
approach uses a Hamiltonian Monte Carlo algorithm to draw samples from the posterior
distribution of initial conditions, given a likelihood function that connects initial conditions
with observations and a Gaussian prior. The forward model consists of a Comoving Lagrangian
Acceleration (COLA) code [61] that approximates the process of structure formation in the
ΛCDM paradigm and a non-linear bias model that connects the final dark matter density field
to observed galaxy positions. The Hamiltonian Monte Carlo algorithm is used to efficiently
sample a high-dimensional parameter space, consisting of a grid of 2563 initial phases, multiple
bias parameters, and the observer velocity in the CMB frame.

The constraints used in this paper are based on galaxies from the 2M++ catalogue [50].
This is a catalogue of galaxy positions and redshifts, compiled from the 2MASS, 6dF, and
SDSS redshift surveys, that covers the full sky out to a distance of 200 h−1 Mpc. Previous
simulations with initial conditions based on forward modelling of 2M++ galaxies include the
CSiBORG suite [62–65] and the sibelius-dark simulation [56]. We refer the reader to [59, 60]
for further details on the BORG analysis of the 2M++ catalogue. This analysis provides not
only an accurate reconstruction of the three-dimensional density field in the local Universe, but
also reproduces the masses of nearby clusters, with the notable exception of the Perseus-Pisces
cluster for which the mass is biased low [60]. This is most likely due to a systematic error in
the analysis, but could perhaps also indicate an observational issue [60]. Interestingly, the
sibelius-dark simulation [56], which is based on a similar but older BORG reconstruction,
found its most massive dark matter halo at the location of Perseus. However, sibelius-dark
was less accurate in other respects, such as the motion of the Local Group, which is important
for our purposes here. Our work is based on nine draws from an earlier version of the chain
described in [60], which used ten COLA steps instead of twenty, but was identical in every
other respect. We therefore expect the results to be broadly consistent. After discarding
an initial burn-in portion, we selected every 432nd draw from the chain to minimize the
serial correlation between consecutive draws. This sample of initial conditions allows us to
estimate both the expected signal and the uncertainty in our predictions. To demonstrate
the effectiveness of the constraints, we show slices of the dark matter and neutrino densities
in a portion of the sky in figure 1, overlaid with 2M++ galaxies (white dots). All prominent
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structures present in the catalogue are reproduced by the simulations, revealing the underlying
dark matter filaments and surrounding neutrino clouds.

Our simulations assume periodic boundary conditions in a (1 Gpc)3 cube, with the
observer located at the centre. The 2M++ constraints mostly cover a central sphere of radius
200 Mpc and gradually taper off beyond that. This means that sufficiently far away from the
centre, the initial conditions revert to purely random fluctuations. Given that the phases
are provided in the form of 2563 grids, the constraints only cover 4 Mpc scales and larger.
Fluctuations on smaller scales are unconstrained and purely random. Dark matter initial
conditions are generated with 3LPT at z = 31, using a modified version of monofonIC that
adds corrections from massive neutrinos [66–68], while the neutrinos themselves are generated
with fastdf, using linear geodesic integration [69]. The transfer functions are computed with
class [70, 71].

The simulations were carried out with a version of Gadget-4 [72] that was modified
to be bitwise reversible (see appendix B) and to add support for massive neutrinos and
radiation. We use a 3rd-order Tree-PM algorithm for the gravity calculation. Neutrinos are
followed with the δf method to minimize shot noise, boosting the effective particle number
without neglecting their non-linear evolution [49]. We use Ncb = 3843 dark matter and baryon
particles2 and Nν = 3843 massive neutrino particles. In order to increase the sampling density
of neutrinos locally, upon completion of a simulation, we isotropically inject an additional
N = 2243 ∼ 107 ‘spectator’ neutrinos at the observer location and run the simulations
backwards, allowing us to trace the neutrinos back in time through the evolving large-scale
structure (see section 2.3). To ensure that the accelerations are identical in the forwards and
backwards directions, spectator neutrinos contribute no forces.

A final consideration is that Milky Way-sized perturbations have a characteristic length
that is much smaller than 4 Mpc. Hence, our constraints are not sufficient to guarantee the
formation of a Milky Way at the centre. Since we expect the Milky Way (MW) to have
a considerable effect on the neutrino background, we run two backwards versions of each
simulation. Initially, neutrinos are only traced back through the large-scale structure without
accounting for MW effects. In the second version, we additionally apply forces from the
MW dark matter halo. Following [51], we model the MW halo as an NFW profile [73] with
a mass of M200 = 0.82 × 1012M⊙ and a concentration of c200 = 13.31.3 For computational
simplicity, we use the uncontracted version of the model, since both versions fit the data
nearly equally well. We place the centre of the NFW potential at a distance of 8 kpc from
the centre of the simulation in the direction of Sag-A∗. We also include the motion of
the galactic centre in the CMB rest frame of the simulation, by letting the centre of the
NFW potential move at a constant speed of 567 km/s in the direction of galactic coordinates
(l, b) = (267◦, 29◦) [3, 74, 75]. In section 3.1, we additionally correct for the motion of the Sun
relative to the CMB, v⊙ = 369.8 km/s towards (l, b) = (264◦, 48.3◦) [3], which is otherwise
unresolved by the simulations. Crucially, we note that we use a more recent and considerably
smaller estimate of the MW mass than that used in previous related works [44, 46]. We
therefore expect to find a smaller effect from the MW. Since we are mainly interested in
the imprint of the large-scale structure, we do not include the various gaseous and stellar
components of the MW, which are altogether less important than the dark matter halo itself.

2We will treat cold dark matter and baryons as a single cold fluid and refer to it as dark matter on occasion.
3Here, M200 is the mass contained in a spherical region of radius R200 with a density equal to 200 times

the critical density and c200 = R200/Rs, with Rs the scale radius of the NFW profile.
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Figure 1. Slices of the expected neutrino (top) and dark matter (bottom) densities with right ascension
100◦ ≤ α ≤ 260◦ within r ≤ 250 Mpc, assuming

∑
mν = 0.06 eV. The white dots are galaxies from the

2M++ catalogue. From Earth, one would see a deficit in neutrino flux along lines of sight that intersect
massive structures, due to the trapping of neutrinos in the surrounding neutrino clouds.

2.2 Model selection

To derive constrained initial conditions with BORG, we have to assume a particular cosmologi-
cal model. The constraints used in this paper were derived assuming a flat ΛCDM model with
parameters (Ωcdm, Ωb, h, As, ns,

∑
mν) = (0.2621, 0.04897, 0.6766, 2.105 × 10−9, 0.9665, 0).

Despite the fact that this model does not include massive neutrinos, we wish to run constrained
simulations for different neutrino masses, without running an expensive MCMC analysis for
each case. Doing this requires modifying the cosmological model slightly without altering
the clustering on small scales, since otherwise the same phase information would give rise
to structures that differ somewhat from the observations. We therefore take the following
approach. When increasing

∑
mν , we decrease Ωcdm such that Ωm = Ωcdm + Ωb + Ων is

fixed. In addition, we modify the primordial scalar amplitude As, such that the non-linear
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∑
mν Mass mν Nν Ων Ωcdm As

0.01 eV 0.01 eV 1 2.353 × 10−4 0.26189 2.107 × 10−9

0.06 eV 0.06 eV 1 1.407 × 10−3 0.26072 2.156 × 10−9

0.15 eV 0.05 eV 3 3.518 × 10−3 0.25861 2.243 × 10−9

0.30 eV 0.10 eV 3 7.035 × 10−3 0.25509 2.429 × 10−9

0.45 eV 0.15 eV 3 1.055 × 10−2 0.25157 2.641 × 10−9

0.60 eV 0.20 eV 3 1.407 × 10−2 0.24805 2.878 × 10−9

Table 1. Cosmological parameters for our six neutrino models, which have been calibrated such that
Ων + Ωcdm and Pcb(knl) with knl = 1 Mpc−1 are fixed.

power spectrum at z = 0 is fixed at the non-linear scale knl = 1 Mpc−1. Note that Pcb, the
power spectrum of cold dark matter and baryons, is the relevant power spectrum, given that
halos are primarily biased with respect to the cold matter, as opposed to the total matter
density [76–78]. To achieve this in practice, we perform a small number of calibration runs
and iteratively select values of As that satisfy this condition.

As noted before, the 2M++ data mostly constrain scales larger than 4 Mpc within 200 Mpc
of the observer. As shown in figure 2, this leaves enough flexibility on large scales to
accommodate neutrino masses up to

∑
mν ∼ 0.6 eV.4 To see this, note that the left-hand

panel shows total matter power spectra, Pm(k), for nine realizations assuming ΛCDM without
massive neutrinos. Although the power spectrum is well-constrained on small scales, there is
considerable variance on large scales (k ≲ 0.03 Mpc−1). The right-hand panel shows the power
spectrum of dark matter and baryons, Pcb(k), for the calibrated models with different neutrino
masses, relative to the massless case. For the largest mass considered,

∑
mν = 0.6 eV, the

ratio is still within 1σ of the average. We also checked that the cross-correlation coefficients of
the final density fields are within 1% for k ≤ knl and

∑
mν ≤ 0.3 eV and within a few per cent

for
∑

mν ≤ 0.6 eV, indicating that the phase information is the same on large scales. Finally,
we performed a visual inspection to confirm that the we recover the same large-scale structure
for all neutrino masses. Hence, the outcome of this procedure is a plausible cosmological
model with massive neutrinos that reproduces the 2M++ observations.

Although the resulting power spectra are compatible with the 2M++ constraints at the
1σ-level, one may wonder whether the 20% − 30% differences seen for

∑
mν = 0.6 eV on the

largest scales could still affect the results. We expect the impact of this offset to be small,
because the distance travelled by neutrinos is inversely proportional to the mass, such that
heavier neutrinos are less sensitive to large-scale density perturbations. Therefore, matching
only the small-scale power spectrum for

∑
mν = 0.6 eV is likely justified.

Using the above procedure, we calibrate six models with different neutrino masses:
four models with three degenerate neutrino species,

∑
mν ∈ {0.15, 0.3, 0.45, 0.6} eV,5 and

two models with a single neutrino species,
∑

mν ∈ {0.01, 0.06} eV. The relevant model
parameters are given in table 1. Although not strictly allowed by oscillation data, the
first four models assume a degenerate neutrino mass spectrum, neglecting the mass-squared
differences |∆m2

31| = 2.5 × 10−3 eV2 and ∆m2
21 = 7.4 × 10−5 eV2 [10]. Of course, the last two

models are also not allowed. The penultimate case is included to examine the behaviour of
4We note that this breaks the agreement with CMB observations, which primarily constrain large scales.

This is simply another way of stating that the combination of CMB and LSS data can rule out large neutrino
masses in νΛCDM, although we make no attempt to do this here.

5Hence, the individual neutrinos have masses mν ∈ {0.05, 0.1, 0.15, 0.2} eV.
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Figure 2. (Left) The red lines are nine non-linear matter power spectra, Pm(k), drawn from the
posterior distribution of the 2M++ reconstruction, assuming ΛCDM with massless neutrinos at z = 0.
The shaded areas represent the 1σ and 2σ deviations from the mean. The spectra are well-constrained
for 0.03 Mpc−1 ≲ k ≲ 1 Mpc−1, but the variance is considerable on large scales. (Right) Ratios of the
non-linear cold matter power spectrum, Pcb(k), for different neutrino masses relative to the massless
ΛCDM case, calibrated to match the constraints in the small-scale limit. The shaded areas represent
the 1σ and 2σ constraints.

very light neutrinos. The last model is included as it approximates the cosmological effects of
the minimal neutrino mass case under the normal mass ordering. In each case, the intent is
only to recover the correct cosmological evolution for a given neutrino mass, mν , and for this
purpose, the mass splittings have a negligible effect [79].

2.3 Neutrino treatment

Let us now discuss our treatment of neutrino perturbations. The evolution of the phase-space
distribution, f(x, q, τ), is governed by the collisionless Boltzmann equation:

∂f

∂τ
+ dx

dτ
· ∇f + dq

dτ
· ∇qf = 0, (2.1)

where τ is conformal time and q the neutrino momentum. We solve this equation by
generating particles from a sampling distribution g(x, q) and tracing their evolution through
the constrained volume using the relativistic equations of motion [69]

dxi

dτ
= qi√

q2 + m2a2 , (2.2)

dqi

dτ
= −ma ∇iΦ, (2.3)

where a is the scale factor and Φ the gravitational potential. The sampling distribution g
need not be the same as the physical distribution f and can be chosen arbitrarily, subject
to being normalized and the set {g = 0 ∧ f ̸= 0} having measure zero. We model neutrino
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perturbations with the δf method [49], a variance reduction technique in which the phase-
space distribution is decomposed as f(x, q, τ) = f̄(q) + δf(x, q, τ). In this approach, particle
data are only used to estimate the perturbation δf to an analytical background model f̄ ,
which allows sampling noise to be reduced by orders of magnitude. Let A be an arbitrary
phase-space statistic, such as the number or momentum density. Then, its δf estimate is

A(x, τ) =
∫

d3q
[
f̄(x, q, τ) + δf(x, q, τ)

]
A(x, q, τ) (2.4)

∼= Ā(τ) +
N∑

k=1

δf(xk, qk, τ)
g(xk, qk) A(xk, qk, τ) δ(3)(x − xk), (2.5)

where Ā is the analytical background solution and we sum over particle data {xk, qk}. The
Dirac function is often replaced with a spatial smoothing kernel W (x − xk). We can also
define angular statistics. For example, the density of neutrinos at x with momenta oriented
along the unit vector n̂ is

nν(x, n̂, τ) =
∫

d3q
[
f̄(x, q, τ) + δf(x, q, τ)

]
δ(2)(q/q − n̂) (2.6)

∼=
n̄ν(τ)

4π
+

N∑
k=1

δf(xk, qk, τ)
g(xk, qk) δ(2)(qk/qk − n̂)δ(3)(x − xk), (2.7)

where n̄ν(τ) is the mean number density and where δ(2)(x̂− ŷ) = δ(cos θ−cos θ′)δ(ϕ−ϕ′). The
fractions on the right-hand side of (2.5) and (2.7) correspond to statistical weights, w = δf/g,
which are simple to compute in practice, given that the background density f̄ is an analytical
function and that f and g are conserved along particle trajectories. Throughout, we use a
standard Fermi-Dirac distribution, f̄(q) = (1 + exp(q/kbTν))−1, for the background model
and we set g = f when generating the initial conditions.

This approach is sufficient for describing the neutrino distribution on large scales, as
illustrated in figure 1 for 0.06 eV neutrinos. However, given the (1 Gpc)3 ambient volume of
our simulations, there is a more efficient way to estimate the properties of neutrinos incident
on Earth. For this, we inject ‘spectator’ neutrinos at the location of Earth and run our
simulations backwards. For these neutrinos, we adopt an isotropic Fermi-Dirac sampling
distribution g. We then apply our δf logic in reverse: given the known sampling density g
and the background density f̄(q) with the momentum q from the final (z = 31) snapshot
of the backwards simulation, we obtain the statistical weight w = (f̄ − g)/g. We again
estimate phase-space statistics using eq. (2.5). Note that in this case, the assumed sampling
distribution g is not equal to the physical distribution f . In particular, we do not expect
the distribution of local relic neutrinos to be exactly isotropic. However, the assumption
of an isotropic and homogeneous Fermi-Dirac distribution at z = 31 still allows us to use
eq. (2.5) to obtain physical phase-space estimates. Finally, we note that running N -body
simulations backwards is non-trivial and we refer the reader to appendix B for details on how
this is accomplished.

3 Results

Having described our simulation methods, we are now in a position to discuss the results.
In section 3.1, we present the expected number density, bulk velocity, and deflection angles
of relic neutrinos in the Milky Way. We also compute expected event rates for PTOLEMY.
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Figure 3. (Left) The predicted enhancement of the local neutrino density, δν , as a result of the
observed large-scale structure in the local Universe (LSS, black) and the combined effect of the
large-scale structure and the Milky Way (LSS + MW, red). The mean and standard deviation are
estimated from nine draws from the posterior distribution of the 2M++ reconstruction. (Right) The
effect of the large-scale structure and Milky Way on the bulk neutrino velocity, vν , in the CMB rest
frame. The horizontal dotted line indicates the bulk velocity of CDM and baryons within 10 Mpc of
the observer.

In section 3.2, we turn to the angular distribution of neutrino anisotropies. In section 3.3,
we adopt a cosmographical perspective and look at maps of the large-scale distribution of
neutrinos in the local Universe.

3.1 Local abundance and bulk motion

A crucial input for relic neutrino detection efforts is the expected gravitational enhancement
of the local neutrino density. Using our constrained simulations, we are able for the first
time to compute the total effect of the observed large-scale structure. The result is shown
in the left-hand panel of figure 3. The black line (labelled LSS) shows the effect from the
large-scale structure, excluding the Milky Way, on the neutrino overdensity, δν = nν/n̄ν − 1,
as a function of neutrino mass mν . The error bars indicate the dispersion among the nine
constrained realizations. We see that the enhancement is negligible for mν ≤ 0.05 eV. In
fact, for the smallest mass of 0.01 eV, we find a small deficit of δν = −0.0038 ± 0.0006. From
there, the density contrast increases approximately linearly with mass up to δν = 0.25 ± 0.08
for 0.2 eV.

The red line shows the combined effect of the large-scale structure and the Milky Way
dark matter halo (LSS + MW). The importance of the MW increases with mass, relative
to the LSS. For mν = 0.1 eV, they are approximately equally important. For mν = 0.2 eV,
the MW is responsible for three-quarters of the effect. This is a result of the decrease in
free-streaming length with mass: at average speed, an unperturbed 0.01 eV neutrino has
travelled 3.1 Gpc since z = 31, while the number is only 200 Mpc for 0.2 eV. As a result,
lighter neutrinos are sensitive to more distant structures. We will confirm this explicitly in
section 3.2. Taking the difference between the results with and without the MW, we find
that the galactic effect is well described by δMW

ν = 27.6(mν/1 eV)2.29. The near-quadratic
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Mass mν vν v⊙ − vν l b
[ km/s ] [ km/s ] [ deg ] [ deg ]

CMB 0 369.8 264.0 48.3
0.01 eV 48.5 ± 1.5 321.3 ± 1.5 263.6 ± 0.5 48.2 ± 0.1
0.05 eV 211.0 ± 4.3 193.8 ± 5.5 232.6 ± 2.4 37.9 ± 1.7
0.06 eV 235.3 ± 5.0 187.3 ± 7.6 225.7 ± 2.5 32.7 ± 1.2
0.10 eV 310.6 ± 9.0 193 ± 15 208.4 ± 2.6 14.1 ± 3.7
0.15 eV 371 ± 14 229 ± 22 199.6 ± 2.5 1.6 ± 5.6
0.20 eV 415 ± 20 265 ± 27 195.0 ± 2.7 −4.5 ± 6.7
Matter 484 ± 83 406 ± 67 206 ± 11 −10 ± 18

Table 2. Predictions for the neutrino dipole induced by the large-scale structure, compared with the
measured CMB dipole from Planck [3]. The neutrino velocity, vν , is the mean velocity in the CMB rest
frame. The difference, v⊙ − vν , is the Sun’s motion in the neutrino frame. The angles (l, b) correspond
to the direction of the Sun’s motion in the neutrino frame in galactic coordinates. The error is the
standard deviation among nine realizations from the chain. The final row shows the velocity of CDM
and baryons within 10 Mpc of the observer.

scaling agrees with [45], who found δMW
ν = 76.5(mν/1 eV)2.21, but our amplitude is three

times smaller. Similarly, we find significantly smaller overdensities compared to [44, 46, 47].
This may be partially due to the absence of gaseous and stellar Milky Way components
in our simulations. However, the primary reason is most likely the more recent but lower
estimate of the dark matter mass used in this work (M200 = 0.82 × 1012M⊙ here compared
to M200 = 3.34 × 1012M⊙ in [44] and M200 = 1.79 × 1012M⊙ in [46]).6 To confirm this, we
verified for one simulation that doubling the MW mass approximately restores agreement
with [46]. On the other hand, both amplitude and scaling are in good agreement with the
recent study [48], who also point to a difference in halo properties, rather than methodology,
to explain the disagreement with [46].

Some detection proposals depend on the neutrino velocity in the lab frame [21–24, 29, 35].
From our simulations, we estimate the bulk neutrino velocity vν . Given that the simulation is
carried out in the rest frame of the CMB, a value of vν = 0 indicates that the neutrino dipole
aligns with that of the CMB. We show the expected magnitude of the velocity perturbation
in the right-hand panel of figure 3. As for δν , the gravitational effect of the large-scale
structure and Milky Way is negligible for mν = 0.01 eV. The velocity perturbation increases
to 211 km/s at mν = 0.05 eV and trends towards 415 km/s for mν = 0.2 eV. These neutrinos
are approximately at rest with respect to the bulk flow of matter in the inner 10 Mpc of the
simulation (see table 2). When we include the effect of the Milky Way, the velocity appears to
converge for the largest neutrino masses. Combined with the increased density perturbation,
this indicates that the simulated MW and the surrounding structure are capable of trapping
0.2 eV neutrinos in significant numbers.

In addition to the magnitude of the velocity perturbation, we can also predict its
orientation. Table 2 shows the predicted direction of the neutrino dipole, for the runs without
MW, in galactic coordinates and compares it with the measured values for the CMB dipole
from Planck [3] and the direction of the simulated matter flow within 10 Mpc of the observer.

6In this comparison, we converted their virial masses to masses within a spherical region containing 200
times the critical density. We also note that [44] used a generalized NFW profile with an additional parameter,
precluding an exact one-to-one comparison.
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(LSS) (LSS + MW)
Mass mν ⟨cos θ⟩ ⟨cos θ⟩
0.01 eV 0.999995 ± 0.000002 0.999987 ± 0.000003
0.05 eV 0.99806 ± 0.00072 0.99482 ± 0.00084
0.06 eV 0.9965 ± 0.0013 0.9905 ± 0.0015
0.10 eV 0.9847 ± 0.0058 0.9542 ± 0.0058
0.15 eV 0.958 ± 0.016 0.869 ± 0.013
0.20 eV 0.923 ± 0.029 0.754 ± 0.018

Table 3. Predictions for the average deflection angle, cos θ = (vν · vini
ν )/(vνvini

ν ), including the effects
of the of the large-scale structure (LSS) and the Milky Way (LSS + MW). Using (2.5), we compute
this from the backtraced particles with ⟨cos θ⟩ = (1 +

∑
i wi cos θi)/(1 +

∑
i wi), where wi is the

phase-space weight of particle i and cos θi is its deflection angle.

For 0.01 eV, the predicted 1σ range of the neutrino dipole contains the measured CMB dipole.
As mν increases to 0.2 eV, the values appear to converge towards the direction of the bulk
flow of dark matter.7 The results are broadly similar for the runs with MW. In the case
of 0.01 eV, we find (l, b) = (258.0◦ ± 0.5◦, 47.7◦ ± 0.1◦), which is still very close to the CMB
dipole. For 0.2 eV, the direction changes somewhat more to (l, b) = (203.2◦ ± 2.9◦, 7.2◦ ± 6.0◦).
It is interesting to note that the ecliptic north pole is at l = 97◦, b = 30◦. This means that
the neutrino dipole is close to the plane of Earth’s orbit around the Sun, making an angle
of ϕ ≈ 10◦. The Earth’s orbital velocity is v⊕ ≈ 30 km/s, producing a (2v⊕/vν) cos ϕ ∼ 20%
perturbation for a typical neutrino velocity of vν = 300 km s−1. Hence, for experiments that
depend on the neutrino velocity, an annual modulation may be detectable [36]. Finally, we
note that the sibelius-dark simulation, which used similar techniques to set up the initial
conditions, did not accurately reproduce the observed direction of the local matter flow [56].
We therefore caution that the theoretical uncertainty in the direction may be greater than
the dispersion among the nine realizations given in table 2.

A related quantity to the velocity perturbation is the deflection angle between the initial
and final velocities, cos θ = (vν · vini

ν )/(vνvini
ν ). For non-relativistic neutrinos, the gravitational

effect on the spin is negligible, such that a deflection of the momentum vector by an angle
θ implies a change in the helicity from ±1 to ± cos θ, with a probability P = 1/2 − cos θ/2
of observing a reversed spin [39]. It has recently been argued that the gravitational effect
of the Virgo Supercluster might result in large deflection angles, significantly altering the
helicity makeup of the neutrino background [42]. These authors compute deflection angles
for neutrinos in halos of a similar mass to Virgo, M = 1.48 × 1015M⊙, finding an average
of ⟨cos θ⟩ = 0.54 − 0.60 for mν = 0.05 eV. Using our constrained simulations, which include
Virgo, we can estimate directly the effect that the large-scale structure has on neutrinos that
arrive on Earth. We give the average for different neutrino masses and for the cases with
and without Milky Way in table. 3. For 0.05 eV, we find ⟨cos θ⟩ = 0.99482 ± 0.00084, when
including the Milky Way. Given that the deflection is even smaller for lighter neutrinos, we
expect the effect of gravitational deflection to be negligible for the minimal neutrino mass
case,

∑
mν = 0.06 eV.

Gravitational clustering also has the potential to alter the flavour composition of the
local neutrino background [38]. The mass eigenstates νi considered so far are superpositions of

7Note that the uncertainties are larger for the bulk dark matter velocity, because it is computed from the
forward simulations, which have a much lower sampling density near the observer.
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flavour eigenstates να, with α = e, µ, τ , for electron, muon, and tau neutrinos. The two bases
are related by the unitary Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix Uαi [80, 81].
The flavour composition could be altered, since the degree of clustering depends on mass. For
instance, assuming the mass ordering is normal, the contribution of νe to the heaviest mass
state ν3 is only |Ue3|2 = 2.3%. Therefore, if ν3 is much more strongly clustered than ν1 and
ν2, most relic neutrinos on Earth would be νµ or ντ . For this effect to be large, the masses
must be hierarchical (m1 ≪ m3 or m3 ≪ m1), which requires mν ≲ 0.1 eV. Figure 3 shows
that the differences in the density contrast δν are then small, which implies that the fraction
of νe is not significantly altered from its primordial value of 1/3. We nevertheless incorporate
this effect in the calculation below.

We now have the necessary ingredients to compute the expected event rate for an
experiment like PTOLEMY. The CNB capture rate,

ΓCNB =
Nν∑
i=1

Γi,CNB|Uei|2, (3.1)

is summed over all mass eigenstates that exceed the energy threshold of the experiment,
weighted by the PMNS mixing elements, Uei. The event rate for mass state νi is given by [82]

Γi,CNB = Nσ̄
[
n+

i A+
i + n−

i A−
i

]
, (3.2)

where N is the number of targets, σ̄ is the average cross section, n±
i are the number densities

for the two spin states, A±
i = 1 ∓ vi/c is a spin-dependent factor, and vi is the velocity of the

mass eigenstate. As discussed, gravitational deflection by an angle θ reverses the spin with
probability P = 1/2 − cos θ/2. The number densities for both spin states are then given by

n±
i = ni

[1
2 ± 1

2⟨cos θ⟩i

]
. (3.3)

In the absence of clustering and deflection, ⟨cos θ⟩i = 1, such that n+
i = ni = n̄ and n−

i = 0
for Dirac neutrinos. For Majorana neutrinos, the densities are both equal to the mean:
n+

i = n−
i = n̄. Consequently, for non-relativistic neutrinos with A±

i = 1, the expected signal
is twice as large in the Majorana case. If we allow for gravitational effects, we instead obtain

ΓD
CNB = Nσ̄

Nν∑
i=1

|Uei|2
[
1 + ⟨cos θ⟩i

vi

c

]
ni, (3.4)

ΓM
CNB = Nσ̄

Nν∑
i=1

|Uei|22ni, (3.5)

for the Dirac and Majorana cases, respectively. Plugging in the number N = 100 g/m3H
of tritium atoms for PTOLEMY [16] and the average cross section σ̄ = 3.834 × 10−45 cm2

from [82], and a mean number density of n̄ = 56 cm−3 per degree of freedom, we obtain the
event rates in table 4. We report the values for the individual mass eigenstates. Comparing
the most and least massive cases, we see that gravitational clustering only has a marginal
effect, boosting the capture rate by less than a factor of two. For each mass, we predict a
factor ∼ 2 difference between the Dirac and Majorana cases. Let us now compute the total
event rate for the minimal neutrino mass case, using |Uei|2 = (0.678, 0.299, 0.023) [10]. We
assume that only the heaviest neutrinos with mν = 0.05 eV (ν3 under the normal ordering or ν1

– 12 –



J
C
A
P
1
0
(
2
0
2
3
)
0
1
0

(LSS) (LSS + MW)
Mass mν ΓD

i,CNB
[
yr−1 ]

ΓM
i,CNB

[
yr−1 ]

ΓD
i,CNB

[
yr−1 ]

ΓM
i,CNB

[
yr−1 ]

0.01 eV 4.042 ± 0.002 8.075 ± 0.005 4.045 ± 0.002 8.080 ± 0.005
0.05 eV 4.20 ± 0.05 8.39 ± 0.09 4.33 ± 0.05 8.65 ± 0.09
0.06 eV 4.27 ± 0.06 8.53 ± 0.12 4.46 ± 0.06 8.92 ± 0.13
0.10 eV 4.54 ± 0.13 9.08 ± 0.26 5.14 ± 0.14 10.27 ± 0.29
0.15 eV 4.85 ± 0.22 9.70 ± 0.44 6.25 ± 0.27 12.49 ± 0.54
0.20 eV 5.09 ± 0.32 10.17 ± 0.63 7.60 ± 0.44 15.19 ± 0.88

Table 4. Predicted number of events per year for PTOLEMY, including the effects from the large-scale
structure (LSS) and the Milky Way (LSS + MW), for Dirac and Majorana neutrinos. We give the
results for the individual mass states, with (3.1) giving the total rate. The uncertainty corresponds to
the 1σ dispersion among nine realizations from the chain.

and ν2 under the inverted ordering) would produce peaks in the electron energy spectrum far
enough beyond the β-decay endpoint to be detected by PTOLEMY with a reasonable energy
resolution [17]. For the normal ordering, we then find ΓCNB ≈ 0.1 yr−1 (Dirac) or 0.2 yr−1

(Majorana), while ΓCNB ≈ 4 yr−1 (Dirac) or 8 yr−1 (Majorana) for the inverted ordering.

3.2 Angular anisotropies

Having presented our results for the monopole and dipole moments, we now turn to higher-
order moments of the neutrino distribution. Figure 4 presents maps of the predicted angular
anisotropies in the number density, δν(θ, ϕ) = nν(θ, ϕ)/(n̄ν/4π), for four different masses, after
subtracting the monopole and dipole perturbations. The maps show relative variations in the
neutrino density for individual mass eigenstates, computed via equation (2.7) by adding the
weights of backtraced particles along each direction. As discussed in section 2.3, these particles
represent an ergodic ensemble of neutrino paths with weights that correct for the isotropic
sampling distribution. In [69], it is shown that the statistical properties of such weighted
particle ensembles are consistent with the transfer functions obtained from an Eulerian fluid
calculation at the linear level. One advantage of the particle-based treatment, however, is its
ability to describe the non-linear growth of neutrino perturbations, which becomes important
when the neutrino mass is large, as discussed below.

Each map is averaged over nine realizations from the 2M++ reconstruction. The top-left
panel of figure 4 shows the map for mν = 0.01 eV and the right-hand panels show maps for
mν ∈ {0.05, 0.1, 0.2} eV. First of all, we observe that the magnitude of the perturbations
strongly depends on mass: they are O(10−2) for mν = 0.01 eV and O(1) for mν = 0.2 eV. We
also see that the largest neutrino mass maps have large-scale perturbations that are suppressed,
relative to small-scale perturbations, for the smaller neutrino masses. The middle-left panel
shows the projected density of dark matter and baryons,

1 + δΠ
cb(θ, ϕ, Rmax) =

∫ Rmax
0 ρcb(r) dr∫ Rmax
0 ρ̄cb(r) dr

, (3.6)

up to a distance of Rmax = 200 Mpc from the observer. Comparing this with the neutrino maps,
we find that distant matter fluctuations are anti-correlated with local neutrino fluctuations.
This can be seen more clearly in the bottom-left panel, in which the projected matter
perturbations are overlaid on the neutrino perturbations for mν = 0.01 eV. The anti-correlation
is much more evident for smaller neutrino masses.
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Figure 4. Angular anisotropies in the neutrino number density contrast, δν , for mν = 0.01 eV (top left)
and for mν ∈ {0.05, 0.1, 0.2} eV (right). In all cases, we subtract the monopole and dipole moments
and smooth over 3◦ scales. We also show the projected dark matter and baryon density, δΠ

cb, within
200 Mpc of the observer, both separately (middle left) and overlaid on the top of the neutrino density
for mν = 0.01 eV (bottom left). We observe that the projected dark matter density and the local
neutrino density are anti-correlated on the sky. Except for the projected matter density, the maps are
all based on backtraced particles.

Next, we compute angular power spectra, Cν
ℓ , from the neutrino overdensity maps. To

compare our results with other works [32, 34, 48], we convert the spectra to temperature units
by assuming that δTν/T̄ν ∼ δnν/3n̄ν .8 In figure 5, we show the results for five different masses,
averaging over nine realizations from the chain. To uncover the perturbations imprinted by
the large-scale structure, we fit smooth spectra of the form

Cfit
ℓ = exp

[
c1 + c2 log ℓ + c3(log ℓ)2

]
, (3.7)

to the simulation predictions, restricting to the multipoles with 1 ≤ ℓ ≤ 15, since higher-order
multipoles are noisy and poorly constrained. The thick curves in figure 5 correspond to these
fits, with the solid and dashed lines indicating the LSS-only and combined LSS + MW results,
respectively. As expected from the previous section, the effect of the MW is most pronounced
for the largest neutrino masses and the lowest-order multipoles. The difference between the

8This follows from the idealized result, nν = 3ζ(3)T 3
ν /2π2, for the Fermi-Dirac distribution, even though

the actual momentum distribution of clustered neutrinos is heavily perturbed.
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Figure 5. Angular neutrino temperature power spectra, Cν
ℓ , for different masses. We fit a smooth

spectrum, Cfit
ℓ = exp(c1 + c2 log ℓ + c3 log2 ℓ), up to ℓmax = 15 for the simulations with and without

a Milky Way (dashed and solid lines, respectively). To avoid clutter, we only show the data for the
simulations without MW. The inset graph zooms in on the first ten multipoles, showing the data
relative to the fit. The grey error bar represents ±10%. The oscillatory perturbations arise from the
imprint of dark matter perturbations on the neutrino background and can ultimately be traced to
cosmic variance in the matter distribution.

dashed and solid curves is negligible for mν ≤ 0.05 eV, but clearly visible for mν = 0.2 eV. We
compute our maps in the rest frame of the simulations, without accounting for observer motion.
Therefore, figure 5 shows the intrinsic dipole moment (ℓ = 1) arising from large-scale matter
fluctuations. The value is orders of magnitude larger than the intrinsic dipole expected for
massless tracers like the CMB [83–85]. This is consistent with the behaviour seen in figure 5,
which shows that low-multipole perturbations are strongly enhanced for heavier neutrinos.

Our results differ substantially from [48], who compute a range of temperature power
spectra for mν = 0.1 eV using different (25 Mpc)3 simulations. We find a slope that is much
steeper and an amplitude at low multipoles that is greater. This could be due to the absence
of large-scale structure in their simulations, explaining the lack of power at low multipoles.
Our results are in good agreement with the linear theory calculations of [34] for mν < 0.1 eV.
For 0.1 eV, the normalization at low multipoles agrees, but we predict significantly more
power beyond ℓ ≥ 10, where the linear calculation likely breaks down. Similarly, although
our definition of the neutrino temperature power spectrum is somewhat different from [32],
given that we do not define a power spectrum for each momentum bin separately but show
the pointwise integrated result, we obtain at least qualitative agreement with their linear
calculations for masses mν ≤ 0.1 eV, the largest mass considered amenable to their analysis.
These authors model the gravitational deflection of neutrinos with a lensing potential, similar
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Figure 6. Dimensionless angular power spectrum of the projected CDM and baryon density contrast,
Ccb

ℓ , out to 200 Mpc for 0.01 eV. By construction, the results are similar for different neutrino masses.
We fit a smooth spectrum, Cfit

ℓ = exp(c1 + c2 log ℓ + c3 log2 ℓ), up to ℓmax = 15 to the simulation
spectrum (thick solid curve). The inset graph zooms in on the lowest-order multipoles, showing the
data relative to the fit. The grey error bar represents ±10%.

to what is done for the CMB [86]. A key difference between our results and the linear theory
calculations [32, 34] is the presence of oscillatory perturbations around the smooth spectra in
figure 5, which are much larger than the predicted lensing effect in [32]. This can be seen more
clearly in the inset graph, which zooms in on the lowest-order multipoles (ℓ ≤ 10) and shows
the simulation predictions relative to the smooth fits. The perturbations depend sensitively
on mass, being most prominent for 0.01 eV and nearly absent for 0.2 eV.

The origin of these perturbations becomes clear when we plot the angular power spectrum,
Ccb

ℓ , of the projected CDM and baryon density up to 200 Mpc, in figure 6. In this case, we
compute a dimensionless power spectrum directly from the maps of the projected density
contrast, δΠ

cb(θ, ϕ), defined in eq. (3.6). Fitting a smooth power spectrum (3.7) in the same
way as for the neutrinos, reveals the same oscillatory perturbations. This suggests that cosmic
variance in the matter density field is imprinted on the local neutrino background if the
neutrino mass is sufficiently small. To confirm this explicitly, we compute the cross-correlation
coefficient, rcbν(ℓ) = Ccbν

ℓ /(Cν
ℓ Ccb

ℓ )1/2, between the local neutrino density and the projected
dark matter and baryon density, as a function of the maximum projected distance Rmax. The
results, averaged over the lowest-order multipoles, 1 ≤ ℓ ≤ 10, and smoothed with a Savitzky-
Golay filter, are shown in figure 7. We additionally split the results into ten equal-sized
neutrino momentum bins, with redder curves indicating faster neutrinos. For both neutrino
masses shown, mν = 0.01 eV (left) and 0.05 eV (right), there is a strong anti-correlation that
peaks around rcbν = −0.8. In both cases, faster neutrinos are sensitive to more distant matter
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Figure 7. Cross-correlation coefficient, rcbν(ℓ) = Ccbν
ℓ /(Cν

ℓ Ccb
ℓ )1/2, between the local neutrino density

and the projected CDM and baryon density, as a function of the maximum projected distance Rmax,
for mν ∈ {0.01, 0.05} eV, split into ten equal-sized neutrino momentum bins. The coefficients are
averaged over the multipoles 1 ≤ ℓ ≤ 10 and the curves are smoothed with a Savitzky-Golay filter.
The dashed line indicates the locus of the barycentre of each curve, indicating that the sensitivity
shifts to larger distances for faster neutrinos. Note that the overall momentum range is much wider
for the 0.01 eV case.

fluctuations. To emphasize this point, we indicate the locus of the barycentre of each curve
by a black dashed line.

Note that rcbν trends upwards as Rmax decreases, eventually becoming positive for the
fastest neutrinos. This might be explained by the gravitational attraction of neutrinos to
positive density perturbations close to the observer. In this case, a positive correlation should
be expected. In line with expectation, the distance at which the correlation becomes positive
increases with neutrino momentum. Interestingly, the anti-correlation becomes weaker with
neutrino momentum for 0.01 eV and stronger with neutrino momentum for 0.05 eV. A simple
explanation for this could be that the anti-correlation begins trending upwards earlier for
faster neutrinos, causing a reversal in the trend, as can be seen for Rmax < 100 Mpc in the
case of mν = 0.05 eV. For mν = 0.01 eV, this reversal may only happen at distances that are
not constrained by the 2M++ data underlying our simulations.

Just before this paper was submitted, a related study appeared in which neutrino
anisotropy maps are analysed for different random configurations of dark matter halos in a
(25 Mpc)3 volume [48]. For some configurations, they report positive or negative correlations
between the neutrino and projected dark matter densities. Overall, the ensemble average of
cross-power spectra is consistent with zero. Taking into account the smaller volume of the
simulations, this can probably be understood in terms of the aforementioned transition from
positive to negative correlations close to the observer.
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Figure 8. Slice of the projected neutrino (left) and dark matter (right) mass density, with thickness
of 60 Mpc, containing the Local Group and nearby clusters, for a species with mass mν = 0.06 eV. The
location of the Milky Way is indicated by a white triangle. The arrow indicates the direction of the
relative neutrino velocity. In terms of the comoving distance r, right ascension α, and declination δ,
the coordinates are (x, y) = r cos δ(cos α, sin α).

3.3 Cosmography
In this section, we make a first attempt at neutrino cosmography. Given the limited resolution
of our simulations, we focus on one illustrative example and run a higher-resolution constrained
simulation with Nν = Ncb = 10243 particles for

∑
mν = 0.06 eV. In figure 8, we present

maps of the neutrino density (left) and dark matter and baryon density (right), in a slice
of 500 × 500 × 60 Mpc that includes the Local Group and several well-known clusters. A
few striking observations can be made. First of all, the large-scale neutrino and dark matter
densities are positively correlated. This explains the anti-correlation seen in the previous
section. Relic neutrinos that are captured by massive objects form localized clouds. Hence,
while they are visible from the hypothetical viewpoint9 depicted in figure 8, they would not
be seen from Earth along lines of sight that intersect those structures.

After plotting the locations of several famous galaxy clusters, we find massive dark
matter structures associated with each of them. Surrounding most of these structures, we
also identify neutrino clouds that stretch over 10 Mpc scales and reach central overdensities
of 30%. Two interesting exceptions are the Perseus and Pisces clusters, which lie close to the
Taurus void [87] and appear to inhabit a large region that is deficient in neutrinos (a ‘glade’
in the neutrino cloudscape). Although we see some collapsed dark matter structures at their
locations, these are more dispersed compared to other clusters. This could be due to a failure
of the constrained simulations to model the Perseus-Pisces wall accurately [60].

9The viewpoint of a distant observer looking at the Milky Way in its cosmic environment. One might call
this the Archimedean viewpoint, based on Archimedes’ claim that he could lift the Earth given only a fulcrum
and a place to stand.
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The Milky Way is marked by a white triangle, located along a filament that stretches
towards the Virgo cluster. For this neutrino mass, mν = 0.06 eV, we appear to inhabit a
region with a large-scale neutrino overdensity that is not due to the Milky Way. It was this
large-scale modulation of the neutrino density that originally motivated our investigation. Its
effect was shown in figure 3 as a function of mass. For 0.01 eV, we predicted a small neutrino
deficit. We now see that this could be due to our proximity to the Taurus/Perseus-Pisces
glade. Hence, the local neutrino density depends on the interplay between the overdensities
associated with Virgo and the Local Group and nearby underdensities. The direction of the
neutrino dipole is indicated by a white arrow. It points away from the overdense region around
the Coma cluster, which is consistent with our motion towards the Shapley Supercluster and
the Great Attractor [88]. Correspondingly, it points towards an underdense region known as
the Dipole Repeller, which causes an apparent repulsion [89]. In short, the behaviour of the
CNB dipole is similar to that of the CMB when the neutrino mass is small, consistent with
our findings in section 3.1.

4 Conclusion

Direct detection of the Cosmic Neutrino Background (CNB) remains one of the great challenges
in cosmology. In this paper, we have analysed the gravitational effects of the large-scale
structure and the Milky Way on the local neutrino background. Through the use of the ‘BORG’
framework for Bayesian forward modelling of large-scale structure observations [58, 59], we
have carried out constrained simulations of the local Universe for different neutrino cosmologies
with masses between

∑
mν = 0.01 eV and

∑
mν = 0.6 eV. The constraints are based on

the 2M++ catalogue [50], which maps the local Universe out to a distance of 200 h−1 Mpc.
We account for the Milky Way dark matter halo, using an updated estimate of the mass
from [51]. By tracing neutrinos back through the galaxy and large-scale structure with a
bitwise reversible version of the N -body code Gadget-4 [72], keeping track of phase-space
density perturbations, we compute statistics of the expected neutrino flux. Our results suggest
that the gravitational clustering of neutrinos due to the large-scale structure is not negligible
compared to the effect of the Milky Way, with both contributing about half of the total effect
for 0.1 eV neutrinos.

Despite the inclusion of the large-scale structure, we find smaller overdensities compared
to earlier studies [44–47]. We attribute this to a decrease in recent estimates of the Milky
Way halo mass. We therefore predict only marginal increases in the event rates for tritium
capture experiments like PTOLEMY [16–18]. Additionally, we also predict a smaller impact
of gravitational deflection on the helicity distribution of the neutrino background compared
to [42], due to our distance from the centre of the Virgo cluster. As a result, the difference
between the event rates for Dirac and Majorana neutrinos is slightly smaller, though still close
to 100% in most cases. Similarly, we also predict a smaller impact on the flavour composition
compared to [38], with an electron-neutrino fraction that is close to 1/3 even for hierarchical
masses. We also make predictions for the neutrino dipole. In the limit of very small neutrino
masses, mν ≤ 0.01 eV, we recover the CMB result with a dipole that corresponds to Solar
motion towards (l, b) = (264◦, 48◦) at a relative velocity of around 300 km/s. The velocities
are significantly perturbed for larger masses and the dipole direction shifts, but remains nearly
parallel to the ecliptic plane. This implies a near-maximal annual modulation in the neutrino
velocity throughout Earth’s orbit around the Sun.
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Although perhaps unlikely, a future directional CNB detector might image the angular
distribution of relic neutrinos. We have produced maps and power spectra of the non-linear
neutrino perturbations imprinted by the large-scale structure. Our findings are in qualitative
agreement with the linear theory results of [32] for masses mν ≤ 0.1 eV, but with a much
larger gravitational effect that produces an oscillatory feature in the power spectrum. This
feature is related to cosmic variance in the dark matter density field. Indeed, we find that local
neutrino density perturbations, in principle detectable from Earth, are anti-correlated with
the projected dark matter density up to at least 250 Mpc, the largest distance constrained by
the 2M++ catalogue, although for very nearby structures and fast neutrinos, we instead predict
a positive correlation. The distance at which neutrinos are most sensitive to the intervening
cosmic structure increases with momentum and decreases with mass, potentially enabling
a kind of neutrino tomography of the large-scale structure, which would be impervious to
extinction by gas and dust. Finally, we presented maps of the forecasted neutrino distribution
in the local Universe, identifying neutrino clouds associated with several well-known clusters,
such as Coma and Hercules. We release our simulation data to the public, which we hope will
be useful for future analyses of the neutrino background.
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A Data availability

The simulation data are available at https://www.willemelbers.com/files/nubg_data/. There
are 2 × 9 × 6 simulation files, corresponding to the versions with and without Milky Way, for
nine posterior realizations of the initial conditions, and six different neutrino masses. For each
spectator particle, we provide the phase-space density g, the sampled final peculiar velocity
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vector vf at z = 0, its backtraced initial peculiar velocity vi at z = 31, its initial and final
comoving coordinates, and its statistical phase-space weight w = (f̄ − g)/g. Phase space
statistics can be computed using eq. (2.5). For instance, the perturbation to the local number
density is simply given by the average weight: n/n̄ = 1 + ⟨w⟩. We provide analysis scripts at
https://github.com/wullm/nubg_scripts.

B Reversible simulations

Running a cosmological N -body simulation backwards to recover the initial conditions is non-
trivial (see [90–92] for related ideas). In principle, leapfrog integration is time-reversible [93].
However, in practice, small rounding errors inevitably accumulate in the backwards direction.
This is problematic if one aims to recover a low entropy initial configuration (such as two
merging galaxies that are initially well separated) from a final high entropy configuration (the
merged galaxy). The root of the problem is the non-associativity of standard floating point
arithmetic, causing different rounding errors in backwards integrations. Furthermore, floating
point errors are not necessarily reproducible in parallel programs, because of the unpredictable
execution order of threads. We here briefly discuss the modifications necessary to make a
cosmological code reversible, in anticipation that this may be useful for other applications.

To test the bitwise reversibility of Gadget-4, we periodically compute a hash of
all particle data. The state of the simulation should be identical in the forwards and
backwards directions at the beginning and end, respectively, of each corresponding step.
Unsurprisingly, the code is not reversible by default. A first step towards achieving this is
to store particle positions and velocities as integers. Implementing integer velocities is a
natural step, because Gadget-4 already uses integer positions by default to achieve constant
precision throughout the simulation domain [72]. However, this is by no means enough to
guarantee reversibility, if only because the gravitational Tree-PM algorithm still relies on
floating point operations.

To guarantee reversibility, we must therefore also ensure that different threads execute
their tree calculations in the same order in both directions. Furthermore, there can be
no time-asymmetric decision making. For instance, we use a basic geometric tree opening
criterion [94], because the more adaptive opening criterion available in Gadget-4 depends
on the particle accelerations from the previous step, which are different in the backwards
direction. Similarly, the time step is usually chosen based on the maximum distance that
particles can move or on the acceleration of particles in the previous time step, which again
introduces an asymmetry. To address this problem without adopting a constant time step,
we store a list of step sizes used in the forwards direction and feed this file back in the
backwards direction. Special consideration is also needed for the neutrinos to ensure that
the δf weighting is time-reversible. Special relativistic velocities (2.2) can be absorbed in the
leapfrog integration scheme [69].

The domain decomposition is another point of concern. By default, Gadget-4 uses
floating point arithmetic for load balancing, which can lead to differences between the for-
wards and backwards runs. These operations are therefore modified to use integers. As
a final example, recall that we inject additional ‘spectator’ neutrinos at the start of the
backwards runs. We take steps to ensure that their presence affects neither the domain
decomposition of the original particles nor alters the gravity calculation. With these mod-
ifications, we exactly recover the initial conditions when running our constrained neutrino
simulations backwards.
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