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We study the impact of neutrino magnetic moments on astrophysical neutrinos, in particular super-
nova neutrinos and ultra-high energy neutrinos from extragalactic sources. We show that magnetic
moment-induced conversion of Dirac neutrinos from left-handed states into unobservable right-
handed singlet states can substantially change the flux and flavour composition of these neutrinos
at Earth. Notably, neutrinos from a supernova’s neutronisation burst, whose flux can be predicted
with O(10%) accuracy, offer a discovery reach to neutrino magnetic moments ∼ few × 10−13 µB,
up to one order of magnitude below current limits. For high-energy neutrinos from distant sources,
for which no robust flux prediction exists, we show how the flavour composition at Earth can be
used as a handle to establish the presence of non-negligible magnetic moments, potentially down to
few × 10−17 µB if the measurement can be performed on neutrinos from a single source. In both
cases, the sensitivity strongly depends on the galactic (intergalactic) magnetic field profiles along
the line of sight. Therefore, while a discovery is possible down to very small values of the magnetic
moment, the absence of a discovery does not imply an equally strong limit. We also comment on
the dependence of our results on the right-handed neutrino mass, paying special attention to the
transition from coherent deflection by a classical magnetic field to incoherent scattering on indi-
vidual scattering targets. Finally, we show that a measurement of Standard Model Dirac neutrino
magnetic moments, of order 10−19 µB, could be possible under rather optimistic, but not completely
outrageous, assumptions using flavour ratios of high-energy astrophysical neutrinos.

1 INTRODUCTION

In 1970, Cisneros [1] first proposed the neutrino mag-
netic moment as an explanation for the solar neutrino
problem. Since magnetic moments convert left-handed
particles into right-handed ones in the presence of a mag-
netic field, and since right-handed neutrinos cannot be
detected, such conversion leads to an apparent deficit
in the measured neutrino flux. While it is now known
that this deficit is due to neutrino mass mixing rather
than neutrino magnetic moments, conversion between
left-handed and right-handed neutrinos is still a powerful
tool to constrain, or better yet, discover, neutrino mag-
netic moments.

In the simplest extension of the Standard Model in-
cluding right-handed neutrino fields, the neutrino mag-
netic moment, µν , is [2]

µν =
3eGFmν

8
√
2π2

≈ 3× 10−19µB

( mν

1 eV

)
, (1)

where mν is the neutrino mass, e is the electric charge
unit, GF is the Fermi constant, and µB = e/(2me) is
the Bohr magneton, with me the electron mass. So far,
neutrino magnetic moments have proven too small to
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be detectable, but numerous constraints have been de-
rived from neutrino experiments [3, 4] as well as from
astrophysical [5–10] and cosmological arguments [11–17].
While these constraints still fall several orders of mag-
nitude short of probing magnetic moments as small as
in eq. (1), they are highly relevant to theories beyond
the Standard Model, where µν can take values that satu-
rate current constraints [15, 18–20]. More recently, large
neutrino magnetic moments have been proposed in rela-
tion to experimental anomalies, notably the XENON1T
electron excess [15, 21–23] which has since gone away
[24], the muon g− 2 anomaly [25], and various B physics
anomalies [15].
In this paper, we will investigate the role magnetic mo-

ments play in the propagation of astrophysical neutrinos
through galactic and intergalactic magnetic fields. We
will consider the case of Dirac neutrinos, for which stan-
dard flavour oscillations and magnetic moment-induced
spin precession can be decoupled. Majorana neutrinos,
in contrast, for which only flavour off-diagonal magnetic
moments are allowed, would experience coupled spin–
flavour precession, and since interstellar and intergalactic
magnetic fields as well as neutrino magnetic moments are
small, only negligible corrections to standard flavour os-
cillations are expected in this case.
For the case of O(10MeV) neutrinos from a supernova

explosion, we will show that the reduction in the de-
tectable neutrino flux due to a magnetic moment-induced
helicity flip can be large enough to be detectable for
magnetic moments that are up to an order of magni-
tude below current limits. This is true in particular
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for neutrinos from the neutronisation burst that hap-
pens early on in the explosion [26] because the corre-
sponding flux can be robustly predicted with an uncer-
tainty of only O(10%) [27–30]. In a recent paper [31],
Jana et al. have studied future supernova constraints
on neutrino magnetic moments as well. However, their
interest was in transitions magnetic moments between
active neutrino flavours, whereas we focus on magnetic
moment-induced conversion between active (left-handed)
and sterile (right-handed) neutrinos, relevant for instance
in scenarios with Dirac neutrino mass terms. The authors
of ref. [31] have considered neutrino flavour conversion in
the source’s magnetic field, whereas will be mainly con-
cerned with interstellar magnetic fields. We will explain
in section 4.1 why source magnetic fields are unimportant
for us, and why interstellar magnetic fields are unimpor-
tant in ref. [31].

In the second part of the paper, we will focus on
O(TeV) neutrinos from cosmic ray accelerators, which
may experience a similar helicity flip during propagation.
However, as there is no robust prediction for their initial
flux, the resulting flux reduction is undetectable. Never-
theless, if magnetic moments are flavour non-universal,
the disappearance of only some neutrino flavours may be
detectable in measurements of neutrino flavour ratios.

The structure of this paper is as follows: in section 2 we
introduce the notation and present approximate analytic
results for the conversion probability from left-handed to
right-handed neutrinos in a magnetic field. In section 3
we describe the properties of interstellar and intergalac-
tic magnetic fields pertinent to our study. In section 4 we
then discuss the neutrino flux from supernovae, in par-
ticular during the neutronisation phase, and apply the
results from sections 2 and 3 to this flux. This allows us
to estimate the discovery reach for neutrino magnetic mo-
ments in DUNE and Hyper-Kamiokande. We then move
on in section 5 to ultra-high energy neutrinos detectable
at neutrino telescopes, where in particular flavour non-
universal magnetic moments can dramatically affect the
observed flavour ratios. We finally broaden our discus-
sion in section 6 to comment on the prospects of detecting
neutrino magnetic moments as small as in the Standard
Model, and to elaborate on how the mass of the right-
handed neutrinos affects our results. In this context, we
discuss the transition from coherent deflection by a clas-
sical magnetic field to hard scattering on individual elec-
trons/nuclei in the interstellar medium. We conclude in
section 7.

All numerical codes used in this paper, as well as all
plots, can be found on GitHub [32].

2 NEUTRINO MAGNETIC MOMENTS

Neutrino magnetic moments are described by the op-
erator

L ⊃ µ̂αβ
ν

2
Fµν ν̄

α
Lσ

µνNβ
R + h.c., (2)

where ναL is the left-handed neutrino field of flavour α,

Nβ
R are right-handed neutrino fields, and Fµν is the elec-

tromagnetic field strength tensor. In the case of Ma-
jorana neutrinos, NR can be the charge conjugate of a

left-handed neutrino field, Nβ
R = (νβ)c. In this case, the

CPT-symmetry mandates that the magnetic moments of
particles and antiparticles have opposite signs, meaning
that the magnetic moment matrix µ̂ is antisymmetric
and, in particular, that its diagonal components vanish.
While the numerical results we present in sections 4 and 5
will be applicable only to Dirac neutrinos (as competitive
limits arise only in this scenario), we will keep the discus-
sion in this section general and include also the Majorana
case. As usual, the neutrino flavour eigenstate fields ναL
are related to their mass eigenstate counterparts, νi, ac-
cording to

να = Uαiν
i , (3)

where

U =



1

c23 s23
−s23 c23






c13 s13e
iδ

1
−s13eiδ c13





c12 s12
−s12 c12

1




is the leptonic mixing matrix. It depends on the neutrino
mixing angles θij through sij ≡ sin θij , cij ≡ cos θij , and
on the CP-violating phase δ.
The flavour evolution of a neutrino is governed by the

Schrödinger equation

i
d

dt
ψ(t) = Ĥψ(t) , (4)

where ψ is a unit vector in flavour space whose com-
ponents describe the admixture of each flavour to the
neutrino state. Thus, for the case of three right-handed
states, ψ = (νe, νµ, ντ , Ne

R, N
µ
R, N

τ
R). In this case, a pure

νµ would be described by the vector ψ = (0, 1, 0, 0, 0, 0).
If neutrinos travel along the z-axis through a magnetic
field B, the Hamiltonian in the flavour basis can be writ-
ten in block-diagonal form as1

Ĥ =
1

2p

(
U

U

)(
M̂2

ν

M̂2
N

)(
U†

U†

)

+
1

2

(
0 B⊥e

iϕµ̂ν

B⊥e
−iϕµ̂†

ν 0

)
, (5)

with the neutrino momentum p, the diagonal mass ma-
trices

M̂ν = diag(mν1
,mν2

,mν3
) , (6)

M̂N = diag(mN1,mN2,mN3) , (7)

1 This can be most easily seen by direct evaluation of eq. (2),
choosing a particular representation for the spinors and γ matri-
ces.
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and the general magnetic moment matrix (with the indi-
vidual entries in this matrix labelled using the notation
defined in eq. (2))

µ̂ν =



µee
ν µeµ

ν µeτ
ν

µµe
ν µµµ

ν µµτ
ν

µτe
ν µτµ

ν µττ
ν


 . (8)

We have written the components of the magnetic field
perpendicular to the neutrino’s direction of travel in

terms of B⊥ ≡
√
B2

x +B2
y and ϕ ≡ arctan(Bx/By).

2

If the magnetic field direction is constant along the line
of sight, the phase ϕ is unphysical. For spatially vary-
ing magnetic fields, however, it is important as we will
discuss below.

As astrophysical neutrinos propagate as mass eigen-
states,3 it is useful to rotate Ĥ to the mass basis

Ĥ=
1

2p

(
M̂2

ν

M̂2
N

)
+
1

2

(
0 B⊥e

iϕ ˆ̃µν

B⊥e
−iϕ ˆ̃µ†

ν 0

)
, (9)

where ˆ̃µν ≡ U†µ̂νU .
While numerically solving eq. (4) is straightforward,

deriving an approximate analytic solution provides ad-
ditional insight. Utilising the two-flavour approxima-
tion—considering only one left-handed neutrino, νL, and
one right-handed neutrino, NR, with a transition mag-
netic moment µν—and under the assumption of a uni-
form magnetic field, we ascertain the conversion proba-
bility to be

PνL→NR
(µν ; t) =

4p2µ2
νB

2
⊥

(∆m2
Nν)

2 + 4p2µ2
νB

2
⊥

sin2
(√

(∆m2
Nν)

2 + 4p2µ2
νB

2
⊥

4p
t

)
, (10)

with ∆m2
Nν = m2

N−m2
ν . Before discussing the conditions

under which the two-flavour approximation is useful, let
us first interpret eq. (10). Both the oscillation amplitude
and the oscillation phase are governed by the interplay
of the frequency ∆m2

Nν/(2p) and the magnetic moment
interaction, µνB⊥. In the case of mN = mν (Dirac neu-
trinos), the oscillation amplitude becomes maximal, and

2 The longitudinal component of B is unimportant here as can be
seen from the transformation of the magnetic field to the neu-
trino’s rest frame. For ultra-relativistic neutrinos, B⊥ in the rest
frame is enhanced by a relativistic γ-factor, while the longitudi-
nal component, B∥, is not.

3 This can be understood by considering that the oscillation
lengths corresponding to standard flavour oscillations are much
shorter than the typical distances that astrophysical neutrinos
travel. Neighbouring oscillation maxima are therefore extremely
close in energy and cannot be resolved by the detector. In the
mass basis, the off-diagonal elements of the density matrix de-
scribing the observed neutrino flux therefore average to zero, im-
plying an incoherent statistical mixture of mass eigenstates.

the conversion probability reduces to

PνL→NR
(µν ; t)

∆m2
Nν→ 0−−−−−−−→ sin2

µνB⊥ t

2
. (11)

In the opposite limit, ∆m2
Nν/(2p) ≫ µνB⊥, left-

handed and right-handed neutrinos oscillate into one
another with a frequency determined by their masses,
∆m2

Nν/(4p). The oscillation amplitude, however, be-
comes very small in this limit.
These observations already hint at one of the rea-

sons why the two-flavour approximation is useful: in
the case of Dirac neutrinos, conversion between the left-
handed and right-handed components of the same Dirac
spinor have maximal amplitude, while transitions be-
tween states of different mass are strongly suppressed.
If the magnetic moment matrix ˆ̃µ in eq. (9) is diagonal
in the mass basis, standard flavour oscillations and mag-
netic moment-induced conversion between left-handed
and right-handed states decouple completely. But even
for non-zero flavour off-diagonal magnetic moments, the
mixing between different Dirac neutrino mass eigenstates
during propagation is negligible given the weakness of
large-scale magnetic fields in the Universe and the strong
constraints on neutrino magnetic moments. In other
words, Dirac neutrinos that form an incoherent ensemble
of mass eigenstates will predominantly experience mix-
ing only between the two Weyl components of each mass
eigenstate and mixing between different mass eigenstates
is negligible. (We have explicitly verified this numeri-
cally.) The description in terms of an incoherent ensem-
ble of mass eigenstates is always appropriate for astro-
physical neutrinos. First because the size of the neu-
trino production region is typically similar in size to, or
larger than, the oscillation length, and second because
any coherence between mass eigenstates will quickly be
lost during propagation as wave packets separate.4

The above discussion also illustrates in more detail why
the methods discussed in this paper are suitable only for
constraining magnetic moments of Dirac neutrino (and
even for those only the diagonal components of the mag-
netic moment matrix in the mass basis), not those of Ma-
jorana neutrinos. For astrophysical Majorana neutrinos
propagating as an incoherent ensemble of mass eigen-
states, the small magnetic moment-induced changes in
the mixing between these mass eigenstates will be negli-
gible compared to standard three-flavour mixing.

4 Note that wave packet separation between the two components
of a Dirac neutrino due to energy splitting in the magnetic field is
not an issue. The velocity difference between two states of mass
m and energies E and E+∆E is ∆v = m2∆E/(E2

√
E2 −m2),

and the distance by which the energy eigenstate wave packets get
separated after travelling a distance L is ∆x = L∆v. This differ-
ence is much smaller than even the most conservative estimate
for the neutrino wave packet size (σx ∼ 1 Å) for both super-
nova neutrinos (E ∼ 30MeV, L ∼ 10 kpc) and ultra-high-energy
neutrinos (E ≳ 1TeV, L ∼ Gpc).
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The other approximation entering eq. (10), namely
that of constant B-field, is typically not applicable to
astrophysical environments (see section 3 below for a de-
tailed discussion). It is still useful for obtaining order-
of-magnitude estimates, though. To go beyond these,
eq. (4) needs to be integrated numerically, which is what
we will do in sections 4 and 5 using the Python packages
QuTiP v4.7.0 [33, 34], SciPy 1.7.1 [35], and NumPy v1.19.5
[36]. (For propagation in turbulent magnetic fields, we
also outline in appendix C a numerical shortcut based on
the stochastic nature of the problem.) Analytical insights
can still be gained in some special cases. One such useful
case arises if only the magnitude of the transverse mag-
netic field changes, but not its direction The oscillation
probability in the limit µνB⊥ ≫ ∆m2

Nν/(2p) is

PνL→NR
(µν ; t)|ϕ=const ≃ sin2

(
µν

2

∫ L

0

dxB⊥(x)

)
, (12)

which can be understood as a generalisation of eq. (11).
Of course, in reality, both the magnitude and the direc-
tion of the field are expected to vary. For further theo-
retical considerations and phenomenological implications
of the neutrino magnetic moment, see refs. [37–41] and
references therein.

3 INTERSTELLAR AND INTERGALACTIC
MAGNETIC FIELDS

The neutrino magnetic moment will interact with the
magnetic fields it encounters as it propagates. For super-
nova burst neutrinos, which are detectable in large num-
bers only from within the Milky Way, we need to model
the galactic magnetic field, whereas for high-energy as-
trophysical neutrinos, which mostly come from outside
our galaxy, extragalactic magnetic fields are more im-
portant due to their huge travel distance.

3.1 The Milky Way’s Magnetic Field

The Milky Way’s magnetic field has both a large-scale
component that is coherent on length scales of order kpc,
and a small-scale component that is turbulent [42–46].
The large-scale magnetic field tends to follow the spiral
arms of our galaxy. To describe this, one defines the pitch

p = arctan

(
Br

Bϕ

)
, (13)

where Br is the radial component of the magnetic field
in the galactic plane, and Bϕ is its azimuthal compo-
nent. The shape of the Milky Way’s spiral arms is well-
described by a logarithmic spiral, that is, by a parametric
curve of the form r ∝ ekϕ, where r and ϕ are polar coor-
dinates in the galactic plane and k is a constant. Such a
curve is characterised by a constant pitch p = arctan k.

−15 −10 −5 0 5 10 15
x [kpc]

−15

−10

−5

0

5

10

15

y
[k

p
c] ⊕⊕⊕

~B [µG]

−2

−1

0

1

2

FIG. 1. The coherent component of the Milky Way’s magnetic
field according to the model from ref. [47] which we adopt
here. We indicate the log-spirals delineating the Milky Way’s
spiral arms, with the shading indicating the magnetic field
strength. Shades of blue indicate magnetic fields pointing
in the counterclockwise direction, while shades of orange/red
indicate fields pointing clockwise. The location of our solar
system is indicated by the cyan ⊕ symbol. Note that this
figure is rotated by 90 degrees clockwise compared to fig. 4 of
ref. [47].

For the Milky Way, estimates for p vary between −5◦ and
−30◦, and the strength of the coherent magnetic field is
1.5–2µG in the solar neighbourhood and increases to-
wards the Galactic Centre [44].

As a “fiducial” model for the large-scale galactic mag-
netic fields, we will use the one from ref. [47] (see refs. [48–
50] for alternative models), which divides the Milky Way
into seven regions delimited by eight logarithmic spiral
curves, as shown in fig. 1. The starting point of each
spiral is set at a galactic radius of 5 kpc. The central
3 kpc are assumed to be free of large-scale fields, and
between galactic radii of 3 kpc and 5 kpc the field is pro-
portional to 1/r and oriented azimuthally. In the seven
spiral-shaped regions, the field strength follows a 1/r law
as well, but with a different coefficient in each region.
The field is oriented tangentially to the logarithmic spi-
ral curves. To account for uncertainties in the large-scale
galactic magnetic field, we will also consider scenarios in
which the coefficient of the 1/r law in each domain of
the model is chosen randomly according to a Gaussian of
width 1µG, centred at zero magnetic field.

The turbulent component of the Milky Way’s magnetic
field can be characterised by its spectral density function,
P (k), which describes how the energy stored in the field
is distributed across eddies at different scales k. It is
defined implicitly in terms of the two-point correlation
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function as

⟨B(X+∆X)B(X)⟩ =
∫
d3k eikXP (k) . (14)

Note that we assume here large-scale isotropy and ho-
mogeneity, so that P (k) depends only on k ≡ |k|, but
not on any angular variables. It is easy to see that
P (k) = |B̃(k)|2, where B̃(k) is the three-dimensional
Fourier transform of B(X). It is reasonable to assume
that, similar to innumerable other turbulent phenomena
in astrophysics and elsewhere, the turbulent magnetic
fields in the Milky Way obey Kolmogorov’s theory of tur-
bulence [51], which stipulates that the energy carried by
eddies at scale k is proportional to k−5/3. This implies
that P (k) scales as

P (k) ∝ k−11/3 . (15)

The spectral density function follows this scaling at scales
smaller than some cutoff, which is between a few parsec
to 100 pc [44]. The magnitude of turbulent galactic mag-
netic fields is of order few µG [44].

For our fiducial model, we choose the cutoff of Kol-
mogorov scaling at 10 pc, and the magnitude of the field
at 2µG. We divide the frequency domain into 1000
equidistant bins and choose the power in each of them
according to a Gaussian distribution with width given
by eq. (15) and centred at zero. The phase in each bin is
chosen randomly between zero and 2π. We then apply a
Fast Fourier Transform to obtain the (discretised) mag-
netic field configuration along the line of sight. We nor-
malise this field configuration such that the root-mean-
square magnetic field strength is 2µG. This field con-
figuration is then added to the large-scale magnetic field
whose modelling has been discussed above, and fed into
the evolution equation, eq. (9). To account for uncertain-
ties, we consider a large number of field configurations
randomly generated with this method, and we also vary
the cutoff between 1 pc and 100 pc, and the root-mean-
square field strength according to a Gaussian distribution
with a width of 5µG.

Much of our knowledge about galactic magnetic field
is derived from measurements of Faraday rotation [52]
of radio waves. When linearly polarised electromagnetic
waves cross a magnetised medium, the polarisation an-
gle changes proportional to λ2

∫
ds ne(s)B∥(s), where λ

is the photon wavelength, ne(s) is the electron number
density, B∥(s) is the magnetic field component parallel to
the photon momentum, and the integral runs along the
line of sight. The integral also defines the so-called “rota-
tion measure” or RM (up to an O(1) constant). Suitable
sources for RM studies include pulsars as well as extra-
galactic sources such as quasars or fast radio bursts. As
the polarisation angle of the source is not known, the λ-
dependence of Faraday rotation is used to extract the RM
from observations of the photon polarisation at different
wavelengths.

3.2 Extragalactic Magnetic Fields

Relatively little is known about magnetic fields in be-
tween galaxies [45, 52]. Inside galaxy clusters, obser-
vations of diffuse radio emission and of the polarised
photons from radio sources seen through a cluster pro-
vide clues and point towards field strengths of order µG
(with O(1) uncertainties) [52]. There are also more in-
direct ways of constraining intracluster fields using the
(non)observation of x-rays from inverse Compton scat-
tering induced by the high-energy electron population
needed to explain the observed synchrotron emission [53].
The lower limits on |B| derived in this way are roughly
consistent with the values derived from diffuse radio emis-
sion and from the radiation measure of radio sources seen
through a cluster. Observations also indicate that intr-
acluster fields should be irregular and feature abundant
small-scale structures.
Evidence for magnetic fields outside of galaxy clus-

ters is scarce [52] and partly contradictory. On the one
hand, synchrotron emission from a region in between
galaxy clusters suggests a magnetic field of order 0.2–
0.6µG [54–56], which would be only an order of magni-
tude lower than galactic magnetic fields. On the other
hand, the dependence of sources’ rotation measures on
redshift suggests intergalactic magnetic fields cannot be
larger than O(nG) [57]. Weak lower limits on extragalac-
tic magnetic fields of order |B| ≳ 10−16 G to 10−13 G can
also be derived from gamma-ray observations of blazars,
see ref. [52] and references therein. High-energy primary
photons from such objects should undergo secondary in-
teractions in the intergalactic medium, leading to electro-
magnetic cascades (elongated over astrophysical distance
scales) and thus to secondary gamma-ray emission at
lower energies. The non-observation of this lower-energy
emission can be understood by arguing that secondary
electrons and positrons are deflected away from the line
of sight by magnetic fields.
A possible game-changer in the study of extragalac-

tic magnetic fields are fast radio bursts (FRBs) [58–
60]. They are observable out to very large redshifts, and
a large sample has recently become available from the
CHIME/FRB collaboration [61]. Individual FRBs have
already been used to derive constraints on the order of
|B| < few× 10 nG [62, 63].
We define our fiducial model of intergalactic magnetic

fields in the same way as the one for turbulent galactic
magnetic fields. However, we divide the line of sight into
three regions, corresponding to propagation through the
galaxy cluster in which the source is located, the inter-
cluster space, and our local galaxy cluster. The travel
distance within each cluster is taken to be 10Mpc, while
the total distance is varied between 0.1 and 5Gpc. We
set the outer cutoff of the Kolmogorov spectrum to 1Mpc
within galaxy clusters, and to 10Mpc outside. The root-
mean-square strength of the intracluster fields is drawn
from a normal distribution with a width of 1µG, while
for the intercluster fields we use a width of 5 nG.
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4 SUPERNOVA NEUTRINOS

4.1 General Considerations

In this section we demonstrate how neutrinos from
the neutronisation (or deleptonisation) burst phase of
a galactic core-collapse supernova can be used to probe
neutrino magnetic moments. The neutronisation burst
proceeds, as the name suggests, largely through the pro-
cess e−+p→ νe+n. The neutrinos are initially trapped,
but leak out of the supernova core in the first ∼ 20ms
after core bounce. During this phase, the luminosity
reaches a spectacular 1053 erg/sec. In contrast to neu-
trinos from the subsequent accretion and cooling phases,
the emission during the neutronisation burst is domi-
nated completely by the production of νe-flavoured neu-
trinos [26, 28, 29].

The crucial point for us is that the νe flux emitted dur-
ing the neutronisation burst can be fairly well predicted
(at the 10% level) as the properties of a stellar core at the
point where it reaches the Chandrasekhar threshold and
collapses are similar in all core-collapse supernovae [30].
This means that a moderate deficit of neutrinos, caused
by their conversion into invisible right-handed states due
to a magnetic moment, could be observable. Whether
the νL deficit is large enough to be detected depends on
the interplay of the mass squared difference ∆m2

Nν and
the magnetic potential µνB⊥, in combination with the
neutrinos’ typical travel distance, L ∼ 10 kpc, and their
O(10MeV) energy.

As stated in section 2 we will focus on the case of pure
Dirac neutrinos where ∆m2

Nν = 0 for two main reasons:
(i) This trivially satisfies the requirement that the am-
plitude of the magnetic moment induced oscillations are
large ∆m2

Nν/(µ
2
νB

2
⊥) ≲ 1, c.f. eq. (10). (ii) It removes

the dependence of the oscillation frequency on the mo-
mentum of the neutrino, see eq. (11). Before turning to
simulations we can estimate the range of µν where ob-
servable effects occur. Given the amplitude is maximised,
we must simply study the oscillation length, which from
eq. (11) is Lconv = 2π/(µνB⊥). This implies that only
a certain range of µν can be probed for fixed values of
L and B⊥. The lower limit arises from the requirement
that the oscillation phase is not vanishingly small, while
an upper limit occurs from requiring L ≲ Lconv, yielding
µν ∈ [3, 70] × 10−14µB . This range assumes a constant
magnetic field with B⊥ = µG and L = 10 kpc.

Note that, throughout our discussion, we neglect νL ↔
NR conversion inside the exploding star. At first, this
might seem surprising, given that magnetic fields out-
side a supernova core can reach 1010 G, so according to
eq. (11) we could expect sensitivity to µν ≲ 10−14 µB

from conversion in the supernova core alone. However,
the large matter density in and around the supernova
core suppresses νL ↔ NR oscillations via the Mikheyev–
Smirnov–Wolfenstein (MSW) effect [64–66]. The MSW
potential generated by coherent forward scattering of
neutrinos on ambient nucleons and electrons, |VMSW| ∼

GFnn, where nn is the ambient neutron density, affects
νL but not NR. It therefore produces a large contribu-
tion to the upper left block of the Hamiltonian in eqs. (5)
and (9), thus suppressing the effective mixing angle be-
tween νL and NR. In this case resonant transitions are
nevertheless possible [67–69], particularly if the MSW
potential for electron neutrinos VMSW ∼ GF (ne − nn/2)
is small. However, in our simulations we do not find re-
gions inside the SN where these resonant transitions are
relevant.5 Note that this is different from the situation
discussed for instance in refs. [67, 70–75], as well as the re-
cent ref. [31], where magnetic moment-induced νL ↔ NR

conversions are a dominant effect. This is because the au-
thors of [31] are interested in transition magnetic moment
between different active Majorana neutrino flavours. The
MSW potential is approximately the same for all active
neutrino species, so its effect cancels out to high accuracy.
Lastly, we also ignore any possible effects arising from the
rotation of the magnetic field [76–78]. A recent paper [79]
studies these effects for SN with extremely strong mag-
netic fields at the surface of the Iron core. Resonant con-
version could occur, but requires 1012 G magnetic fields
which are moreover strongly twisted, with order-one ro-
tation of the field over kilometer distance scales. It is
currently unclear whether such twists in the SN mag-
netic field exist at the time of core bounce. Nevertheless
we emphasise that resonances from this effect can lead
to additional time dependence in the observed events,
beyond what is presented below.

4.2 Expected Change in Event Rates

We model the initial neutrino flux emitted from the
supernova core according to the results of ref. [80],
which correspond to an electron-capture supernova with
a 8.8M⊙ progenitor star. As we consider Dirac neutrinos,
for which we have seen in section 2 that the νL → NR

conversion probability is independent of energy, the neu-
trino spectrum is not relevant to the following discussion
– only the flux as a function of time matters.
To account for neutrino flavour transitions on the way

out of the supernova core, we assume simple adiabatic
conversion [81, 82]. The flux of flavour νβ at Earth is
then given by

fνβ
(Eν ;α)=

∑

i

|Ufi|2f0νi
(Eν ;α)

[
1− PνL→NR

(µii)
]
, (16)

where f0νi
(Eν ;α) is the initial flux emitted from the neu-

trinosphere, µii is the diagonal magnetic moment for
mass eigenstate νi, and PνL→NR

is the conversion prob-
ability from νL to NR in the two-flavour approximation

5 Note however, that the MSW potential neutrinos encounter while
propagating through the dilute interstellar medium is negligible,
even compared to the neutrinos’ tiny magnetic interaction.
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assuming equal masses. Remember that, at the huge
matter density inside the supernova core, the mass and
flavour bases are aligned: for the normal mass hierar-
chy we have f0νe

= f0ν3
and f0νx

= f0ν2
= f0ν3

, such that

fνe = cos2(θ13)f
0
νx

+ sin2(θ12)f
0
νe
, where x = µ, τ .6 Note

that, for simplicity, we neglect Earth matter effects, as-
suming that the supernova occurs in a sky location above
the detector.

For a general magnetic field configuration, PνL→NR
is

computed by solving eq. (9) numerically, using galactic
magnetic field profiles generated according to the pre-
scription from section 3.1. Equation (16) then yields the
expected fluxes of neutronisation burst neutrinos at ter-
restrial detectors. The two detectors we consider are
Hyper-Kamiokande [86, 87] and DUNE [88, 89]. For
Hyper-Kamiokande, the total fiducial mass is 374 kt (two
modules of 187 kt fiducial mass each), while for DUNE
it will be 40 kt (four modules of 10 kt fiducial mass
each). The most important detection channels in a wa-
ter Čerenkov detector like Hyper-Kamiokande are inverse
beta decay (see refs. [90, 91] and more recently ref. [92]),

ν̄e + p→ e+ + n , (17)

and

νe(ν̄e) +
16O → e± +X . (18)

In DUNE’s liquid argon time projection chambers, the
reaction

νe +
40Ar → e− + 40K∗ (19)

dominates. Moreover, neutrino–electron scattering,

νx + e− → νx + e− , (20)

can occur in both detectors. It has smaller cross-sections
than the nuclear reactions (17) to (19), but offers signif-
icantly better angular resolution. (The latter is impor-
tant for triangulating the location of the supernova in
the sky, but is less relevant for setting limits on neutrino
magnetic moments.) The cross-sections for the above re-
actions can be found in [90, 91, 93, 94]. As the observable
we are interested in is an overall reduction in the neutrino
flux, we will combine all detection channels relevant in a
given detector into a single event sample. We will also
use only one bin in energy. We will, however, resolve the
time-dependence of the signal using five equidistant bins
covering the range from t = −5ms to 20ms, where t = 0
is the moment of core bounce. The magnetic moment-
induced flux deficit is expected to be the same in all time

6 We neglect here the fact – only recently appreciated by the com-
munity – that µ and τ neutrinos/anti-neutrinos do not oscillate
in exactly the same way [83, 84]. The reasons are the produc-
tion of muons (but not τ leptons) in the supernova core [85], as
well as the three-flavour vacuum oscillation term in the evolution
equation.

bins, so this binning serves only to highlight the time evo-
lution of the primary flux and the impact of the neutrino
mass ordering on the count rates at Earth.
We repeat the above procedure for 50 different galactic

magnetic field profiles, distributed randomly within the
uncertainties given in section 3.1. The spread among
these 50 different realisations will allow us to gauge the
impact of our poor understanding of the Milky Way’s
magnetic field on the final sensitivity.
A comparison of expected event rates at DUNE and

Hyper-Kamiokande with and without magnetic moments
is shown in fig. 2 for a galactic magnetic field profile
corresponding to the nominal model from section 3.1.
We show results for both the normal (blue) and inverted
(red) mass ordering, where the difference between the
two cases comes from differences in the adiabatic flavour
conversions inside the supernova. Our first observation
is that even for µν substantially below the current limit
(1.2 × 10−12 µB, from the position of the tip of the red-
giant branch [10] in the Hertzsprung–Russell diagram), a
dramatic deficit of supernova neutrinos can occur. How-
ever, due to large magnetic field uncertainties, such a
large deficit is not guaranteed. This problem is ex-
acerbated by the fact that, according to eq. (10), the
νL ↔ NR conversion probability depends sensitively on
the exact distance to the supernova. As PνL→NR

is in-
dependent of the neutrino energy in the case of Dirac
neutrinos, and since the νL ↔ NR oscillation length is
much larger than the size of the supernova core, no av-
eraging over oscillations is expected. However, we could
be unlucky and it may be located close to a minimum
in PνL→NR

. Therefore, as long as only a single super-
nova is observed and no neutrino deficit is found, it will
be difficult to set robust constraints. In other words, the
sensitivity of this method is not optimal, while the discov-
ery potential is substantial. If systematic uncertainties in
galactic magnetic fields can be reduced to well below our
(relatively conservative) error estimates, the sensitivity
would dramatically improve and become comparable to
the discovery reach.

4.3 Discovery Reach

The discovery potential of DUNE and Hyper-
Kamiokande is best illustrated in fig. 3, where we show
the χ2 that would be obtained if neutrinos have a non-
negligible magnetic moment, but µν = 0 is assumed in
the fit. More precisely, we define

χ2 = min
a

∑

i

[
ni(µ̂ν ;B, l)− (1 + a)ni(0)

]2

(1 + a)ni(0)
+
a2

σ2
a

, (21)

where ni(µ̂ν ;B, l) is the assumed observed number of
events in the i-th time bin for magnetic moment ma-
trix µ̂ν , turbulent magnetic field scale B, and outer tur-
bulence scale l. Similarly, ni(0) is the fitted number of
events for zero magnetic moment (where the magnetic
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FIG. 2. Expected number of events at DUNE (left) and Hyper-Kamiokande (right) from the neutronisation burst of a supernova
10 kpc away, both in the standard case without neutrino magnetic moments (dotted histograms), and assuming a Dirac neutrino
magnetic moment of 10−13µB , more than an order of magnitude below the best current limit (solid shaded histograms). We
show results assuming both normal (blue) and inverted (red) mass ordering, which determines flavour conversion inside the
supernova. Hatched bands indicate the 10% uncertainty in the initial neutrino flux as well as the uncertainty from our poor
knowledge of Galactic magnetic fields. The orientation of the assumed line of sight in the galaxy is indicated by the inset on
the right, where the ⊕ sign marks our location.
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FIG. 3. Predicted χ2 profiles for the analysis of supernova neutronisation burst data in DUNE (left) and Hyper-Kamiokande
(right). The assumed true (Dirac) magnetic moment is indicated on the horizontal axis, while the vertical axis shows the
level of tension between the simulated “data” with µν ̸= 0 and the model prediction for µν = 0. We show results for both
the normal (blue) and inverted (red) mass ordering, and for flavour-universal magnetic moments (solid) as well as magnetic
moments affecting only νµ (dotted). Lines correspond to the median discovery potential as the assumed true magnetic field
model and the true primary flux normalisation are varied within uncertainties. The coloured blue band (shown only for the
normal ordering, flavour-universal case for clarity) illustrates the 1σ variation. Dashed horizontal lines indicate χ2 thresholds
for one degree of freedom. The region to the right of the vertical dotted line is disfavoured by red-giant cooling constraints [10].
The orientation of the assumed line of sight in the galaxy is indicated by the inset below the legend, with the ⊕ sign marking
the location of the Earth.
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field parameters are irrelevant). The nuisance parameter
a parameterises the uncertainty in the primary neutrino
flux, and the pull term a2/σ2

a penalises deviations from
the nominal flux. Here we choose σa = 0.1.

We see from fig. 3 that flavour-universal magnetic mo-
ments of few × 10−13 µB should be detectable in both
DUNE and Hyper-Kamiokande. In fact the two exper-
iments have rather similar discovery reach. At some-
what larger magnetic moments, the discovery reach goes
through several maxima and minima due to the oscil-
latory behaviour of PνL→NR

as a function of µν . Fig-
ure 3 also illustrate the strong dependence of the discov-
ery reach on the true magnetic field profile. Specifically,
the coloured bands indicate the 1σ variation in the χ2

curves as the magnetic field and the normalisation of the
primary neutrino flux are varied. We find very similar
discovery reach for the normal (blue) and inverted (red)
mass ordering. If only one neutrino flavour – here νµ –
carries a sizeable magnetic moment, the discovery reach
is worsened by an order of magnitude.

In fig. 4, we compare the expected discovery reach of
DUNE and Hyper-Kamiokande to existing limits on neu-
trino magnetic moments. For each magnetic field profile,
we define the 90% CL discovery reach as the value of µν

for which χ2 first crosses the threshold of 2.71. We see
that even for unfavourable magnetic field configurations,
it is likely that the next Galactic supernova should be
sensitive to magnetic moments below the best current
limit (the one based on the location of the tip of the red
giant branch in the Hertzsprung–Russell diagram, which
would be modified if νL → NR conversions entail ex-
tra energy loss from stars). Under favourable circum-
stances, even an order of magnitude improvement is pos-
sible. The discovery reach is roughly the same for DUNE
and Hyper-Kamiokande, and it is moreover largely inde-
pendent of the neutrino mass ordering. Note that fig. 4
is for flavour-universal magnetic moments; if only some
neutrino flavours experience a large magnetic moment,
limits will be correspondingly weaker.

These results show that, thanks to robust predictions
of the primary neutrino flux, the neutronisation burst of
a Galactic supernova can be a powerful tool to search
for physics beyond the Standard Model. They also show
that a better understanding of Galactic magnetic fields
would greatly aid in this endeavour (besides, of course,
being a very interesting goal in itself due to its impact
on Galactic astrophysics and radio astronomy).

5 ULTRA-HIGH ENERGY NEUTRINOS

The discovery of an ultra-high energy astrophysical
neutrino flux at IceCube [98, 99] provides us with a new
opportunity of probing neutrino properties and observ-
ing the high-energy Universe. The neutrino flux can be
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FIG. 4. 90% confidence level limits on the Dirac neutrino
magnetic moment. The left part of the plot summarises (in
black) existing limits from the white dwarf luminosity func-
tion [6], the tip of the red giant branch [10], solar neutrino
observations in Borexino [95], reactor neutrino measurements
in GEMMA [96], solar neutrinos in XENONnT [24] and Pan-
daX [97], as well as cosmological Neff constraints from the
combination of Planck and baryon acoustic oscillation (BAO)
data [16, 17]. The coloured lines and bands on the right in-
dicate the anticipated discovery reach in DUNE and Hyper-
Kamiokande, determined from the χ2 curves in fig. 3. Bands
correspond to 1σ variations of the magnetic field parameters
in our model and 1σ variations of the initial neutrino flux pre-
diction. We have assumed an 8.8M⊙ supernova at a distance
of 10 kpc, with the line of sight indicated by the small inset
on the top right. The ⊕ sign in that inset marks the location
of the Earth in the Milky Way. The magnetic moments are
taken to be flavour-universal.

approximated by a power law

Φ(E) = ϕ0 ×
(

E

100TeV

)−γ

. (22)

For 25TeV < E < 2.8PeV, the best-fit parameters are
[100]

ϕ0 = (6.37+1.46
−1.62)× 10−18 GeV−1 s−1 sr−1 cm−2, (23)

and

γ = 2.87+0.20
−0.19 . (24)

Note, however, that there is some tension between differ-
ent measurements of ϕ0 and γ. For instance, the spectral
index quoted here based on IceCube’s High Energy Start-
ing Event (HESE) sample, 2.87+0.20

−0.19 [100], is higher than
the values extracted from upward-going muons (2.37 ±
0.09 [101]), from cascade-like events (2.53 ± 0.07 [102]),
and from a study of the inelasticity of high-energy neu-
trino interactions (2.62 ± 0.07 [103]. As the parameters
in eqs. (23) and (24) are extracted from data and at-
tempts to predict them from first principles are fraught
with large uncertainties, they cannot be used directly to
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constrain new physics. In particular, using a flux deficit
to probe disappearance of left-handed Dirac neutrinos
into invisible right-handed states through the magnetic
moment operator, as proposed in section 4 for Galactic
supernova neutrinos, is not an option here. However,
if magnetic moments are flavour non-universal, their ef-
fect may be observable because the νL → NR conversion
probability will then be different for different νL flavours.
This implies that the flavour composition of the neutrino
flux arriving at Earth will be different compared to the
Standard Model. Indeed, neutrino telescopes like Ice-
Cube and KM3NeT have at least some flavour sensitiv-
ity.

Magnetic moment-induced flavour conversions of ultra-
high energy astrophysical neutrinos have been studied
previously in refs. [104–107] in the context of spin–flavour
precession, but not for νL → NR conversions.

A simple back-of-the-envelope estimate leads us to ex-
pect excellent sensitivity in neutrino telescopes. Namely,
for a source at O(Gpc) distance and intergalactic mag-
netic fields of order nG, the oscillation phase in eq. (11)
approaches unity already for µν ∼ 10−16µB . Taking
into account conversion also in the intracluster medium,
where magnetic fields are stronger according to the dis-
cussion in section 3.2, leads to an even more promising
estimate.

And indeed, this optimism appears to be justified as
illustrated by the “flavour triangles” in fig. 5. Each of the
three axes in these plots corresponds to the fractional ad-
mixture of one neutrino flavour to the observed flux. The
triangular boundaries visualise the requirement that the
νe, νµ, and ντ fractions must add up to 1. We compare
the flavour composition at Earth expected for two astro-
physically motivated flavour combinations: (i) a neutrino
flux produced in the decay of high-energy pions in a low-
density environment, which would give an initial flavour
ratio (Φνe

: Φνµ
: Φντ

) = (1 : 2 : 0), see the left panel
in fig. 5; and (ii) a flux from a source where pions de-
cay in a dense environment, so that the resulting muons
lose a considerable amount of energy before decaying. In
this case, secondary muon decays do not contribute to
the neutrino flux at high energies, and the initial flavour
ratio is (0 : 1 : 0) (right panel in fig. 5). After prop-
agation, these initial fluxes have evolved to the flavour
ratios shown as green/blue dots, and the uncertainties in
the final flavour ratios due to mixing angle uncertainties
are indicated by the orange contours, with angles and un-
certainties taken from the NuFit 5.1 fit [108]. As is well
known, IceCube’s current constraints (large grey ellipti-
cal lines from ref. [109], see also ref. [110]) are not suf-
ficient to resolve these mixing angle uncertainties, while
future constraints (grey dashed ellipses, from ref. [111])
will get close. Further improvements are expected with
the Gen-2 upgrade of the detector.

IceCube could, however, already now detect non-zero
neutrino magnetic moments if they violate lepton flavour
universality. This is illustrated by the scattered coloured
points in fig. 5. We assume here that only νµ have a non-

vanishing magnetic moment, with each point in the scat-
ter plot corresponding to a random value of the magnetic
moment, as indicated by its colour, as well as a random
choice of mixing parameters, each of them drawn from a
normal distribution with central value and error bar from
NuFit 5.1 [108]. Results for a magnetic moment with a
different flavour structure, namely a scenario where only
the ν2 mass eigenstate has non-zero µν , are shown in
appendix B. In a similar way as we did for supernova
neutrinos, we again consider incoherent propagation and
independent conversions between left-handed and right-
handed neutrinos for each mass state, solving eq. (4) nu-
merically in the two-flavour approximation and neglect-
ing the vacuum oscillation term in the Hamiltonian.7 For
each of the coloured points in fig. 5, we have chosen one
of 50 extragalactic magnetic field profiles, each of them
randomly drawn from the distributions described in sec-
tion 3.2. Moreover, the distance of the neutrino source
for each field profile has been chosen randomly between
100Mpc and 5Gpc. Each point thus describes a possi-
ble outcome of a measurement on a sample of neutrinos
from a single source. (We comment below and in ap-
pendix B on the implications of these assumptions.) We
do not account for possible additional νL ↔ NR con-
version inside the source due to our complete ignorance
of the source magnetic field. Doing so is conservative
because additional conversion would likely increase the
deviation from the Standard Model point in the flavour
triangle and thus increase the experimental sensitivity to
neutrino magnetic moments.
Figure 5 shows that, if the magnetic field configura-

tion along the line of sight is favourable, even tiny lep-
ton flavour universality-violating magnetic moments of
order few × 10−17µB , well below the current limits of
few × 10−12µB , can lead to flavour ratios that deviate
significantly from those expected in the Standard Model.
Typically, we will have very little information on the
magnetic fields neutrinos encounter during propagation,
therefore, the limit that can be set in absence of a discov-
ery will be much weaker than 10−17µB . A possible game-
changer could be detailed measurements of Faraday rota-
tion in radio emission from an identified neutrino source.
Such a study could significantly constrain the magnetic
field profile along the line of sight, thereby reducing the
main systematic uncertainty limiting the sensitivity to
neutrino magnetic moments.
Our conclusions would remain unchanged if the mag-

netic moment matrix had several non-zero entries, as
long as these entries all differ by O(1) factors. Only
for close to flavour-universal magnetic moments, devi-
ations from Standard Model expectations would become

7 The latter assumption is always justified for Dirac or pseudo-
Dirac neutrinos. But even for large splitting between M̂ν

and M̂N it is justified in the high-energy limit where Bµ ≫
∆m2

N1/(2p). In this limit, our results also become independent
of energy.
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FIG. 5. Predicted flavour ratios of astrophysical Dirac neutrinos in the Standard Model (small regions delineated in orange) and
in presence of flavour non-universal neutrino magnetic moments (scattered points, with colour code indicating the magnitude
of the magnetic moment). For the SM, the uncertainties in the neutrino mixing angles are taken into account, while for
non-negligible magnetic moments, also the uncertainty in the extragalactic magnetic fields is included following the procedure
outlined in section 3.2. The source is assumed to be between 0.1 and 5Gpc away. We have used a different random magnetic
field profile for each point, thus reflecting the range of possible outcomes if only events from a single source are considered.
Expected results for a diffuse flux, and for magnetic moments with a different flavour structure, are shown in appendix B. We
compare results for a pion decay source (initial flavour ratios (1 : 2 : 0), left panel) and for a muon-damped source (initial
flavour ratios (0 : 1 : 0), right panel). Finally, current constraints (grey solid ellipses) [109] and future sensitivities (grey dashed
ellipses) [111] for IceCube measurements on the diffuse flux are shown as well.

weaker. Note that, similar to what we observed in fig. 3,
the conversion probability for neutrino magnetic mo-
ments well above the sensitivity limit goes through a
series of maxima and minima. We refer the reader to
appendix B for a brief discussion of alternative magnetic
moment matrices.

Let us emphasise again that the large deviations from
Standard Model expectations we predict here are unique
to analyses using only neutrinos from a single source
(that is, a single line of sight and magnetic field profile).
To predict the flavour ratios of a diffuse flux, we would
need to average over many lines of sight, which would lead
to wash-out: each mass eigenstate experiences on aver-
age about 50% disappearance, leaving the flavour ratios
unchanged. Results for a diffuse neutrino flux are shown
in figs. 7 and 8 in appendix B.

We should of course keep in mind that obtaining
flavour information on neutrinos from a point source is
very challenging. Only muon neutrinos can be observed
with sufficient angular resolution to associate them with
a particular source based on the sky location they are
coming from. For νe and ντ , such an association is
only possible based on timing. In other words, the
source must be transient. To date, IceCube has identified
two point sources of high-energy neutrinos, the blazar
TXS 0506+056 with ∼ 15 detected neutrinos [112, 113]
and the active nucleus of the NGC 1068 galaxy with
about 80 neutrinos [114]. Both analyses are based on
muon tracks only, so the detailed flavour structure of
the neutrino flux from these sources is as yet unknown.
Moreover, NGC 1068 is relatively close (14.4Mpc), so its

neutrinos will experience much less νL ↔ NR conversion
than those from a source at O(Gpc), as we have assumed
in fig. 5. Therefore, NGC 1068 is not optimal for con-
straining neutrino magnetic moments. TXS 0506+056,
on the other hand, is 1.75Gpc away from Earth, and is
transient. Radio emission has been observed from both
sources, but to the best of our knowledge has never been
used to constrain the intermittent extragalactic magnetic
fields.

6 DISCUSSION

In the following, we discuss several generalisations and
extensions of the results obtained in the previous sec-
tions.

6.1 Neutrino Magnetic Moments in the Standard
Model

We have found in section 5 that flavour ratios of high-
energy astrophysical neutrinos may offer superior dis-
covery reach to flavour non-universal neutrino magnetic
moments down to few × 10−17 µB. This raises the ques-
tion if, under favourable circumstances, even the neutrino
magnetic moments predicted in the Standard Model (see
eq. (1)) could be within reach. Note that, because of their
neutrino mass dependence, these magnetic moments are
flavour non-universal, fulfilling a first necessary condi-
tion for being detectable using flavour ratios of ultra-
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high energy neutrinos. Second, according to the sensi-
tivity projections shown in fig. 5 above, future IceCube
(and even more so IceCube-Gen2) analyses should be able
to detect O(10%) changes in the flavour ratios of high-
energy cosmic neutrinos, especially once the uncertain-
ties in the standard oscillation parameters will have been
further reduced by the next generation of long-baseline
experiments. This means that oscillation probabilities
PνL→NR

∼ O(10%) are required to make a detection. For
magnetic moments of order few × 10−20 µB, this would
require

∫ L

0

dxB⊥(x) ≃ 10GpcµG (25)

according to eq. (12). This estimate is valid in case the
orientation of the magnetic field does not change along
the line of sight. We expect any change in the mag-
netic field direction to reduce the νL ↔ NR oscillation
probability. As we have discussed in section 3.2, most
observations indicate that extragalactic magnetic fields
are ≲ 10 nG, while a few point towards larger fields of
order 0.2–0.6µG [54–56]. This would be enough to sat-
isfy eq. (25) for a source more than 10Gpc away from
Earth. (For comparison, recall TXS 0506+056 is at a
distance of 1.75Gpc.) Alternatively, one could imagine
a line of sight that passes through many galaxy clusters
(with intracluster fields of order µG), such that the inte-
grated distance neutrinos travel inside clusters is several
Gpc. In any case, the magnetic fields the neutrinos en-
counter on their way to Earth would need to be oriented
in the same direction to avoid cancellations in the integral
on the left-hand side of eq. (25). For the same reason,
neutrinos should also come from a single point source,
corresponding to a single line of sight.

To summarise, neutrino magnetic moments as small as
in the Standard Model might be detectable in IceCube if

1. a sizeable sample of neutrinos from a single point
source at ∼ 10Gpc distance is available to enable
detection of O(10%) deviations in the flavour ra-
tios;

2. magnetic fields between galaxy clusters are as large
as suggested in refs. [54–56] (in conflict with other
constraints), or if an O(1) fraction of the line of
sight passes through galaxy clusters;

3. magnetic fields along the line of sight are oriented
in similar directions to avoid cancellation.

6.2 Heavier Right-Handed Neutrinos and
Decoherence

In sections 4 and 5, we have assumed magnetic moment
transitions between the left-handed and right-handed
partners of a Dirac pair, that is, we have taken ∆m2

Nν =
0. As discussed in section 2, this is justified as long as
µνB⊥ ≫ ∆m2

Nν/(2p). For larger right-handed neutrino

masses, the oscillation amplitude becomes very small ac-
cording to eq. (10), so this case is phenomenologically less
relevant. In particular, the expected discovery reach for
magnetic moment-induced transitions to heavier right-
handed neutrinos using the methods discussed in this
paper is significantly worse than the one for ∆m2

N1 ≃ 0.
Constraints on heavier NR can still be obtained, but
these are typically based on inelastic νL → NR transi-
tions [115], followed by NR decay [15].
This raises an interesting theoretical question. Namely,

when can νL ↔ NR transitions be described as an in-
terference phenomenon similar to conventional neutrino
oscillation (as we have done in this paper so far), and
when is a description as a hard scattering process more
appropriate? The key to answering this question is the
Heisenberg principle. If the νL and NR masses are suf-
ficiently similar so that the small changes in energy and
momentum incurred during a νL ↔ NR transition fall be-
low the quantum mechanical energy and momentum un-
certainties, neutrino interactions with the magnetic field
are coherent and oscillations can occur. This is no longer
the case if the NR are significantly heavier than the ac-
tive neutrinos. Then it is at least in principle possible
based on kinematics to determine where along the neu-
trino trajectory the conversion has happened. In this
regime, the transition probability is most easily obtained
by evaluating the Feynman diagram describing the inelas-
tic scattering of a neutrino on one of the particles that
source the magnetic field. We will denote the two scenar-
ios the “coherent” and “incoherent” scattering regimes,
respectively.

The natural question to ask in this context is how and
where the transition between these two very different the-
oretical descriptions occurs. We will here focus on the
“where” – that is, the threshold value of mN that sepa-
rates the two regimes. The “how” – that is, the detailed
dynamics of the transition, is discussed in appendix D.

Here we proceed with a simple derivation of the mN

threshold. Consider inelastic scattering νL → NR on a
hypothetical massive target at rest, such that no energy
transfer occurs. We compare the momentum transferred
to the target, ∆p, in this hypothetical process to the
Heisenberg momentum uncertainty, σp, of the electrons
in the interstellar medium (ISM) which source interstellar
magnetic fields. If ∆p > σp, the process νL+e→ NR+e
leads to an appreciable change in the electron’s quantum
state, so the scattering will be incoherent. In contrast,
if ∆p < σp, the electron wave function remains largely
unaffected, and the νL → NR flavour conversion is well-
described as a coherent oscillation process using the for-
malism from section 2.

If we denote the initial and final neutrino momenta by
kν and pN , respectively, we have

∆p = |pN − kν |=
√
2E2

ν −m2
N + 2Eν

√
E2

ν +m2
N . (26)

Here, we have used that the νL and NR energies are iden-
tical in our hypothetical scattering process on a very mas-
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sive target, and we have considered the scattering angle
to be 180◦, corresponding to the kinematic configuration
with the maximal momentum transfer. From eq. (26),
we can immediately derive that the coherence condition,
∆p < σp, corresponds to the requirement

mN < 2
√
σp(Eν − σp) ≃ 2

√
σpEν

= 6.3 keV ×
(
1 cm

σx

)(
Eν

1TeV

)
. (27)

In the last step, we have defined the spatial localisation
of the ISM electrons σx = 1/(2σp). The benchmark value
σx ≃ 1 cm has been chosen based on typical ISM densi-
ties. (Keep in mind, though, that the latter can vary by
several orders of magnitude.)

Equation (27) shows that the coherent formalism em-
ployed in this paper is mostly relevant for fairly light NR.
Only then, νL → NR scattering occurs coherently on all
electrons along the neutrino trajectory. The constraint
is fairly tight for supernova neutrinos (Eν ∼ 10MeV).
But even for the highest-energy cosmic neutrinos with
Eν ∼ PeV, coherent flavour conversion is relevant only
for NR masses well below 1MeV.

7 CONCLUSIONS

In summary, we have examined the role neutrino mag-
netic moments play in the propagation of astrophysical
neutrinos through both Galactic and extragalactic mag-
netic fields. The key take-home messages are as follows:

• (Extra-)Galactic magnetic fields are a powerful discov-
ery tool for neutrino magnetic moments inducing tran-
sitions from left-handed active to right-handed neutri-
nos, νL → NR. However, this conversion probability is
only sizeable for small mass-splitting, namely for the
case where the active neutrinos are Dirac or pseudo-
Dirac in nature, see eq. (10).

• For supernova neutrinos the precise prediction of the
flux from the neutronisation burst affords the ability
to construct sensitive observables based on the deple-
tion of the observed neutrino flux through νL → NR

conversions in our Galactic magnetic field, see fig. 2.
However, due to large uncertainties on both the large-
scale coherent and small-scale turbulent components of
this field (see section 3.1) it is challenging to place ro-
bust constraints. Nevertheless, under conservative as-
sumptions on these uncertainties this method affords a
discovery reach an order of magnitude superior to cur-
rent constraints (see fig. 4) depending also on the line-
of-sight to the supernova. Interestingly these results
are largely independent of the details of the supernova
magnetic field as the initial neutrino flux before prop-
agation depends only on the ordering of the neutrino
mass hierarchy.

• An alternative approach that yields potentially far
greater sensitivities utilises high-energy astrophysical
neutrinos observed in neutrino telescopes. As the
sources of these neutrinos are not well understood the
sensitivity here arises from deviations in the flavour
composition. This method is exceptionally powerful
if there is a large hierarchy in the neutrino magnetic
moments of various neutrino flavours, and if a sam-
ple of neutrinos from a single point source is consid-
ered. In this case, probing magnetic moments as small
as 10−17 µB seems feasible, see fig. 5. Measuring the
flavour composition of neutrinos from a point source
would most likely require this source to be transient
due to the limited angular resolution of νe and ντ re-
construction. But even for diffuse astrophysical neu-
trino fluxes, the discovery reach is still several orders
of magnitude beyond current limits.

• Under very favourable circumstances neutrino mag-
netic moments arising purely from Standard Model
contributions may be detectable in IceCube, see sec-
tion 6.1. This however will require an extremely dis-
tant point source, with not only favourable orientation
of the magnetic field (to avoid cancellations) but also
an O(1) fraction of the line-of-sight passing through
galaxy clusters or other structures with enhanced mag-
netic fields.

• Lastly, we have discussed for which values of the νL–NR

mass-splittings our formalism which describes νL ↔
NR transitions as coherent oscillations is valid. In par-
ticular, it is required that the magnetic field act co-
herently on the propagating neutrinos. In section 6.2
we sketched an argument showing that for ultra-high-
energy neutrinos this requires sub-MeV NR masses,
while in appendix D a detailed calculation of this de-
coherence criterion is presented.

To conclude, we have established several new and highly
promising avenues towards discovering tiny neutrino
magnetic moments in theories beyond the Standard
Model – or even in the Standard Model itself. So far,
these methods are limited by our poor understanding of
Galactic and intergalactic magnetic fields, but we note
that there is significant room for improvement in this
field, for instance through observations of Faraday rota-
tion in fast radio bursts and through large-scale radio
surveys. Even modest advances in our knowledge about
the magnitude and structure of magnetic fields will al-
low for tremendous improvements in the sensitivity and
discovery reach for neutrino magnetic moments.
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A LINE-OF-SIGHT DEPENDENCE OF
GALACTIC νL → NR CONVERSION

In section 4 we have illustrated that a substantial frac-
tion of active neutrinos emitted by a supernova can be
converted to invisible NR if non-negligible magnetic mo-
ments allow for transitions between the two states in the
Galactic magnetic fields. We have illustrated this point
in fig. 2 for one particular line of sight. As the coherent
component of the Galactic magnetic field strongly de-
pends on the line of sight, we show in fig. 6 sample spectra
for several other lines of sight. We confirm that, indeed,
there is a strong dependence on the direction from which
neutrinos arrive.

B FLAVOUR RATIOS OF ULTRA-HIGH
ENERGY NEUTRINOS: ALTERNATIVE

SCENARIOS

To complement the discussion in section 5, we show
in fig. 7 the predicted flavour ratios of ultra-high energy
astrophysical neutrinos for a diffuse neutrino flux. As in
fig. 5, we focus first on the case where only νµ carry a
non-zero magnetic moment. As anticipated in section 5,
deviations from the Standard Model are smaller in this
case because a measurement on the diffuse flux averages
over many different lines of sight with randomly varying
magnetic field profiles and therefore randomly varying
νL → NR conversion probabilities. Note the different
scaling of the colour bar here compared to fig. 5.

In fig. 8, we repeat our analysis for a different mag-
netic moment flavour structure, namely one where only
the ν1 mass eigenstate carries non-zero µν . Once again,
deviations from the Standard Model flavour ratios are
larger in the single-source case, but also for a diffuse flux,
magnetic moments well below current limits can lead to
deviations that should be observable in future IceCube
analyses. This can be understood from the fact that the
flavour composition of ν1 in the normal hierarchy case is
about 50% νe. Removing ν1 from the neutrino flux via
oscillations to NR thus disproportionately depletes the
νe component at Earth, even after averaging over many
magnetic field configurations.

Plots for other flavour structures of the magnetic mo-
ment matrix can be found on the GitHub repository ac-
companying this paper [32].

C MAGNETIC MOMENT-INDUCED
νL ↔ NR OSCILLATIONS IN TURBULENT

MAGNETIC FIELDS

In the main part of this paper, we have evaluated
the probability for νL ↔ NR transitions in galactic
and intergalactic magnetic fields by numerically solving
the Schrödinger equation (4). This is, however, rather
time-consuming, especially for large µν , where it requires
tracking potentially many oscillation maxima and min-
ima. Also generating and storing the turbulent magnetic
field configurations comes with a non-negligible overhead.
For this reason, we have also investigated an approx-

imate method for determining these probabilities, espe-
cially for the case of propagation through turbulent mag-
netic fields while using the two-flavour approximation.
Taking into account the stochastic nature of these fields,
the idea is to describe the oscillation probability as a
sin2-function with a randomly chosen phase, φ(t). Specif-
ically, we draw φ(L) from a Gaussian distribution with
a width that is fitted to the numerically calculated dis-
tribution. This is motivated by the observation that, for
small µν (such that µν ⟨B⊥⟩L ≪ 1), neutrinos will not
have time to complete a single oscillation, even in the
most favourable case that B⊥(x) does not change direc-
tion along the line of sight. This extreme scenario, which
maximises φ(L), is statistically unlikely, while cancella-
tions between regions with different field orientations are
more likely. This behaviour is correctly modelled by the
Gaussian distribution, as illustrated in the left and mid-
dle panels of fig. 9.
In the opposite limit, µν ⟨B⊥⟩L≫ 1, the Gaussian ap-

proximation is less suitable. Here, even small changes in
B⊥(t) lead to large changes in the oscillation phase. so
one might speculate that the phase should be uniformly
distributed. This would indeed be the case if the direc-
tion of B⊥ did not change, so that the oscillation prob-
ability follows precisely a sin2 law, as in eq. (12). For
realistic field profiles, however, the behaviour of PνL→NR

is more involved, and in fact fig. 9 (right) shows that in
this case a uniform distribution in the probability pro-
vides the most accurate description.

D DETAILED DERIVATION OF THE
DECOHERENCE CONDITION

In section 6.2, we have heuristically argued that νL →
NR transitions can occur coherently only if mN satis-
fies eq. (27). We will now corroborate the arguments
given there by employing the wave packet formalism. Our
strategy is to compute the probability for νL → NR scat-
tering on a background electron, assuming the initial and
final state electron wave packets are identical. This cor-
responds to the regime of coherent conversion. For large
mN , the cross-section will be strongly suppressed, indi-
cating the transition to the incoherent regime. We are
interested in the value of mN at which this transition
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FIG. 6. Similar to fig. 2, we show the expected number of events at DUNE (left) and Hyper-Kamiokande (right) from the
neutronisation burst of a supernova with and without magnetic moment-induced νL ↔ NR conversion. Compared to fig. 2, we
here vary the assumed location of the supernova in the Milky Way, as indicated by the inset on the right.

happens.

We write the initial and final state wave packets in the
form

|ψ⟩ =
∫

d3p

(2π)3
√

2Ep

f(p)|p⟩, (D1)

where |p⟩ is a momentum eigenstate, and Ep is the cor-
responding energy. The momentum eigenstates are nor-
malised according to

⟨k|p⟩ = 2E(k) (2π)3δ(3)(p− k) , (D2)

and the normalisation of the wave packet shape factor,

f(p) is
∫

d3p

(2π)3
|f(p)|2 = 1 . (D3)

For the electrons, we choose a Gaussian wave packet with
standard deviation σp centred around 0:

fe(p) =

(
2π

σ2
p

)3/4

exp

(
− p 2

4σ2
p

)
. (D4)

We take the neutrino to be initially in a momentum eigen-
state:

fν(p) =
1√
V
(2π)3δ(3)(p− kν) , (D5)

where the prefactor is chosen to satisfy the normalisation
condition, eq. (D3).8 For the neutrino in the final state,
we use an analogous function.
The transition probability is then given by
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FIG. 7. In analogy to fig. 5, we show here the predicted flavour ratios of astrophysical neutrinos in the presence of a non-zero
neutrino magnetic moment affecting only the νµ flavour. In contrast to fig. 5, we here assume a diffuse neutrino flux (as opposed
to a single point source) and hence average the oscillation probabilities over 50 randomly generated magnetic field profiles. We
compare results for a pion decay source (initial flavour ratios (1 : 2 : 0), left panel) and for a muon-damped source (initial
flavour ratios (0 : 1 : 0), right panel). The orange regions correspond to Standard Model predictions, taking into account
uncertainties in the neutrino mixing angles. Current and future IceCube constraints for the diffuse neutrino flux [109, 111] are
shown in grey. Note the different scaling of the colour bar compared to fig. 5.
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FIG. 8. Same as figs. 5 and 7, but for a scenario where only the ν1 mass eigenstate carries non-zero magnetic moment.
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FIG. 9. Comparison of the exact numerical results for the two-flavour νL → NR oscillation probability in a turbulent magnetic
field to the approximate results discussed in appendix C. The blue-shaded histogram shows the distribution of numerically
calculated PνL→NR(L = 1Gpc) values for 100 different extragalactic magnetic field profiles generated according to the procedure
outlined in section 3.2. Unshaded red dashed histograms correspond to approximations based on drawing the oscillation phase
φ(L) from a Gaussian distribution with a width fitted to the numerical result. The three panels correspond to three different
values of the neutrino magnetic moment, µν .

P =

∫
d3pN
(2π)3

V

∣∣∣∣
1√

2Ekν
V

1√
2EpN

V

∫
d3ke
(2π)3

fe(ke)√
2Eke

d3pe
(2π)3

f∗e (pe)√
2Epe

A(kν , ke, pN , pe)

∣∣∣∣
2

, (D8)

where the subscripts ν, N , e, refer to the active neutrino νL, sterile neutrino NR, and electron, respectively. We use
the letter k for initial state momenta and p for final state momenta, and we already impose that the initial and final
state electron wave packets should have the same shape, fe. The quantity A(kν , ke, pN , pe) is the scattering amplitude
for momentum eigenstates, which we can obtain from the Feynman rules of the theory. As done in ref. [118], it is
convenient to express A in coordinate space:

A(kν , ke, pN , pe) =

∫
d4xMe(ke, pe)e

−i(pe−ke)·x
∫
d4yMν(kν , pN )e−i(pN−kν)·y G(y − x) , (D9)

whereMe andMν are the electron and the neutrino interaction amplitudes respectively, and the propagator, G(y−x),
is:

G(y − x) =

∫
d4p

(2π)4
e−ip·(y−x) i

p2 + iϵ
. (D10)

We first carry out the integrals over ke and pe. We use the fact that Me varies much more slowly as a function of ke
and pe than both fe and the oscillating exponentials, hence it is justified to pull Me out of the momentum integrals
and replace it by its value at ke = pe = 0. Moreover, as the electron is non-relativistic, we can replace its energy by
its mass. We thus arrive at two simple Gaussian integrals, each of which has the form

∫
d3p

(2π)3
fe(p)√
2Epe

e−ip·x =

(
2σ2

p

π

)3/4
1√
2me

e−σ2
px

2−imet . (D11)

Next is the integral over x:

∫
d4x eip·x

(
2σ2

p

π

)3/2
1

2me
e−2σ2

px
2

= 2π δ(p0)
1

2me
e
− p2

8σ2
p . (D12)

8 The philosophy here is that we imagine for the moment that the
process takes place in a box of finite volume V and is restricted to
a finite time interval, T . δ-functions should then be thought of as
strongly peaked functions defined on these intervals, for instance

δ(p0) =
∫ T/2
−T/2

(dt/2π) eip
0t = sin(p0T/2)/(πp0). To check that

eq. (D5) indeed satisfies the normalisation condition, eq. (D3),

one can use the identities[
(2π)3δ(3)(p− q)

]2
= V (2π)3δ(3)(p− q), (D6)[

(2π)δ(p0 − q0)
]2

= T (2π)δ(p0 − q0). (D7)
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The integral over y yields just a delta function,

∫
d4y e−i(p+pN−kν)y = (2π)4δ(4)(p+ pN − kν) , (D13)

which we can use to evaluate also the integral over p. For the transition probability, we are thus left with

P =
1

2Ekν

1

(2me)2
M2

e M2
ν

(
2σ2

p

π

)3 ∫
d3pN
(2π)3

1

2EpN

e
− (pN−kν )2

4σ2
p

∣∣∣2πδ(p0N − k0ν)
1

(pN − kν)2

∣∣∣
2

. (D14)

It would be straightforward to evaluate the remaining integral in spherical coordinates, using eq. (D7) to rewrite the
squared delta function in terms of a single delta function. However, we can already read off the relevant physical
conclusions from eq. (D14). The delta function requires the νL and NR energies to be identical, and with this
constraint, the exponential takes the form

e
− (pN−kν )2

4σ2
p = exp

[
− 2E2

ν −m2
N − 2Eν

√
E2

ν −m2
N cos θ

4σ2
p

]
. (D15)

Here, Eν ≡ |kν | =
√
|pN |2 +m2

N is the common energy
of νL andNR, and θ is the angle between kν and pN . The
exponential is most strongly suppressed at cos θ = −1,
and requiring no suppression corresponds to the condi-
tion that the exponent be larger than ∼ −1. This trans-

lates into the condition

mN < 2
√
σp(Eν − σp) , (D16)

which is precisely eq. (27).
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[5] A. H. Córsico, L. G. Althaus, M. M. Miller Bertolami,
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