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Searching for Sources of High Energy Neutrinos from Magnetars with IceCube

1. Introduction

Magnetars are neutron stars with very strong magnetic fields on the order of 1013 to 1015 G.
Magnetars are classified into two groups: Anomalous X-ray Pulsars (AXPs), and Soft Gamma-ray
Repeaters (SGRs). They are strong x-ray emitters and in their early stages maintain high x-ray
luminosity over a long period of time [1].

Young magnetars with oppositely oriented magnetic fields and spin moments may emit high-
energy (HE) neutrinos from their polar caps as they may be able to accelerate cosmic rays to
above the photomeson threshold. Since their x-ray luminosity spans a long period, they should
contribute higher neutrino flux than older magnetars. Young magnetars may also contribute to the
astrophysical diffuse neutrino background [1].

Post-burst magnetars (SGRs after flaring) show an increase in their quiescent luminosity for a
long period of time, therefore they should contribute higher neutrino fluxes [1].

Giant flares of SGRs may produce HE neutrinos and therefore a HE neutrino flux from this
class is potentially detectable by IceCube [2]. They hypothesize that "... the baryon-rich model
with a flare 10−3 times smaller than that considered here [SGR 1806-20] can produce about one
event in IceCube, and the rate of such flares is about ∼ 1/10 year".

2. Motivation

2.1 Neutrino Emission Mechanism in Magnetars

Neutrino emission due to the acceleration of high-energy protons usually happens through pion
decay, where the protons interact with the photons or matter in the environment of astrophysical
accelerators. For the case of most pulsars, the immediate environment such as the magnetosphere
lacks a target column density large enough for pion production. Therefore, the neutrino emission
process in pulsars is usually considered to happen in the pulsar wind nebulae [3]. However, in the
inner magnetosphere of pulsars with surface magnetic fields of ∼ 1015 G, i.e. magnetars, conditions
for neutrino production via photomeson interaction are realized.

In principle, there are two main sources of energy that power a magnetar: the spin-down
power, and the power resulting from decaying magnetic fields (magnetic power). The spin-down
power accelerates protons and the magnetic power provides a large amount of near-surface photons.
Assuming both of these energy sources power the magnetar, and that the magnetar is young enough,
then the criterion for photomeson interactions are satisfied [1].

The dominant photomeson interaction resulting in neutrino emission in magnetars then is
through the Δ-resonance [1]:

?W → Δ→ =c+ → =a``
+ → =a`4

+a4 ā` (1)

2.2 Neutrino Detection: the IceCube Neutrino Observatory

The IceCube Neutrino Observatory is a cubic-kilometer neutrino detector deep inside the
Antarctic ice [4] and has been operational for the past 10 years. In 2013, IceCube published the
first evidence of HE neutrinos of astrophysical origins [5].
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Searching for Sources of High Energy Neutrinos from Magnetars with IceCube

As the HE neutrinos interact with the Antarctic ice, they produce relativistic charged particles
which emit Cherenkov light. The detector consists of 5160 digital optical modules (DOMs) which
can detect the Cherenkov light. Using the signals from the DOMs, one can infer the energy,
direction, and flavor of the HE neutrino.

The charged-current interactions of muon neutrinos produce high-energy muons that can travel
kilometers in the ice. These muon tracks have an angular resolution of ∼ 1◦ for energies above 10
TeV. In this work we plan to use a sample of events from both the northern and southern sky using
10 years of IceCube data which are optimized for searches for astrophysical neutrino point sources.
[6].

3. Analysis Plan

In this work, we will use the McGill Online Magnetar Catalog [7]. The catalog consists of
30 magnetars, 16 SGRs and 14 AXPs, the majority of which are in the Southern sky and within
∼ 60 kpc. 3 magnetars are off-plane: one is spatially coincident with the Large Magellanic Cloud
(LMC), one is spatially coincident with the Small Magellanic Cloud (SMC), and one is located in
the Northern sky outside of the Galactic plane. The catalog contains the persistent characteristics
of the magnetars such as period, x-ray flux, magnetic field strength, etc, unless otherwise noted.
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Figure 1: Location of the magnetars in the McGill catalog in Equatorial coordinates. One magnetar is
spatially coincident with LMC, and one is spatially coincident with SMC.

In addition to the McGill catalog, the following magnetars will be included in this work: The
two newly discovered magnetars, Swift J1555.2-5402 and SGR 1830-0645 will be included in all 3
phases discussed below. W-ray burst GRB 200415A is believed to be a giant flare of a magnetar in
the starburst galaxy NGC 253 [8]. We will include NGC 253 in our time-dependent (section 3.2)
and individual analyses (section 3.3).
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There are three phases in our search for neutrinos from magnetars with IceCube:

3.1 Time-integrated Stacked Search

We plan to use a point source search using the unbinned Likelihood method. We will perform
a time-integrated stacked analysis to increase the sensitivity.

The likelihood function for a single point source is given by:

L(GB, =B) =
#∏
8=1

(=B
#
S(G8 , GB, �8 , W) +

(
1 − =B

#

)
B(G8 , �8)

)
(2)

Where GB is the position of the source, =B is the number of the signal events, G8 and �8 are the
position and energy of the 8th neutrino candidate event (hereafter event), N is the total number of
events, and W is the spectral index which is fit globally across all sources.

The background PDF B is a function of the reconstructed energy and the declination of the
events. The background PDF does not depend on the right ascension (RA) since the effective area
of the detector, averaged over time, is constant with respect to RA.

The signal PDFS is assumed to only have spatial and energy components for the time-integrated
search and to be Gaussian in form.

The weights used in the analysis are as follows:

• Equal: Probe magnetars as a general class without taking into account any models.

• Energy flux: Neutrino flux and the unabsorbed X-ray energy flux have a direct correlation.

• Inverse Period: Young magnetars are more likely to emit high energy neutrinos. Character-
istic age of the magnetar depends directly on the period.

Therefore, the likelihood function for the stacked analysis is given by:

L(GB, =B) =
#∏
8=1

©«
"∑
9=1

=B

#
F 9S 9 (G8 , GB, �8 , W 9) +

(
1 − =B

#

)
B(G8 , �8)

ª®¬ (3)

where the index 9 denotes the source from our catalog, and F 9 is the weight.

3.1.1 Testing the Neutrino Emission Model in Zhang, et al. [1]

The neutrino number flux arriving at Earth is given by equation 15 in [1]. Taking the derivative
3qa

3na
gives us the differential neutrino flux from the magnetars. Using the data in the McGill

magnetar catalog [7], we have plotted the differential neutrino flux in Figure 2. We will compare
these to the sensitivity and discovery potentials obtained from our time-integrated stacking analysis.
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Figure 2: Neutrino fluxes according to Zhang et al. [1] using the data available in the McGill Online
Magnetar catalog [7]

3.2 Time-dependent Search

We will test the hypothesis that the baryon-rich flare of a SGR 10−3 times smaller than that of
SGR 1086-20 can produce about one event in IceCube, and the rate of such flares is about ∼ 1/10
year [2]. To do this, we will perform a time-dependent light curve analysis using the method in [9].

To justify the time-dependent analysis, we looked for variability in the X-ray light curve of the
magnetars in our catalog using the data from MAXI/Riken and Swift BAT. Figure 3 shows the light
curve of two magnetars which exhibit potential variability in their light curve. We will search for
neutrinos in IceCube around the time of increased X-ray activity of the magnetars.

3.3 Study of Individual Sources

Lastly, we will look at individual sources such as SGR 1935+2154, which is associated with a
fast radio burst (FRB) [10], without stacking to set upper limits on the neutrino flux.

4. Summary and Future Work

Here we presented a proposed search for neutrino emission from magnetars using 10 years of
IceCube data. We also outlined the three phases of this analysis and discussed the rationale behind
each. We are now in the process of generating sensitivities and discovery potentials for the time-
integrated stacking analysis. In case no significant signal is identified, we will then set constraints
on magnetars as a whole class of objects contributing to the all-sky astrophysical neutrino flux.
Following the time-integrated stacking analysis, we will move on to probing magnetars as transient
sources by performing a time-dependent analysis. Finally we will look at individual magnetars that
are of special interest, such as SGR 1935+2154 which has been associated with a FRB [10].
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Figure 3: Top: X-ray light curves of XTE J1809-197 from MAXI/Riken. Bottom: SAX J1750.8-2900 from
Swift-BAT. Both light curves show possible variability.
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