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There is growing evidence that soft gamma-ray repeaters (SGRs) and anomalous
X-ray pulsars (AXPs) are isolated neutron stars with superstrong magnetic ﬁelds,
i.e., magnetars, marking them a distinguished species from the conventional species
of spin-down-powered isolated neutron stars, i.e., radio pulsars. The current arguments in favor of the magnetar interpretation of SGR/AXP phenomenology will be
reviewed. I will further discuss two major energy source powers in magnetars, i.e.
a component due to magnetic dissipation and another component due to loss of
the spin energy of the magnetar. The magnetic power is commonly invoked in the
present magnetar models, while the spin-down power is currently ignored, mainly
because the spin-down luminosity is about two orders of magnitude lower than the
magnetic luminosity in the slowly-rotating magnetars. Nonetheless, the spin-down
power, which usually manifests itself as a charge accelerator due to the unipolar
eﬀect, should be important in the earlier ages of magnetars, and may be still of
interests in the slow magnetars. I will review some recent eﬀorts in studying the
spin-down-powered behaviors in magnetars and discuss some possible signatures
of magnetar spin-down power. These include the quiescent low-frequency coherent
emission, quiescent gamma-ray emission, as well as high energy neutrino emission
from some of these objects. The detection of any of these signatures will provide
solid proofs that magnetars are indeed isolated neutron stars.

1

Introduction

For a long time, radio pulsars have been regarded as the only manifestation of isolated neutron starsa . Recent observational developments indicate that isolated neutron stars also manifest themselves as other species1 ,
among which soft gamma-ray repeaters (SGRs) and anomalous X-ray repeaters (AXPs) have attracted growing attention in the neutron star community. These two types of objects originate, respectively, from the anomalous species of two distinct classes of phenomenon, i.e., gamma-ray bursts and
accreting X-ray pulsars, but share many common features.
Recently, two observational facts ﬁnally connect a bridge between SGRs
and AXPs. First, after being quiescent for more than twenty years, SGR
a The

internal compositions and equations-of-state of “neutron stars” are not well determined. These stars could be in principle more exotic, e.g., could be composed of pure
strange quark matter. Here I refer to “neutron stars” as a broader class of objects that
includes more exotic categories.
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0526-66 is found to have a steep non-thermal spectrum in the quiescent state
which is similar to the non-bursting AXPs2 . Second, soft, repeating bursts
were recently detected from two AXPs, 1E 1048-59373 and 1E 2259+5864 .
These suggest that SGRs/AXPs belong to a uniﬁed class of objects.
In the literature, there exist essentially four types of models to interpret
SGR/AXP phenomenology. These are, according to the sequence of popularity, the magnetar model5−9 , the accretion model involving fossil disks10,11,12 ,
the models involving strange quark stars13−16 , and the models involving magnetic white dwarfs17,18 . It is fair to say that at the current stage none of the
models can interpret all SGR/AXP observations satisfactorily. Nonetheless,
the magnetar model has its merit to interpret most observations under one single hypothesis, i.e., SGRs/AXPs are neutron stars with superstrong magnetic
ﬁelds (∼ 1014 − 1015 G at the surface). Other models either have troubles to
interpret some observations (e.g. the accretion model fails to account for the
super-Eddington SGR bursts, and is likely inconsistent with the optical/IR
data) or have to introduce additional assumptions to account for data19 .
2

Evidence Supporting the Magnetar Hypothesis

Below I list the solid observational facts of SGR/AXPs and confront them
with the magnetar model.
1. Timing properties. Known SGRs/AXPs exclusively have long periods [P ∼ (5 − 12) s] and large spin-down rates [Ṗ ∼ 5 × (10−13 − 10−10 )
s/s]. Assuming magnetic braking, this directly refers to a superstrong surface
magnetic ﬁelds [Bs ∼ (1014 − 1015 ) G] if these objects are neutron stars.
Irregular spin-down may be a common feature of these objects, and is not
necessarily related to the bursting behavior. This could be accommodated in
a magnetar model with twisted magnetosphere9 .
2. Quiescent emission properties. SGRs/AXPs all display a steady
luminous X-ray emission with Lx ∼ (1035 − 1036 ) ergs/s, which could
be explained in terms of magnetic dissipation (magnetic ﬁeld decay8 , or
magnetic enhanced cooling20 , or untwisting of a global current-carrying
magnetosphere9 ). Optical/IR counterparts have been detected from three
AXPs (4U 0142+61, 1E 2259+586, and 1E 1048.1-5937), but no promising
interpretation within the magnetar model is proposed so far. No gamma-ray
and radio emission has been ﬁrmly detected from the SGRs/AXPs.
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3. Burst properties. SGR bursts are soft and repeating, with luminosity ranging from 1038 ergs/s all the way up to ∼ 1045 ergs/s (usually
super-Eddington, and two most luminous bursts, namely giant ﬂares, have
been detected from SGR 0526-66 on March 5, 1979; and from SGR 1900+14
on August 27, 1998). A strength of the magnetar model is that it can interpret
the bursting phenomenology successfully in terms of the magnetic cataclysmic
dissipation events in superstrong magnetic ﬁelds. Super-Eddington bursts are
natural in strong ﬁelds in which the Thomson cross section is suppressed.
4. Environmental eﬀects. Most SGRs/AXPs are located close to supernova remnants (SNRs) in projection. Solid associations with the SNRs
are yet ﬁrmly established. Real associations are consistent with the magnetar theory which predicts that these objects are young neutron stars, but
the SNR ages are not fully consistent with the spin-down age of these objects. Assuming associations, SGRs have larger proper motions than AXPs.
That one AXP with SNR association, 1E 2259+586, recently displayed hundreds of repeating bursts4 make the issue more complicated. The claim that
SGRs/AXPs are born in dense environments12 is not conﬁrmed21 .
5. Cyclotron features. Cyclotron features have been detected in SGR
outbursts22,23 , which is consistent with the magnetar model if the features are
of proton-origin, but refers to a much lower magnetic ﬁeld if the features are
of electron-origin.
In summary, though not fully unquestionable, the magnetar model is
successful in many respects in interpreting the data. Notice that there is the
issue whether a normal neutron star is stable under superstrong magnetic
ﬁelds24 , but magnetars composed of strange quark matter could nonetheless
be formed25,19 .
However, there is hitherto no deﬁnite proof that SGRs/AXPs are isolated
neutron stars. The pulsar-like behavior, which invokes particle acceleration
and emission due to the unipolar eﬀect, is not detected in any of the proposed
magnetars. This is an observational missing link between magnetars and
pulsars.
3

Two Energy Sources in Magnetars, and a Missing Link
Between Magnetars and Pulsars

If SGRs/AXPs are magnetars, there should be two independent energy
sources in these objects, i.e., the magnetic energy and the spin energy of a
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neutron star. Assuming a dipole geometry, the total magnetic energy in amagnetar magnetosphere is EB  (1/12)Bp2 R3 . Taking Bp = 6.4 × 1019 G P Ṗ ,
and R = 106 cm R6 , the magnetic energy can be estimated
EB = 1.7 × 1046 ergs (P/5 s)Ṗ−11 R63 ,
−11

where Ṗ−11 = Ṗ /(10

(1)

). The rotation energy of the magnetar is

ER = (1/2)IΩ2 = 7.9 × 1044 erg I45 (P/5 s)−2 ,

(2)

where I = 1045 g cm3 I45 is the typical momentum of inertia of the magnetar.
The critical line in the P − Ṗ diagram for the magnetic energy domination
(i.e. EB > ER ) is
Ṗ−11 > 5.8P −3 I45 R6−3 .

(3)

In reality, what is more relevant is to compare the energy release rate of
the magnetic energy and the spin energy. The former could be in principle
written as LB = dEB /dt = −(1/6)(dBp /dt)Bp R3 . Theoretically, dBp /dt is
rather uncertain. It is more straightforward to take LB ∼ 1035 − 1036 erg s−1
as directly inferred from the observations, e.g.
LB = 1035 erg s−1 LB,35 (B),

(4)

where LB,35 (B) is an unknown function of B, but may be insensitive to B
when Bp ∼ 1014 − 1015 G. The spin-down luminosity is
Lsd = −IΩΩ̇ = 4π 2 IP −3 Ṗ = 3.2 × 1033 erg s−1 I45 (P/5 s)−3 Ṗ−11 .

(5)

Let LB > Lsd , the condition of magnetic luminosity domination is
1/3 1/3

−1/3

P > 1.6 s Ṗ−11 I45 LB,35 (B).

(6)

It is found that for the typical values of P and Ṗ of magnetars, these objects all lie in the magnetic-dominated regime (satisfying both conditions (3)
and (6)). Nonetheless, they are not far from the transition boundary. More
important, all magnetars ought to be born with millisecond initial period to
ensure vigorous dynamo process to occur26 , which means that over the early
lifetime of a magnetar, the spin-down energy should be the dominant energy
source. Even at the present epoch (for typical P and Ṗ of magnetars), the
spin-down luminosity (which marks the magnitudes of the pulsar behavior) is
not too low. In fact, many pulsars with such similar Lsd ’s are detected to be
active.
Then, there comes a missing link between the magnetars and the radio
pulsars. These two types of isolated neutron stars seem to solely manifest
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the two types of energy sources, respectively. The spin-down energy is clearly
manifested in pulsars in terms of coherent radio emission, and non-thermal
gamma-ray and X-ray emission; while in magnetars the magnetic dissipation
energy is manifested in the form of luminous X-rays in the quiescent state and
of soft gamma-rays in the burst state. Within the dominant energy output
channel for the spin-down luminosity, i.e., the radio band and the gammaray band, magnetars are not ﬁrmly detected. If lack of magnetic-dominated
behavior in normal pulsars is understandable because of their weak ﬁelds
involved, non-detection of the spin-down-powered behavior in magnetars is in
principle not justiﬁed. It is worth emphasizing that lack of radio and gammaray emission is the prediction of the accretion model for AXPs. Therefore
studying the spin-down-powered behavior from magnetars is of great theoretical and observational interests. Only when any spin-down-powered behavior
is ﬁrmly detected in SGRs/AXPs, could the accretion model be completely
ruled out, and hence, presenting a ﬁnal proof of the magnetar interpretation.
4

Spin-down-Powered Activity in Magnetars

The pulsar-like behavior is marked by particle-acceleration and pairproduction in the magnetosphere. Particles are believed to be accelerated
in gaps either in the polar cap region near the surface27,28,29 or above the
null charge surface30 . Accelerated primary particles radiate through curvature radiation or inverse Compton scattering, and the resultant gamma-rays
produce electron-positron pairs either through one photon (γ(B) → e+ e− (B))
or two photon (γγ → e+ e− ) processes. In the polar cap region, the secondary
pairs also radiate via synchrotron radiation and inverse Compton scattering,
leading to a photon-pair cascade31,32 . The condition that pair production is
prohibited deﬁnes radio pulsar death. Conventionally, this is deﬁned through
an energy budget criterion that requires a minimum potential to accelerate
particles to a high enough energy in order to allow pair production to occur.
This deﬁnes a pulsar death valley in the long P regime33 . According to this
criterion, the known magnetars are well above the death line, so that their
spin-down-powered activity is in principle not prohibited.
In order to interpret the apparent radio quiescence of SGRs/AXPs, Baring & Harding34,35 argued that pair production is suppressed in magnetars by
another more exotic QED process, i.e., magnetic photon splitting. This interpretation relies on the assumption that all three photon splitting modes permitted by charge-parity invariance operate together due to (possible) strong
vacuum dispersion eﬀect in superstrong magnetic ﬁelds, so that photons with
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both ⊥ and  polarization modes can split. In such a case, for a high enough
magnetic ﬁeld strength, photon splitting will overwhelm magnetic one photon
pair production, so that gamma-rays essentially split to photons with lower
energies before being materialized, and the magnetar magnetosphere is essentially pair free. Zhang36 later found that even if one photon pair production
can be completely suppressed by photon splitting (as conjectured by Baring
& Harding), pairs may be formed via two-photon pair production, essentially
because the magnetar near the surface region is a hot environment with a
copious soft photon bath generated from magnetic dissipation. Another issue
is that, as long as particles can keep being accelerated to higher altitudes
where magnetic ﬁeld strength is considerably degraded, one photon pair production will overtake photon splitting. This operates for the case of an inner
gap type invoking space-charge-limited ﬂow37 . Both arguments suggest that
a magnetar magnetosphere may not be pair free.
Now that the magnetar magnetospheric activity does not diﬀer from that
of radio pulsars intrinsically, there are good reasons to expect pulsar-like spinpowered activities from magnetars.
4.1

Coherent Emission from Magnetars?

If pairs are not prohibited in the magnetar magnetosphere, why
SGRs/AXPs are silent in the conventional radio band? There could be several possible reasons. The most straightforward possibility is that they are
actually radio loud, but the survey is not deep enough, or the radio beams do
not sweep towards us due to a very narrow beaming angle of a slow rotator21 .
Other possibilities include that the typical coherent emission frequency is not
in the conventional radio band36,38 , or that the coherent condition is fragile
and is destroyed in the hot and twisted magnetospheric environment. Current radio emission search has not been conducted deep enough to draw ﬁrm
conclusions that SGRs/AXPs are indeed dormant in the conventional radio
band. Furthermore, searches on other related bands (e.g. even lower or higher
frequencies) have not been systematically carried out. It remains interesting
to keep eyes open on the forthcoming observational progresses. Two pieces
of observational evidence are relevant. First, low frequency (below 100 MHz)
pulsed emission has been reported to be detected from SGR 1900+1439 and
1E 2259+58640 , but both objects have much stringent ﬂux upper limits in the
higher frequency bands (e.g. GHz), so that if the low-frequency detection is
real, the spectral indices must be very steep41 . Second, the IR/optical emission has been detected in several SGRs/AXPs. Attempts have been made to
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relate the emission to pulsar-like coherent emission38 . However, the diﬃculty
is that the IR/optical emission power exceeds the spin-down power, so that
one needs an ultra-eﬃcient coherent mechanism (which is currently lacking) to
interpret the observation. Searching emission in even lower frequency domain
may shed light on the physical process in the magnetar magnetospheres36 .
4.2

Non-thermal high energy emission from magnetars?

Non-thermal high energy emission is expected from both polar cap cascades and/or from outer gaps in magnetars. In the outer gap scenario, the
gamma-ray luminosities of the magnetars have been recently predicted42,43 ,
which are consistent with the current upper limits on these objects. According
to these predictions, some SGRs/AXPs should be detectable by the next generation gamma-ray detector, GLAST. In the polar cap scenario, high energy
emission is also expected, but the typical spectrum would be considerably
shifted to the softer regime due to the large opacities of the gamma-rays (due
to one-photon, two-photon pair production and photon splitting). Also the
beaming angle is correspondingly smaller. Another gamma-ray emission component is from the photo-meson interactions which might be important in
some magnetars as discussed next. More work in this direction needs to be
carried out.
4.3

High energy neutrinos from magnetars?

Zhang et al.44 recently discussed another possible consequence of the magnetar spin-down-powered activity. The discussion is relevant to one half of the
magnetar population, i.e., those with favorable geometry such that positive
ions (likely protons or light nuclei) are accelerated from the polar cap region.
The dominant photo-meson interaction leading to neutrinos occurs through
the ∆-resonance,
pγ → ∆ → nπ + → nνµ µ+ → nνµ e+ νe ν̄µ .

(7)

Here the proton component is the manifestation of the spin-down energy,
while the photon component is the manifestation of the magnetic energy.
The maximum potential drop of a magnetar with the rotation frequency,
Ω = 2π/P (where P is the period), and surface magnetic ﬁeld at the pole,
Bp = 1015 GBp,15 , is
Φ=

Ω2 Bp R3
 6.6 × 1015 V Bp,15 R63 P −2 ,
2c2
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where R = 106 cmR6 is the stellar radius. In order to achieve the photo-meson
threshold condition
> 0.3 (GeV)2 fg ,
p γ ∼

(9)

fg ≡ (1 − cos θpγ )−1

(10)

where

is a geometric factor and θpγ is the maximum lab-frame incidence angle between protons and photons, a magnetar has to spin fast enough to produce
neutrinos. The condition is
1/2

3/2

P < (2.4 − 6.8) s Bp,15 R6 fg−1/2 ,

(11)

which deﬁnes a “death valley” for photo-meson interaction and neutrino emission. This is indicated in Figure 1.
The geometric parameter fg is uncertain. For the simplest case, thermal
photons are expected to be emitted from the surface semi-isotropically, so
that θpγ ≤ 90o and fg ≥ 1. In recent magnetar models9 the magnetosphere
is assumed to be globally twisted and current-carrying. The non-relativistic
charges in the closed ﬁeld line region form a resonant cyclotron screen at a
high altitude (about 10 stellar radii) with an optical depth higher than unity.
The emergent X-ray photons would endure multiple Comptonization before
escaping, and the mechanism is used to interpret the observed hard X-ray nonthermal tail in the SGR/AXP spectrum9 . In such a picture, it is natural to
expect some downward X-ray photons (with a luminosity comparable to what
is observed) reﬂected from the resonant cyclotron screen into the open ﬁeld
< 180o could be achieved so that fg > 1/2. This
line region. In such a case, θpγ ∼
∼
is the most optimistic case for neutrino production. If such a pair reﬂection
screen is ineﬀective, fg should be estimated more conservatively by taking
into account detailed geometrical eﬀects. This gives fg ∼ 2. In Figure 1,
death valleys for fg = 1/2, 1, 2 are plotted against the known SGRs/AXPs in
the Bp − P diagram.
Assuming above threshold, the neutrino ﬂuxes for an individual magnetar
is estimated as
 η 2
p
Lν ∼ 5.8 × 1032 erg/s
0.5

 −6 

4
fc
P
T∞
3
10
×
(12)
Bp,15 R6
0.25
5s
0.5keV
with the typical neutrino energy
ν ∼ (1.4 − 2.2)fg TeV.
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Figure 1. P − Bp diagram of the known magnetars with P and Ṗ data available (data taken
from http://www.atnf.csiro.au/people/pulsar/catalogue, maintained by R. N. Manchester)
showing also the neutrino death valley between the two diagonal lines (solid lines for fg = 1;
dotted lines for fg = 1/2; and dashed lines for fg = 2, where fg is the angular correction
factor for the threshold condition), and a typical magnetar evolutionary track with τmag ∼
104 yr (with typical ages marked along the track with crosses).

Table 1. Predicted on-beam neutrino-induced upward muon event rates for the four potential neutrino-emitting magnetars assuming they are above photo-meson threshold.
Name
SGR 1900+14
SGR 0526−66
1E 1048−5937
SGR 1806−20

P (s)
5.16
8.04
6.45
7.48

Ṗ (10−11 s/s)
10.9
6.6
2.2
2.8

Bp (1015 G)
1.51
1.47
0.761
0.924

D(kpc)
(3.0-9.0)
∼ 50
(2.5-2.8)
(13.0-16.0)

dN
(km−2 yr−1 )
dAdt
0.1
(1.5-13) ( ∆Ω
)
ν
0.1
)
∼ 0.003 ( ∆Ω
ν
0.1
)
(0.5-0.7) ( ∆Ω
ν
0.1
)
(0.01-0.02) ( ∆Ω
ν

Here ηp is the eﬃciency factor for proton acceleration indicating the fraction
of the proton energy achieved with respect to the maximum proton energy
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allowed; fc is a cooling factor for pions after being generated; P is the rotation
period of the magnetar; R6 is the radius of the magnetar in unit of 106 cm;
Bp,15 is the surface polar cap magnetic ﬁeld of the magnetar in unit of 1015 G;
and T∞ is the typical observed blackbody temperature of the magnetar quiescent X-ray emission (typically 0.5 keV). Assuming that this luminosity is
beamed into a sweep-averaged solid angle ∆Ων ∼ 0.1, which is typical for a
polar cap angle ∼ 0.01 and a moderate inclination angle of the rotator, an
on-beam observer will detect a neutrino number ﬂux at earth
Lν
φν =
∼ 2.1 × 10−12 cm−2 s−1
∆Ων D2 ν


−1 

∆Ων
fc
ηp 2
3
×
R610
Bp,15
0.1
0.5
0.25
 −6 
4 
−2 
P
T∞
D
ν −1
×
,
(14)
5s
0.5keV
5 kpc
2 TeV
where D is the distance to the source. The probability of detecting a neutrinoinduced upward muon with planned neutrino telescopes is Pν→µ  1.3 ×
10−6 (ν /TeV), so the on-beam upward muon event rate is

−1 
∆Ων
dN
ηp 2
−2 −1
(discrete)  1.7 km yr
dAdt
0.1
0.5

 −6

4 
−2
fc
P
T∞
D
3
×
R610
. (15)
Bp,15
0.25
5s
0.5keV
5 kpc
A smaller/larger ∆Ων increases/decreases the on-beam neutrino ﬂux, but decreases/increases the probability of on-beam detection. The chances for the
observer to be in the neutrino beam are not large. Nonetheless, there is a
small but ﬁnite probability for directly detecting some neutrinos from these
objects. In Table 1, the predicted muon event rates for the four magnetar
candidates are listed. The four magnetars are within the neutrino death valley under the most favorable conditions. We see that SGR 1900+14 and 1E
1048-5937 may be detected by km3 telescopes (such as ICECUBE) with several years of operation, if they are above the photo-meson threshold and if
their neutrino beams sweep the Earth.
A direct inference from the above proposal is that the entire population
of young magnetars in the universe will contribute to a diﬀuse neutrino background, before crossing the neutrino death valley. The number ﬂux of this
background can be generally estimated as

 τmag,ν

0.5f1/2 DH
Lν (t)fb (t)
dt R(D)(4πD2 )dD ,
(16)
φ̄ν 
2
4π¯
ν 0
4πf
(t)D
b
0
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where DH ∼ 1028 cm is the Hubble distance, and ¯ν is the typical energy
of the neutrino background. The inner integral is the average total neutrino
energy ﬂuence per magnetar emitted towards earth during its neutrino-loud
life time τmag,ν ∼ 5 × 103 yr, which is based on the known magnetars being
marginal neutrino emitters. Since 9 magnetars have been discovered in the
Galaxy with typical ages of 104 yr, the local (redshift z = 0) magnetar birth
rate can be conservatively estimated
R(0)  10−3 yr−1 galaxy−1 R−3  2 × 10−5 yr−1 Mpc−3 R−3 ,
−3

(17)

for a number density of galaxies ng = 0.02 Mpc
netar birth rate follows the star forming rate,

. Assuming that the mag-

R(z)  R(0)(1 + z)3

(18)

for z < 2. The time-dependent beaming parameter fb (t) (which is the fraction
of magnetars whose neutrino beams are directed towards us, so the sweepaveraged solid angle of the neutrino beam is ∆Ω(t) = 4πfb (t)) cancels out.
The outer integral is over the Hubble volume. For remote magnetars, the
neutrino ﬂux of an individual source drops as D−2 while the total number of
1. Therefore most of the diﬀuse neutrino
magnetars increases as D3 for z
emission comes from the farthest magnetars whose birth rate is the highest.
For young magnetars, the time-dependent neutrino luminosity may be
also estimated as in (12). There are some noticeable diﬀerences, however. For
1.
example, due to radiation reaction and possible pair screening eﬀect, ηp
On the other hand, the pair screening altitude could be much higher than the
altitude where pions are generated, so that pions could undergo substantial
1. Notice that these
reacceleration before decaying. As a result fc could be
uncertainties only inﬂuence the typical energy of the neutrino background, ¯ν ,
but do not inﬂuence the number counts of the neutrino background (16), which
can be estimated as follows. The time-dependent neutrino luminosity is
Lν (t) = Apc (t)cnπ+ (t)¯
ν ,

(19)

Apc (t) = πΩ(t)R3 /c

(20)

where
is the time-dependent polar cap area,
Ω(t) = Ω0 (1 + t/tc )−1/2

(21)

is the time-dependent spin frequency of the magnetar since birth, and Ω0 and
tc are constants dependent on the initial rotation period and polar magnetic
ﬁeld of the magnetar;
nπ+ (t) = ξnGJ (t) = 10ξ1 nGJ (t)
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is the time-dependent number density of pions;
ξ ∼ R/lpγ ∼ 10

(23)

is the typical pion multiplicity;
nGJ (t) = Ω(t)Bp /2πce ;

(24)

¯ν is the typical neutrino energy whose detailed value does not enter the problem (i.e. canceled out in eq.[16]). Averaging over the magnetar neutrino-loud
lifetime τmag,ν , and properly taking into account the cosmological evolution,
we estimate
φ̄ν ∼ 10−13 cm−2 s−1 sr−1 f1/2 ξ1 R−3 .

(25)

This background is insensitive to the location of the neutrino death valley
(∝ ln τmag,ν ), because logarithmically the entire magnetar life-time essentially
contribute to the ﬁnal value equally. The detectability of this background,
however, is sensitively dependent on the typical energy of the neutrinos,
which in turn depends on whether the secondary pions undergo substantial
re-acceleration before decaying to neutrinos. Detailed numerical simulations
are needed to address this. Nonetheless, we can set lower and upper bounds
for the typical neutrino energies. If pion re-acceleration is unimportant, the
typical neutrino energy is bound from below to ∼ 2 TeV due to the inverse
Compton cooling, in which case the diﬀuse background is completely masked
by the atmospheric background and non-detectable. If pion reacceleration is
eﬃcient, however, the typical neutrino energy is bound from above by the
radiation reaction limit of the pions, and the typical neutrino energy could
reach 1 PeV or even higher. Such a neutrino background would become observationally interesting for ICECUBE if ¯ν ≥ 100 TeV, and at such energies,
the diﬀuse emission from other neutrino sources becomes weaker than this
component.
4.4

Future directions

In the above discussions about magnetar particle accelerations, a dipole
conﬁguration for the magnetic component has been assumed, whilst a magnetar magnetosphere is certainly non-dipole. More speciﬁcally, Thompson et al9
argue that the SGR/AXP phenomenology is consistent with the hypothesis
that the magnetar magnetosphere is globally twisted. It would be interesting
to study the charge-depleted acceleration regions in such a twisted magnetosphere, both near the polar cap region and in the “outer gap” region. A
careful study in this direction is called for.
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5

Concluding Remarks

Current data reveals an observational missing link between magnetars
and pulsars. The pulsar-like behavior, powered by the spin-down energy of
the neutron star, has not been ﬁrmly detected. Several theoretical eﬀorts have
been made to predict spin-down-powered activities in magnetars, including
low-frequency coherent emission, gamma-ray emission and possible neutrino
emission. These signals are expected to be faint, but are achievable by future
facilities. Connecting this missing link with future observations would provide
a solid proof that SGRs/AXPs are indeed isolated neutron stars with strong
magnetic ﬁelds, i.e., magnetars.
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