PROCEEDINGS

OF SCIENCE

Search for high-energy neutrinos from magnetars with
IceCube

The IceCube Collaboration

(a complete list of authors can be found at the end of the proceedings)

E-mail: aghadimi@crimson.ua.edu, jmsantander@ua.edu

Neutron stars with very strong magnetic fields are known as magnetars. There are multiple theories
that predict magnetars may be able to emit high-energy (HE) neutrinos through hadronic processes
by accelerating cosmic rays to high energies. A subclass of magnetars known as soft gamma-ray
repeaters (SGRs) can produce giant flares that can result in the production of HE neutrinos. Some
magnetars also exhibit bursting activity during which they may emit HE neutrinos. Here we
describe our time-integrated search for neutrino emission from magnetars listed in the McGill
Online Magnetar Catalog and three newly discovered magnetars SGR 1830-0645, Swift J1555.5-
5402, and NGC 253. SGR 1830-0645 and Swift J1555.2-5402 were discovered in 2020 and 2021
respectively by SWIFT after emitting short bursts. A very bright short gamma-ray burst that is
believed to be a magnetar giant flare has been localized to NGC 253. We use 14 years of well-
reconstructed muon-neutrino candidate events collected by the IceCube Neutrino Observatory to
look for significant clustering in the direction of magnetars.
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High-energy neutrinos from magnetars

1. Introduction

1.1 Neutrino production mechanisms in magnetars

Magnetars are neutron stars with magnetic fields of the order of 10'3-10'3 G that emit strong
X-ray and thermal radiation early in life due to the decay of their magnetic fields and maintain high
X-ray luminosity over a long period of time (~ 10* years) [1]. Anomalous X-ray Pulsars (AXPs)
and Soft Gamma-ray Repeaters (SGRs) are two types of magnetars with similar properties such
as pulse periods, spin-down rates and quiescent X-ray luminosity. However, AXPs tend to be less
active than SGRs.

Young magnetars with oppositely-oriented magnetic fields and spin moments may emit high-
energy (HE) neutrinos from their polar caps as they accelerate cosmic rays (mainly protons)
to high energies[1]. Neutrino emission due to the acceleration of high-energy protons usually
happens through pion decay. Pions are produced when protons interact with photons (photomeson
interaction) or matter in the environment of the astrophysical accelerators. For the case of most
pulsars, which are highly-magnetized, fast-spinning neutron stars, 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 expected to happen in the pulsar wind nebula
[2]. However, in the inner magnetosphere of pulsars with surface magnetic fields of ~ 10" 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 which is a measure of loss of rotational energy of the magnetar, 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 A-resonance [1]:

py > A—nnt - nvut - nvyetvev,. (1)

Post-burst magnetars (SGRs after flaring) show an increase in their quiescent luminosity for a
long period of time, therefore they could contribute higher neutrino fluxes [1]. Giant flares of SGRs
may produce HE neutrinos which are potentially detectable by IceCube [3].

1.2 Neutrino detection and The IceCube Neutrino Observatory

The IceCube Neutrino Observatory is a cubic-kilometer neutrino detector deep inside the
Antarctic ice [4] which was completed in 2011 and was already operational before that while
partially completed. In 2013, IceCube published the first evidence of HE neutrinos of astrophysical
origin [5].

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
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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 14 years of IceCube data, from April 2008 through
May 2022, which are optimized for astrophysical neutrino point source searches [6].

2. The catalog of magnetars

For this search, we use the McGill Online Magnetar Catalog [7] last modified on November
17, 2020. In addition to the McGill catalog, two newly discovered magnetars, Swift J1555.2—-5402
[8] and SGR 1830—-0645 [9] are included in this analysis. y-ray burst GRB 200415A is believed to
be a giant flare of a magnetar localized to a 20-square-arcmin region of the starburst galaxy NGC
253 [10]. Since the angular resolution of IceCube is about 1°, as discussed earlier, we assume the
position of the magnetar to be the position of the galaxy itself. PSR J1846—-0258 is excluded from
the stacked analysis (see section 3.2) since it is often classified as a young, rotation-powered pulsar.
Rotation-powered pulsars as the name suggests are not powered by the decay of their magnetic
fields. This particular pulsar has a magnetic field strength much higher than rotation-powered
pulsars and in 2006 was seen to have undergone a magnetar-like outburst [11]. The positions of the
magnetars included in this work are shown in Fig.1.
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Figure 1: Position of the magnetars used in this analysis.

3. Analysis

3.1 Point source search

We want to determine if any of the events in our data originate from magnetars or if they
are all due to background. We will use statistical hypothesis testing, with the null hypothesis Hj
being all events are due to background, and the alternate hypothesis H being the events are due to
both background and an astrophysical neutrino signal. We will model the data and determine the
likelihood of each hypothesis using the test statistics (TS), defined by

2

T8 =-2log [P(dataﬂ{o)] .

P(data|H;)
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Larger values of TS mean the null hypothesis is less likely. As stated in Wilks” Theorem [12], in
cases where the null hypothesis is true, values of the TS will follow a chi-squared (y?) distribution
with m degrees of freedom depending on the number of fit parameters, in this case 2.

We use the unbinned likelihood method to search for neutrino point sources. The likelihood
function for a single point source is given by:

Leon =[] (TS By + (1-5) B E). 3)

i=1

where x; is the position of the source, ng is the number of the signal events, x; and E; are the
reconstructed position and energy of the ith neutrino candidate event (hereafter event), N is the total
number of events, and y is the spectral index.

The background probability density function (PDF) 8 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.
This does not take into account the diffuse emission from the Galactic plane [13]. The background
PDF is given by:

Bi(Xi, E;) = Bi(X;) X Eg; (E:) . 4)
~——— N——
Spatial Energy

The signal PDF § is also assumed to only have spatial and energy components for the time-
integrated search and to be Gaussian in form which describes the point-spread function of the
IceCube detector. For a given source:

Si(Xi,Xs, 04, Ei,y) = Si(Xi,Xs, 01) X Es;(Ei,y) . 5)

Spatial Energy

S; is described below as:

202

4

1 > _ 7 2
Si (X, Xs, 07) = 5 " €Xp (_M) , (6)
2o

i
where o7 is the reconstructed directional uncertainty of each event. Eg;(E;,y) are recon-
structed energies.

3.2 Time-integrated stacking analysis

In a stacking analysis contributions from all the sources are added up (stacked). Therefore if
the neutrino flux from a single magnetar is not detectable, it still contributes to the total neutrinos
emitted from magnetars. This allows us to evaluate neutrino emission from magnetars as a class of
objects. The likelihood function for the stacked analysis takes the same form as Eq. 3, but with a
modified signal PDF given by:

S wiR;(67,7) - Siv j(Ri, Xs;, 01, Eiyy)
Zjﬂil wjiR;(6j,7)

(N

Si,Stacked =
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where the index j denotes the source from our catalog, and w; is the theoretical weight
depending on physical properties of the source and R(d;,y) is the detector weight describing the
sensitivity of the IceCube detector for a source at a declination ¢ with a spectral index 7.

Two choices of weights, based on different theoretical models of neutrino emission, are tested:

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

* Spindown %: Young magnetars are more likely to emit high energy neutrinos. As magnetars
age, their periods increase.

4. Sensitivity and discovery potentials

The significance of an analysis result is determined by estimating how often such a result of
similar or greater strength would occur by chance in an analysis of background-only data. This
estimate is obtained by performing the analysis repeatedly with the same data but having the right
ascension coordinate randomized (called "scrambled trials"). The distribution of the background
TS values obtained by performing many scrambled trials (representing the null hypothesis) should
follow a y? distribution. The PDF is obtained by performing pseudo-experiments where Monte
Carlo simulated neutrino events are injected at the position of the magnetars. The injected neutrino
signal has a power law spectrum with a spectral index y;, :

—Yinj
dN N ( E ) ’ ®)

dE = " \E

where fl—’g is the differential neutrino flux as a function of energy, normalized at £y = 1 TeV.
In this work, we have injected signals with spectral indices of 1.0, 1.5, 2.0, 2.5. Figure 2 shows
the sensitivity and discovery potential for the analyses described here. We define sensitivity as
number of signal events needed to have a TS greater than the background median in 90% of the
trials performed. The discovery potential is the number of injected signal events needed to reach

50 in 50% of the performed trials.
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Figure 2: Sensitivity and 5o discovery potential curves with (left) x-ray energy flux, (right) spindown as
weights with Ey = 1 TeV. The flux is the total flux resulting from stacking.
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5. Discussion

Zhang et al. first proposed a model that describes high-energy neutrino emission from magne-
tars in 2003 [1]. As described in section 1.1, young magnetars with oppositely-oriented magnetic
fields may emit high-energy neutrinos from their polar caps. The neutrino number flux arriving at
Earth is predicted by Equation 15 in [1]. Taking the derivative % gives us the differential neutrino
flux from the magnetars. Using the data in the McGill magnetar catalog [7], we have plotted this
model and compared it to our sensitivity and discovery potentials in Fig. 3. The sum of the neutrino
fluxes from the magnetars in the catalog is below the IceCube sensitivity derived in this work for
both weighting schemes.
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Figure 3: Differential neutrino flux of magnetars derived from Zhang et. al. compared to the sensitivity and
discovery potential of IceCube, using (top) x-ray energy flux weighting and (bottom) spindown weighting,
gamma=2.0. Most individual predicted neutrino fluxes are shown with grey solid lines; colored solid lines
indicate the predicted neutrino fluxes of Swift J1834.9-0846 (dark green), SGR 193542154 (dark red), and
Swift J1818.0-1607 (dark yellow) according to [1].

6. Future plans

Thus far we have used Monte Carlo (MC) simulated events to investigate the hypothesis that
magnetars are potential HE neutrino emitters. We have produced sensitivity and 5o discovery



High-energy neutrinos from magnetars

potential curves for both stacking and point source analyses. Upon completing the internal review
procedure, we will perform the analysis on the real data (unblind) and will report the result in a
future publication.

The transient outburst of magnetars is a key property of their emission and has played a major
role in their discovery [14]. The exact mechanism responsible for the outbursts however, is not
clear [15]. The outbursts are defined as periods where the persistent emission increases by a factor
of 10-1000 and lasts from a few weeks to a couple of years. It is worth investigating whether the
outburst of magnetars results in neutrino emission. We plan to conduct a transient search for HE
neutrinos from the outbursts of magnetars with IceCube as the next step in our pursuit to better
understand these objects.
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