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Using high-energy neutrinos as cosmic magnetometers
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Magnetic fields are crucial in shaping the nonthermal emission of the TeV-PeV neutrinos of
astrophysical origin seen by the IceCube neutrino telescope. The sources of these neutrinos are unknown,
but if they harbor a strong magnetic field, then the synchrotron energy losses of the neutrino parent
particles—protons, pions, and muons—Ileave characteristic imprints on the neutrino energy distribution
and its flavor composition. We use high-energy neutrinos as “cosmic magnetometers” to constrain the
identity of their sources by placing limits on the strength of the magnetic field in them. We look for
evidence of synchrotron losses in public IceCube data: 6 years of High Energy Starting Events (HESE) and
2 years of Medium Energy Starting Events (MESE). In the absence of evidence, we place an upper limit of
10 kG-10 MG (95% C.L.) on the average magnetic field strength of the sources.
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I. INTRODUCTION

Magnetic fields are pivotal to the dynamics of high-
energy astrophysical sources. They help to launch and
collimate outflows in relativistic jets, affect matter accretion
processes, and aid angular momentum transport. Magnetic
fields also play a crucial role in the emission of high-energy
astrophysical neutrinos, gamma rays, and cosmic rays.
Although the sources of these particles are largely
unknown, a fundamental requirement is that they must
harbor a magnetic field capable of accelerating protons and
charged nuclei to PeV energies or more [1-4]. Some high-
energy protons and nuclei escape as cosmic rays; others
interact with surrounding matter and radiation to produce
neutrinos and gamma rays.

The TeV-PeV neutrinos detected by the IceCube neu-
trino telescope [5—-9] are especially powerful source tracers,
due to their low chance of being stopped or deflected
en route to Earth. Yet, direct [10—-14] and indirect [15-22]
searches have not provided conclusive evidence, save for
two cases of probable identification [23,24]. Remarkably,
the role of the source magnetic field provides us with a
novel indirect search strategy.

We use TeV-PeV astrophysical neutrinos as “cosmic
magnetometers” that constrain the average magnetic field
of the neutrino sources. Because candidate source classes
span a wide range of magnetic field strengths, this con-
straint narrows down the identity of the sources.

We look for imprints left by the magnetic field of the
sources on the diffuse neutrino flux. On the one hand, the

fmbustamante @nbi.ku.dk
"tamborra@nbi.ku.dk

2470-0010/2020/102(12)/123008(15)

123008-1

G 8 - . )
é . R

£ 3

7 2

° 1

|9

e 0

s -1

= 2

5 -3

g 4 ___ HESE6yr
£ (95% C.L.)
“8 -~ MESE 2 yr
ED =6 Galaxy clusters (95% C.L.)
= 7 alay clusters L ———————

0 1 2 3
Lorentz factor, log,, T’

FIG. 1. Upper limit on the average magnetic field (B') as a
function of the bulk Lorentz factor (T") of the astrophysical sources
of TeV-PeV neutrinos, derived from 6 years of IceCube High
Energy Starting Events [26-28] (HESE) and 2 years of Medium
Energy Starting Events [29,30] (MESE). We include approximate
ranges for candidate sources: neutron-star and magnetar winds
[31-34], low- [35,36] and high-luminosity [37,38] gamma-ray
bursts (LL GRBs, HL GRBs), blazars [39] [flat spectrum radio
quasars (FSRQs), BL Lacs], tidal disruption events [40] (TDEs),
starbursts [41,42], supernovae [43] (SNe), supernova remnants
[44] (SNRs), galaxy clusters [45,46], and active galactic nuclei
(Seyfert [34,47], FR-I [48], FR-II galaxies [48]). The average
magnetic field strength is limited to be smaller than 10 kG-10 MG.
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average magnetic field must be strong enough to accelerate
protons up to PeV energies. On the other hand, it cannot be
too strong, or else proton energy losses via synchrotron
radiation would lower the maximum proton energy and
preclude the production of high-energy neutrinos. Further,
intermediate magnetic field strengths may induce synchro-
tron losses in secondary pions and muons that decay into
neutrinos, affecting their energy spectrum and flavor
composition. We look for evidence of the interplay of
these effects in public IceCube data.

Figure 1 shows that our results limit the average
magnetic field to be weaker than 10 kG-10 MG. This
tentatively partially disfavors low-luminosity GRBs as the
main sites of TeV-PeV neutrino production, though
confirmation requires further analysis. Our work builds
on and extends the constraints on magnetic fields of
a few MG found by Ref. [25] using the first 2 years of
IceCube data, by using 4 more years of IceCube data, two
different IceCube event samples, a significantly refined
computation of event spectra, and a Bayesian statistical
treatment.

II. ENERGY LOSSES VIA SYNCHROTRON
RADIATION

We consider a generic scenario that captures the key
features common to high-energy neutrino source candi-
dates. Neutrinos are produced in an outflow of baryon-
loaded material with a bulk Lorentz factor I and magnetic
field strength B’. To keep our scenario generic, we consider
protons only; see, e.g., Refs. [49,50] for production
scenarios including heavier nuclei and nuclear cascades.
Here and below, primed quantities are expressed in the rest
frame of the neutrino production region, i.e., the shock rest
frame; all other quantities are in the comoving frame of the
production region or, after accounting for redshift effects,
in the frame of the observer.

Sources accelerate protons via collisionless shocks in the
magnetized outflow, up to a maximum energy E,™* [51].
To treat all candidate sources on an equal footing, we
assume that E/™* is limited by proton synchrotron losses.
However, alternative energy-loss mechanisms may be
dominant in some source classes [52-54] or the flavor
content may be affected in an energy-dependent fashion by
oscillations in dense media [55-57]; we comment on
source-specific features later. Protons reach their maximum
energy when two timescales become comparable: their
acceleration time scale, .. = E),/(neB’), where e is the
electron charge and 7 is the acceleration efficiency, and
their synchrotron energy-loss time scale, fg,. = 9m‘1‘, /
(4e*B™E!,), where m,, is the proton mass. In the comoving
frame, this yields EM™ ~2 x 10"'T'(y/B')!/? GeV. Since
sources must be rather efficient accelerators, we fix n = 1
from here on, and comment later on how the neutrino
emission changes with 7.

The interactions of protons with matter and radiation
produce secondary pions and muons that, upon decaying,
generate neutrinos [58]: z" — u* +v,, followed by
u" = e +v,+10, and the charge-conjugated processes
[59,60]. On average, a pion receives 1/5 of the proton
energy, each neutrino from muon decay receives 1/3
of the muon energy, and each final-state neutrino receives
1/4 of the pion energy. Following theory expectations,
each source emits neutrinos distributed in energy as
E?dN,/dE, x E™% ¢ E/E™  where E/, is the neutrino
energy. We assume that the maximum neutrino energy,
E,™*and the spectral index, «,, are common to neutrinos
and antineutrinos of all flavors. Because each neutrino
receives 1/20 of the parent proton energy, EJ™* =
E}*™/20 and is affected by synchrotron losses. Below,
we show how synchrotron losses of the secondaries
affect a,.

For the secondary pions, synchrotron losses are signifi-
cant if they occur within a timescale shorter than the
pion decay time, t,.. = 7,E,/m,, where E,, 7,, and m,
are the pion energy, lifetime, and mass. In the comoving
frame, this occurs at neutrino energies above Ej;° =
3 x 10'(T"/B’) GeV. By analogous arguments, for the
secondary muons, synchrotron losses are significant at
energies above E;,° ~2 x 10°(I'/B’) GeV.

Below E;;°, a, is solely determined by the parent proton
and photon spectra. In lieu of detailed modeling, we
parametrize it as a,(E, < E;z" ) =y, where y € [2,3] is
a free parameter whose value we vary later. At E,,°, the
neutrino spectrum coming from the decay of muons
steepens by ~E;2, so these neutrinos become sub-dominant
and the flux is mainly from neutrinos produced in the direct
decay of pions. As a result, the flavor composition of the
emitted neutrinos, i.e., the fraction f,s5 (@ =-e, u, 7)
of neutrinos plus antineutrinos of each flavor, changes
from that of the full pion decay chain, (f,s.f,s.frs) =
(1/3,2/3,0), at E, < E;*,°, to that coming from the direct
pion decay only, (0,1,0), at E, > E;,°. At even higher
energies E, > E;’;°, the neutrino spectrum from pion
decays itself steepens by ~E; %, so a,(E, > E;’z°) =y + 2.

II1. DIFFUSE FLUX OF HIGH-ENERGY
NEUTRINOS

The luminosity of v, + 7, that reaches Earth from a
single source located at redshift z, in the frame of the
observer, is

Jo,(Evs2.7.T.B) & fog(E,(142).T. B)
X[E, (1 + z)]>~(ErT.B) o=E(1+2)/E}™(T.E) (1)

Because flavors mix, neutrino flavor conversions en
route to Earth change the flavor composition into
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foo = Zﬁze%r Psof s, where Py, is the average vy — v,
conversion probability [61]. To compute it, we fix the
mixing parameters to their best-fit values from the
recent NUFIT 4.1 global fit to neutrino oscillation data
[62,63], assuming normal neutrino mass ordering. The
flavor composition changes from (f,q.f.@.fr0)%
(1/3,1/3,1/3) at E, < E;’, to roughly (1/5,2/5,2/5)
at E, > EJM.

To compute the diffuse flux of v, + 7, ®, , we integrate
the contribution from all sources up to redshift z,,,, = 4;
sources at higher redshifts contribute negligibly. To
describe a variety of candidate source classes, we adopt
the following parametrization for the source density: p
(1+2)™ up to z,=1.5, and p « (1 +z.)" at z > z,.
Later, we let the value of m float. Thus, the diffuse energy
flux is

ElD, ( .7, m, I, B)

/ Zmax

where h(z) = [Q4 + (1 +2)°Q,,]'/? is the adimensional
Hubble parameter, and Q, = 0.685 and Q,, = 0.315 are
the energy densities of vacuum and matter [64,65].

We assume that all of the contributing sources have
the same values of y, I', and B’. By assuming values that are
common to all sources, we aim to constrain their popula-
tion-averaged values. In reality, these parameters likely
follow distributions that are presently unknown. Future
analyses that are customized to specific source classes
could explore the effect of alternative parameter distribu-
tions on the parameter constraints that we place below;
nonuniform parameter distributions may conceivably
decrease the significance of the constraints. We discuss
this and other extensions later.

In summary, if the average B’ is large, the synchrotron
losses of protons and secondaries may visibly affect the
spectral index a,, flavor composition f, g, and maximum
energy EJ™ of the diffuse neutrino flux [66-70]. These
features are softened and spread out in energy by the
redshift distribution of the sources.

Figure 2 shows sample fluxes for two choices of B’. The
change to the flavor composition due to muon synchrotron
cooling is prominent in both fluxes, at £, ~2 PeV and
200 TeV for B’ = 30 kG and 300 kG, respectively. For the
flux with B’ = 300 kG, the spectral softening due to pion
synchrotron cooling is also visible around 3 PeV. In Fig. 2,
the flux dampening due to proton synchrotron cooling
occurs at energies higher than shown. This is true for viable
neutrino source candidates, which must be efficient accel-
erators: as long as 5z 0.01, proton cooling becomes
important only after muon cooling does, provided B’ is
at least a few G.
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FIG. 2. Top: sample diffuse astrophysical neutrino fluxes at
Earth, as a function of the neutrino energy, for two illustrative
values of the magnetic field strength of the sources, B’'. In this plot
only, the flux parameters are fixed to illustrative values: y = 2.50,
'~ 32, m = 1.5, and the normalization of each flux, at E, =
100 TeV, to 3 x 1078 GeVem™' s~ sr~!'. Data points show the
spectra of the IceCube HESE [26-28] and MESE [29,30] event
samples. Bottom: flavor composition ®, /® (a = e, u, 7) of the
diffuse flux, where @, =>_, ®, . The spectral breaks and
changes to the flavor composition are due to the synchrotron
cooling of muons and pions.

A. Neutrino propagation through the Earth

Upon reaching Earth, high-energy neutrinos pro-
pagate from its surface, through its interior, and up
to the South Pole, where IceCube is located. Neutrino-
nucleon interactions along the way modify the neutrino
flux. At these energies, neutrinos deep-inelastic scatter
off of nucleons. Charged-current (CC) interactions
Wg+ N —>a+X, where X are final-state hadrons)
remove neutrinos from the flux. Neutral-current (NC)
interactions (v, + N — v, + X) redistribute neutrinos from
high to low energies.

To compute the neutrino flux that reaches IceCube,
we adopt the Preliminary Reference Earth Model [71]
for the matter density inside the Earth and assume that
matter is isoscalar, i.e., made up of equal numbers of
protons and neutrons. At these energies, there are no
matter-driven flavor transitions [72,73]. The flux at
IceCube is different for different propagation directions,
flavors, and for neutrinos and anti-neutrinos. We use
NUSQUIDS [74-76] to compute the fluxes of v, and 7,
astrophysical and atmospheric (see below), that reach
IceCube.
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B. Atmospheric backgrounds

The main backgrounds to our analysis are high-energy
atmospheric neutrinos and muons produced in the inter-
action of cosmic rays in the atmosphere of the Earth. They
are especially important below 100 TeV [77]. In IceCube,
the contamination of atmospheric neutrinos is mitigated by
using part of the detector as a self-veto [29,78-80], and the
contamination of atmospheric muons, by using a surface
array of water-Cherenkov tanks as veto [6,81]. In our
analysis, we account for these backgrounds and vetoes.

For atmospheric neutrinos, we use the same state-of-the-
art tools used by the IceCube Collaboration: MCEQ [82,83]
to generate neutrino fluxes produced in the decay of
pions and kaons, and NUVETO [80,84] to compute the flux
reduction due to the self-veto for HESE events. For MESE
events, the self-veto is already included in the effective
detector area; see Appendix A 2. We do not consider
prompt atmospheric neutrinos produced in the decay of
charmed mesons, since they have not been observed and are
subject to stringent upper limits [85].

For atmospheric muons, we approximate the flux that
reaches IceCube, after the surface veto, following the
procedure in Ref. [86] for HESE events, and extending
it for MESE events, as detailed in Appendix A 3.

C. High-energy neutrino detection

In IceCube, neutrinos are detected when they scatter
off of nucleons in the Antarctic ice and trigger particle
showers that emit Cherenkov light that is collected by
photomultipliers buried 1.5-2.5 km underground. From the
amount of light collected and from its spatial and temporal
profiles, IceCube infers the energy deposited, Eqp, and the
neutrino arrival direction, cos6,, where 0, is the zenith
angle measured from the South Pole.

We focus on “starting” events, where the neutrino
interaction occurs inside the instrumented volume, so that
Eq4ep 1s close to the energy of the interacting neutrino. In
the TeV-PeV range, events are predominantly “showers,”
roughly spherical light profiles triggered mainly by v, and
v, and “tracks,” elongated light profiles made by final-state
muons, triggered mainly by v,

For an incoming flux of astrophysical or atmospheric
neutrinos along a given direction, we forecast the spectra
dN/dEg4, of showers and tracks following Ref. [86]; see
Appendix A 1. We account for differences in deposited
energy for different flavors, CC vs NC, and decay channels
of final-state particles, and for the ~13% detector energy
resolution.

IV. STATISTICAL ANALYSIS

We compare forecasted event spectra computed with
different values of the flux parameters against two public
IceCube event samples: 6 years of High Energy Starting
Events (HESE) [26-28] and 2 years of Medium Energy

Starting Events (MESE) [29,30]. The HESE sample has
58 showers and 22 tracks with Eg., = 18 TeV-2 PeV.
The MESE sample has 278 showers and 105 tracks with
Egep = 330 GeV-1.3 PeV. The samples provide Eg4., and
cos @, for each event. A few events are common to both
samples, but since they cannot be singled out, we treat the
samples separately to avoid double-counting.

In the HESE sample, below a few tens of TeV, roughly
half of the events are of atmospheric origin and half of
astrophysical origin; above, they are mostly of astrophysi-
cal origin [28]. The MESE sample extends to lower
energies, where the atmospheric contamination is higher.
We restrict MESE events to Eg, > 20 TeV in order to
avoid a dominant atmospheric contamination that, accord-
ing to our tests, would otherwise skew our results. This is
the same energy region of validity of the astrophysical
neutrino component in the IceCube MESE analysis [29].

We adopt a Bayesian approach to search for evidence of
synchrotron cooling and constrain B’. For a sample of N
IceCube events, our likelihood function is

AC(V, m, T, B/, Nastv Natm7 N/l)
Nobs
— e—ant_Nalm_Nﬂ [:i(y,m,r, B/vNaslvNatm’Ny)’ (3)
=1

1

where Ny, Nym, and N, are, respectively, the number of
events due to astrophysical neutrinos, atmospheric neutri-
nos, and atmospheric muons. The partial likelihood for the
ith event compares the odds of it being due to the different
fluxes: L; = Ny Piast(v. 1. T B") + Ny P aim + NPy
where P; .t» Piam» and P; , are the probability distribution
functions for this event to have been generated by astro-
physical neutrinos, atmospheric neutrinos, and atmospheric
muons. For astrophysical neutrinos, P; . = (dN;/dEqe,)/
f dEdep(dN,»/dEdep), where the event spectrum is com-
puted using the flux along the direction of the ith event,
and similarly for atmospheric neutrinos. The procedure
differs slightly for HESE and MESE, and for muons; see
Appendix A.

We maximize the likelihood separately for the HESE and
MESE samples. For Ny, Ny, N, and y (only for HESE),
we adopt informed priors based on the HESE [28] and
MESE [29] analyses by IceCube. For m, log;oI', and
log,o(B'/G), we adopt wide uniform priors to avoid
introducing bias. See Appendix B 1 for details about the
priors. To maximize the likelihood, we use the efficient
Bayesian sampler MULTINEST [87-90]. We quantify the
preference for synchrotron-loss features via the Bayes
factor, K = Zggna/Znu» that compares the evidence, or
marginalized likelihood, in favor of their presence, Zgy,,
over their absence, Z,,;;. Appendix B contains details of the
statistical analysis.
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TABLEI. Allowed marginalized ranges of the average Lorentz
factor, I', and magnetic field strength, B’, of the sources of high-
energy astrophysical neutrinos, obtained using the public Ice-
Cube 6-year HESE [26-28] and 2-year MESE [29,30] event
samples. The preference for synchrotron-loss features in the data
is insignificant; see the main text.

HESE MESE (Egep > 20 TeV)
Mean £16 95% C.L. Mean +16 95% C.L.

log;o ' 1.78 £0.86 [0.22, 2.86] 1.16 £0.90 [0.85, 6.75]
log,o(B'/G) 2.96 £ 1.78 [0.23, 5.97] 4.82 +1.20 [0.10, 2.82]

Parameter

V. RESULTS

Table I shows the allowed ranges of I and B’ that result
from our analysis. Both event samples prefer values of B/
that push the synchrotron-loss features to energies beyond a
few PeV, past the energies covered by the samples. For both
samples, log,;q K = 0.3, i.e., the evidence for synchrotron-
loss features in the data is insignificant [91]. Hence, we
place upper limits on B'.

Figure 1 shows our limits on B’ as a function of I, after
marginalizing over all other likelihood parameters. The

limits are isocontours of E;’; b and ES™! and, in agreement
with Ref. [25], we find that they are predominantly driven
by the absence of a spectral break, rather than by the
absence of a change in flavor composition, to which there
is currently little sensitivity. The limits are similar for
both samples because, after selecting MESE events with
Egep 2 20 TeV, both samples cover roughly the same Eg,
range. The MESE limit is worse because there are 26 fewer
MESE than HESE events.

Our results disfavor a predominant origin of the TeV-PeV
neutrinos in astrophysical sources with average magnetic
field stronger than ~10(1+T) kG, ie., 10 kG-10 MG
approximately. This appears to partially include low-
luminosity GRBs [52,53,92-96]. However, more detailed
modeling is needed to confirm this; predominantly, corre-
lations between B’, I', and the width and position of the
neutrino production region, and the distributions of values of
the model parameters. Fast radio bursts (FRBs) have been
considered as potential neutrino sources, but their feasibility
as such depends on their origin, which is currently subject
of intense investigation. So far, direct searches have found
no evidence for FRBs as high-energy neutrino sources
[97-101]. If FRBs are connected to magnetars [102—-107],
then our limits would disfavor relativistic outflows in FRBs
as regions of copious production of high-energy neutrinos.
Our results also disfavor the nonthermal emission of high-
energy neutrinos from the crusts of magnetars and neutron
stars [108], with B’ ~ 10'*—10" G, but these sites are not
expected to be efficient hadronic accelerators.

Sources with an intermediate field of 10 kG-1 MG—
high-luminosity GRBs [50,53,109-117], blazars [118—131],

pulsar and magnetar winds [31,34,54,132,133]—remain
viable candidates according to our analysis. These are
electromagnetically luminous and relatively abundant
sources; at face value, they are ideal neutrino emitters.
However, they are strongly constrained by dedicated
searches: the contribution of high-luminosity GRBs and
blazars is restricted to be less than 2% [12] and 15% [11,134]
of the diffuse flux, respectively.

Sources with a weak field—non-blazar AGN [48,
134-139], TDEs [140-144], starburst galaxies [139,
145-151], supernovae [43,152—157], supernova remnants
[44,158-160], and galaxy clusters [161-166]—tremain
viable candidates in a broader sense and may account
for a large fraction of the diffuse neutrino flux. The neutrino
emission from these sources is largely unconstrained by
direct searches due to their high abundance and low
luminosity per source [13,18,20,167,168].

While we have derived our results assuming that the
sources emit neutrinos with a power-law energy distribu-
tion, they are valid within a more general framework. We
have repeated our analysis using a broken power-law
energy distribution where the spectral index «, steepens
by Aaq, after a break energy E , . This steepening mimics a
production scenario where neutrinos inherit the peaked
shape of a parent photon spectrum or the pile-up of low-
energy neutrinos produced by the decay of synchrotron-
cooled muons; see, e.g., Refs. [60,169-172]. Also in this
case, we find no evidence of synchrotron-loss features in
the HESE and MESE samples. The resulting upper limits
on B’ are very similar to those shown in Fig. 1.

VI. SUMMARY AND OUTLOOK

The magnetic field of the sources that populate the
high-energy Universe remain enigmatic. At the same time,
one of the main goals of neutrino astronomy is to identify
the sources of the TeV-PeV neutrinos seen by IceCube.
We have introduced a new way to address these two long-
standing questions, by using high-energy neutrinos as
cosmic magnetometers.

We look in the diffuse flux of TeV-PeV astrophysical
neutrinos for imprints left by the magnetic field of their
sources on the energy spectrum and flavor composition.
These imprints originate in the energy losses via synchro-
tron radiation of the protons, pions, and muons that produce
the neutrinos. We find no evidence in 6 years of IceCube
high-energy events (HESE) and 2 years of medium-energy
events (MESE). Thus, we constrain the average magnetic
field strength of the neutrino sources to be smaller than
10 kG-10 MG. Consequently, we tentatively disfavor
sources with strong magnetic fields as the predominant
sources of TeV—PeV neutrinos, but sources with a weak
magnetic field—AGN, TDEs, SNe, SNRs, starburst
galaxies, magnetar and neutron star winds, and galaxy
clusters—remain viable candidates.
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Because our approach is, by construction, exploratory
rather than comprehensive of all details of the different
candidate source classes, we use a generic model of neutrino
production, which allows our results to apply to a wide range
of source classes. Future work may explore source- and
population-dependent modeling in order to boost the sensi-
tivity to specific source classes. Further refinements include
a detailed treatment of the source physics that accounts for
source-dependent correlations between the source parame-
ters (e.g., the magnetic field and Lorentz factor conceivably
decrease with distance from the center of the source),
probability distributions of the source parameter values,
improved treatment of cosmic-ray acceleration, the inter-
action not only of protons, but also of nuclei, additional
neutrino-production channels, non-synchrotron losses, and
the modeling of the luminosity function of each source
class; see, e.g., Refs. [49,54,172-175]. Further, the accel-
eration of secondary muons, pions, and kaons, which we
have neglected, could play an important role in mitigating
synchrotron cooling in astrophysical environments with
efficient particle diffusion [176-178].

In the future, larger detectors, like the planned IceCube-
Gen2 [179], will be able to detect neutrinos at a higher rate,
at energies beyond the PeV scale, and will have improved
sensitivity to changes in flavor composition with energy
[180]. This will allow to place tighter bounds on the source
magnetic field and probe the existence of synchrotron-loss
features at higher energies, i.e., of magnetic fields weaker
than the ones that we are currently sensitive to.
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The sum over s adds the contribution of all flavors of
neutrinos and anti-neutrinos that make showers or tracks.

For our analysis, we make two modifications to this
expression. First, because the effective area is binned in all
of its input parameters, we change the integrals in Eq. (A1)
for sums over bins. To do this, we write the effective area in
the jth bin of E .., the kth bin of cos @_ ., the [th bin of E,,

and the mth bin of cos 6, as A;fg kim- Second, because there

APPENDIX A: OVERVIEW OF THE
CALCULATION OF EVENT SPECTRA
AT ICECUBE

1. HESE events

To compute the differential spectrum dN/dEg, of
HESE events at IceCube, we follow the detailed procedure
from Ref. [86]. The spectra of showers and tracks are
computed separately, accounting in each case for the
contributing interactions of all flavors of neutrinos and
antineutrinos. The event rates are computed from first
principles, i.e., from the effective IceCube mass and the
deep-inelastic-scattering neutrino-nucleon differential
cross section for v, and 7,, based on the CTEQ14 parton
distribution functions [181]. The procedure accounts for
differences in deposited energy for different flavors, CC
vs NC, and decay channels of final-state particles, and for
the ~13% detector energy resolution. We defer to
Ref. [86] for the explanation of the full procedure and
to Appendix A in Ref. [182] and Appendix C in Ref. [183]
for an overview.

2. MESE events

To compute the spectrum of MESE events, we use the
IceCube effective area, A (E,, Epec, €08 0., €08 0, ), pro-
vided by the IceCube Collaboration for its 2-year MESE
analysis [29,30], as a function of true neutrino energy E,,
reconstructed (i.e., deposited) energy E,.. true neutrino
direction cos @,, and reconstructed direction cos @, ... The
effective area is provided separately for each neutrino
species  § = V,, Uy, Vy» Uys Vr, Uy, and  topology ¢= sh
(shower), tr (track). It includes the effects of the MESE
self-veto and of the mapping between true and recon-
structed quantities.

In general, given diffuse neutrino fluxes ®,, the number
of detected events at IceCube after a time 7, at a given
reconstructed energy and direction is

(A1)

|

are only two bins of cos@, .. provided ([0.2,1.0] for
downgoing events and [—1,0.2] for upgoing events) we
assume that cos @, .. ~ cos@,, i.e., that the reconstructed
direction closely follows the neutrino direction. This means
that, in our computation, m = k always. Thus, if the
requested values of E.. and cos 0, .. on the left-hand side
of Eq. (A1) are contained, respectively, inside their j*th and
k*th bins, then Eq. (A1) simplifies to
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Nt<Erec7 COsS QZ.I'CC)

Ng,

=271 E g AL /E”" dE,®,(E,,cos 0, ..)
eff, j k* 1k* o v s\ zrec/»
s I=1

in
vl

(A2)

where N is the number of bins of E,, and El‘]’}“ and EJ*
are the minimum and maximum energies in the /th bin
of E,.

After this, the statistical procedure described in the main
text proceeds similarly for MESE and HESE events. There
are only two differences. The first one is in the computation
of the spectra of atmospheric muons, which we describe in
Appendix A 3. The second one is in the computation of the
astrophysical and atmospheric probability distribution
functions, P; .5 and P; y, for the ith MESE event. The
probability distribution functions are computed similarly as
for HESE events, but using the total event rate, Eq. (A2),
instead of the differential event rate (see the main text).
For astrophysical neutrinos, this is

Nt(Erec,h Ccos ez,rec,i)
N
Zj:ErfL Nt(Erec,jv cos 9z,rec,i>

, (A3)

iast —

where ¢ depends on whether this event is a shower or
track, N, is computed using the astrophysical neutrino
fluxes, E...; and cos @, ..; are the deposited energy and
direction of the ith event, and Ng_ is the number of bins
of E,.. The calculation is analogous for P; ,,, changing
only the astrophysical fluxes for the atmospheric fluxes
in Eq. (A2).

3. Atmospheric muon background
in the HESE and MESE samples

To compute the spectra of atmospheric muons that reaches
IceCube, we follow the procedure from Ref. [86], which was
designed for HESE events. We extend its application also to
MESE events.

Instead of simulating the propagation of muons through
the Earth and applying a surface veto ourselves to mitigate
their contamination, the procedure in Ref. [86] directly
computes the distribution dN,/dE 4, E;eyg of muons that
pass the veto. The value of the spectral index y, varies for
HESE versus MESE events. To compute it, we compare the
number of passing muons below and above a certain
deposited energy Efep respectively,

1 .
Nﬂ(< E:;ep) = 1_— [(E:;ep)l_y” - (Edmelg)l_y”]’

v (A4)

NH(Z E:;ep) (AS)

- (E* 1-y ,
1_3/”( dep) #

where Eglei}‘)1 is the minimum deposited energy in the event

sample. With this, the spectral index is

N (< E* Emin
y,=1-1In <1+ il fe")— ‘ffp). (A6)
Nll(z Edep) Edep

For HESE events, we compute y, using the muon rates
reported in the 3-year IceCube HESE analysis [7]. Table IV
in Ref. [7] reports 8 passing muons below Eg., = 60 TeV
and 0.4 passing muons above it. In that sample,
Eggl‘; = 28 TeV. Therefore, for HESE events, y, ~ 5, as
reported by Ref. [86].

For MESE events, we compute y, using the muon rates
reports in the 2-year IceCube MESE analysis [29]. Figure 8
in Ref. [29] reports 64.78 passing muons below Ej,, =
50 TeV and 0.44 passing muons above it. In that sample,

Eggg = 0.33 TeV. Therefore, for MESE events, y = 2.

The probability distribution function for the ith event in a
sample to have been generated by atmospheric muons is
then P;, = Eylt /[dEqey Eqir, where Ege, ; is the deposited
energy of the event.

APPENDIX B: DETAILS OF THE
STATISTICAL ANALYSIS

1. Prior distributions of the likelihood parameters

Table II shows the prior probability distributions of the
likelihood parameters that we have used in our Bayesian
statistical analysis. For the definition of each parameter,
see the main text. Priors are different for the two public
IceCube event samples that we use: the 6-year HESE
sample [26-28] and the 2-year MESE sample [29,30]
restricted to Egep, > 20 TeV.

For m and log, I', we use wide uniform priors to avoid
introducing unnecessary bias. For log;o(B’/G), we choose
ranges based on criteria that we explain below. For N,
Nym> Ny, and y (in the case of HESE) we use priors
informed by the IceCube analyses of the HESE and MESE
samples; see the footnotes in Table II for details.

The “signal hypothesis” in Table II refers to the
hypothesis where synchrotron-loss features in the diffuse
neutrino flux may exist within the energy range of the
sample—where they could be detectable—or above its
energy range—where they would not affect the sample—
but not below its energy range. By doing this, we prevent
the Bayesian parameter scan from finding high values of B’
that would induce synchrotron-loss features at artificially
low neutrino energies, below the energy range of the
sample. We ensure this by choosing, for each sample, a

prior for log;o(B’/G) such that the energy where muon

synchrotron cooling starts to become important, EX5", is

larger than the minimum neutrino energy of the sample, for
any value of I', and for neutrinos that come from even the
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TABLEII. Likelihood parameters varied in our statistical analysis and their prior probability distributions; see Eq. (3) in the main text.
See Appendix B 1 for details.

HESE MESE (E¢e, 2 20 TeV)

Parameter Signal hypothesis Null hypothesis Ref. Signal hypothesis Null hypothesis Ref.
y Normal 2.92 + 0.33 Normal 2.92 + 0.33 [28] Uniform [2, 3] Uniform [2, 3]

m Uniform [—1, 4] Uniform [-1, 4] iy Uniform [—1, 4] Uniform [-1, 4]

log|o " Uniform [0, 3] Uniform [0, 3] Uniform [0, 3] Uniform [0, 3]
log,o(B'/G) Uniform Uniform Uniform Uniform

[0,4.34 + log,I']* 0,2.29 + log;oI]° [0,4.29 + log;oT].¢ [0,2.29 4 logoI]°

Ny Uniform [0, N, = 80]  Uniform [0, No»s = 80]  [28]  Normal 35.29 +5.94°  Normal 35.29 +5.94°  [29]
Num Skew-normal 15.6714*  Skew-normal 15.6715*  [28]  Normal 13.92+3.73°  Normal 13.92 £3.73*  [29]
N, Normal 25.2 +7.3 Normal 25.2 +7.3 [28]  Normal 2.83 =+ 1.68° Normal 2.83 +1.68°  [29]

“This ensures that synchrotron-loss features, if any, appear in the diffuse flux only at energies E25" > (1 4 Zmay) E™Mgps 1.€., 0Ot
below the energy window of the HESE sample. We approximate the minimum neutrino energy that could be affected by synchrotron
losses by equating it to the smallest HESE deposited energy, i.e., E]jipsg = 18 TeV.

This restricts synchrotron-loss features in the diffuse flux to appear only at energies E%ﬂmh 2 (1 4 zZpax) EMSese = 10 PeV, beyond
the energy windows of the HESE and MESE sample. We approximate the maximum neutrino energy that could be affected by
synchrotron losses by equating it to the largest HESE deposited energy, i.e., EJ{jzsg = 2 PeV. (The maximum MESE deposited is

1.3 PeV, but we use the same prior for MESE and for HESE, since the difference is small.)

“This ensures that synchrotron-loss features, if any, appear in the diffuse flux only at energies E’,

synch i .
2 (14 Zmax) ESMiEsE- 1-€., not

below the energy window of the MESE sample selected for £y, > 20 TeV. We approximate the minimum neutrino energy that could be
affected by synchrotron losses by equating it to the smallest MESE deposited energy, i.e., E}ypgp = 20 TeV.

For N, Nam,» and N, the central value of each is inferred from interpolating their best-fit contribution to the measured MESE
event rates in Fig. 8 of Ref. [29]. We count only MESE events with Eg, > 20 TeV. For each parameter, the standard deviation is
assumed to be that for a normal distribution, i.e., the square root of the central value. For N,, we make sure that its sampled values are

always non-negative.

highest redshift of z,., = 4. See the main text for the

definition of ESY;" and Table II for details.

The “null hypothesis” in Table II refers to the hypothesis
where synchrotron-loss features do not affect the event
sample, i.e., they may exist only at energies higher than the
maximum energy of the sample. We ensure this by
choosing, for each sample, a prior for log;y(B’/G) such

that EY;" is larger than the maximum energy of the
sample, for any value of I', and for neutrinos that come
from even the highest redshift of z,,, = 4. Only the prior
for log,o(B’/G) is different between the signal and null
hypotheses. See Table II for details.

2. Posterior distributions of the likelihood parameters

Figures 3 and 4 show the resulting one-dimensional and
two-dimensional marginalized posterior probability distri-
butions of the likelihood parameters, obtained under the
signal hypothesis, using the HESE and MESE samples. The
posteriors obtained under the null hypothesis (not shown)
are similar. In the main text we discuss the posterior
allowed ranges of log;oI" and log;o(B’/G). Below, we
comment on the ranges of the remaining parameters.

The posterior allowed ranges of 7, Ny, Nym, and N,
are compatible with the values found in the IceCube
analyses of the 6-year HESE sample [28] and the 2-year
MESE sample [29]. The one instance where this is not
the case is for y in the MESE sample: the value that we
find, y~2.12, is lower than the value reported by

IceCube, y ~2.46. This is because we only use MESE
events with Eg, > 20 TeV, which have a flatter energy
distribution than the full sample.

The posterior allowed ranges of m are wide, which
reflects that our analysis is only weakly sensitive to this
parameter. Our analysis finds a preference for positive
values of m, i.e., for a number density of sources p that
grows with redshift up to z. = 1.5 (see the main text), but
otherwise does not constrain the value of m. Varying m
affects the diffuse neutrino flux in two ways. First, it
changes the flux normalization. However, because the flux
normalization cancels out when computing the partial
likelihoods (see the main text), we are not sensitive to this
effect. Second, varying m slightly alters the shape of the
spectrum by shifting the energies at which the synchrotron-
loss features appear, in the frame of the observer. However,
because the shift is small, our analysis is almost insensitive
to the value of m.

As part of our maximization procedure, we compute the
evidence—i.e., the likelihood marginalized over all of the
parameters—under the signal and null hypotheses, Z,q
and Z,,, respectively. With them, we compute the Bayes
factor K = Zepy/Zpun for each sample, to estimate the
strength of the evidence in favor of the existence of
synchrotron-loss effects in the sample. We qualify the
strength of the evidence using Jeffreys’ empirical scale
[91]. For both samples, log;( K = 0.3, so the strength of the
evidence is insignificant, or “not worth more than a bare
mention,” according to the scale.
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FIG. 3. Posterior probability distributions, central values, and standard deviations of the likelihood parameters for the 6-year IceCube
HESE sample, obtained under the signal hypothesis; see Table II. The shaded regions show the 68%, 90%, and 95% C.L. regions, from

darkest to lightest shading.

3. Computing limits

To compute the Bayes factor above, we allow all of
the likelihood parameters in Table II to vary simulta-
neously. In contrast, to compute the upper limit on
log,o(B’'/G) as a function of log,, I, we fix log;yI" to

a given value, vary all of the remaining likelihood
parameters, and finally marginalize over all of them
except for log;o(B’/G). Figure 1 shows the resulting
one-dimensional 95% C.L. upper limit on log,,(B’/G) as
a function of log,I".
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