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Magnetars
Neutron stars with a strong magnetic field B>1014 G,
Astrophysical
Journal,
4 yr.754:27 (13pp), 2012 July 20
rotation period P~2-12 s and ageThe~
103-10

104

1000

★ about 20 Magnetars (AXP, SGR)

The strong magnetic field powers:
- persistent X-ray emission L ~ 1034-1036 erg s-1
- outbursts L ~ 1041 erg s-1 in ~ 0.1 s
- giant flares L ~ 1044-1046 erg s-1
- intermediate flares L ~ 1042 erg s-1 in ~ 1 s
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Figure 9. Period–period derivative diagram for all known isolated pulsars. Black dots are radio pulsars (from the ATNF Catalog; Manc
symbols are all known magnetars. Asterisks denote PSR J1846−0258 and PSR 1622−4950, and empty stars are Swift J1822.3−1606
gray circles are the X-ray Dim Isolated Neutron Stars (Turolla 2009). The dashed line represents the value of the critical electron magne
(A color version of this figure is available in the online journal.)

This activity is powered by the energy of a strong magnetic field.
7.4. Radio and Optical Constraints
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A recent study on the emission of radio magnetars has shown
that all magnetars which exhibited radio-pulsed emission have
a ratio of quiescent X-ray luminosity to spin-down power
Lqui /Lrot < 1 (Rea et al. 2012). This suggests that the
radio activity of magnetars and of radio pulsars might be
due to the same basic physical mechanism, while its different
observational properties are rather related to the different
topology of the external magnetic field (e.g., a dipole and a

2011). The optical flux of, e.g., 1E 1
recent flaring phase (Wang et al. 2008) c
luminosity LI ∼ (4 ± 2) × 1030 erg s−1
of 3 ± 1 kpc (Gaensler et al. 2005).
in comparing fluxes obtained through
filters, our optical luminosity upper lim
magnitude above the 1E 1048.1−5937
the flux upper limit derived from the U
Swift J1822.3−1606 an IR luminosity L

QPOs

magnetar SGR 1806–20 [69, 54, 30]. Analysis of data from both the Rossi X-ray Timing
Explorer (RXTE) Proportional Counter Array (PCA) and the Ramaty High Energy Solar
Spectroscopic Imager (RHESSI) revealed a set of highly significant Quasi-Periodic Oscillations (QPOs) in the decaying tail of the giant flare [32, 79, 68]. Subsequent re-analysis of
RXTE PCA data from the August 27th 1998 giant flare from the magnetar SGR 1900+14
[29, 19] revealed a similar set of QPOs [67]. Figure 2 shows the RXTE PCA lightcurves of
both giant flares.

(Israel et al., 2005; Strohmayer & Watts, 2005; Watts & Strohmayer, 2006)

Observed in three giant flares
with Etail ~ 1044 erg
SGR 0526-66 (1979): 44.5 Hz
SGR 1900+14 (1998): P~5.2 s
freq.: 28, 53, 84, 155 Hz
SGR 1806-20 (2004): P~7.6 s
freq.: 18, 26, 30, 93,150, 626, 1837 Hz
Possible seismic origin:

Figure 2. RXTE PCA (2-90 keV) 0.125s resolution lightcurves for the 2004 giant flare
from SGR 1806-20 and the 1998 giant flare from SGR 1900+14. Note that there were data
gaps in the highest time resolution data stream for the SGR 1900+14 event that reduced
the amount of data available for high frequency QPO searches (shown here is the lower
time resolution Standard1 data stream). The PCA is completely saturated in the peak of
the flares, despite the fact that neither event is on-axis for the telescope. Thereafter strong
pulsations can be seen at the spin period in both events (7.6s for SGR 1806–20 and 5.2s
for SGR 1900+14). The rotational pulse profile is complex, with two main peaks for SGR
1806-20 and four main peaks for SGR 1900+14.

Magnetic field reconfiguration fractures the crust producing magnetoelastic waves.
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Magnetic field reconfiguration fractures the crust producing magnetoelastic waves.
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Interpretation of QPOs
Observed in three giant flares.

★ Axisymmetric torsional Alfvén modes form

continuum bands. Levin (2007)

★ Crustal modes are quickly damped when

their frequencies lay into the continuum.
van Hoven & Levin (2011), Gabler et al. (2012)

★ More general classes of modes as non-axisymmetric modes

or poloidal axisymmetric modes do not show a continuum.

Sotani et al. (2008), Lander, Jones and AP (2010), Colaiuda & Kokkotas (2012)
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What are the effects of superfluidity on the QPO spectrum?
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Two-fluid model
A zero temperature superfluid star may be described by
a two-constituent system:
1) component of superfluid neutrons in the core and
the inner crust
2) neutral conglomerate of all the other particles
Assumptions:
Electrons/muons in the core are coupled to the protons on very short timescale.
Vortices and fluxtubes are sufficiently dense that a smooth-averaging can be
performed.
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Equations of motion
- Superfluid dynamics of magnetised neutron stars

(Glampedakis, Andersson, Samuelsson 2011)

Two-fluid mass and momentum conservation equations.
Poisson and Induction equation.
Two-fluids are coupled by the entrainment which is a non-dissipative process that
induces a relative drag between the superfluid constituents.
Strong entrainment forces the fluid components to co-move.
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that the observed magnetar QPOs may fal
mal (not superconducting) protons. The effects of an elastic crust
roughly 50 Hz they may be magneto-elas
will be included in future work. We have considered various magabove this value they could represent A
netic field geometries, proton fractions, entrainment and composimultifluid core.
tion stratifications and analysed their impact on the Alfvén mode
The attractive feature of our interpretati
spectrum.
on the long-term excitation of high multi
Starting with
unstratifiedsystem
models, we find that realistic values for
-Two-fluid
decoupled
oscillation modes, but instead suggests tha
the proton fraction and entrainment lead to Alfvén mode frequencies
�
low-order modes originating from the cor
three to fourµtimes larger than
B the single-fluid results. If we move
�one with a ρ
= to
vs =an unstratifiedvAstar
0.05ρ composition
Effect
of entrainment
description
a magnetar
is still 5rathe
from
more
p �realistic
Stratification,our
superfluidity
andofmagnetar
QPOs
4πρp
ρp
refine our superfluid magnetized models a
gradient, the mode frequencies may be increased by another factor
tic crust. One key issue is whether magn
of ∼1.67. From these results we can extrapolate that a ‘typical’
modes are really able to explain all the lo
multifluid magnetar could have QPO frequencies which are roughly
the axisymmetric case, two-fluid physics m
a factor
of 5 or 6 higher than
expected
from a single-fluid
unstratified
- In
non-axisymmetric
modes
(models
without crust)
tinuum to higher frequencies. In this way, m
model. Based on our results and using equations (33) and (35),
be outside the continuum and live for a lo
may
summarize
the expected
scaling of Alfvén modes in the
★we
The
total
effect with
composition
some low-frequency QPOs could still be
presence
of superfluid
physicsentrainment.
as
stratification
and core’s
netic field is weaker than expected, or if th
!
" #$ %
"
#
ε$ &1/2 xp (0) −1/2
Np
of axisymmetric oscillations is less signi
,
(36)
σ ≈ 6.3σ0 0.15 + 0.85
equation (36).
2
1.3
0.1
Our conclusions are based on a multi
B
where
of a multifluid magnetar, σ 0 is the corresponding
namics of neutrons and protons is essent
whereσ is aσmode
0 ∼ √
single-fluid mode andρxp (0) is the central proton fraction.
perturbation order, interacting only through
Furthermore, our results suggest that there is some hope
sume that the magnetar’s internal field stre
for constraining the magnetic field geometry of a magnevalue at which superconductivity is destr
tar from the QPO frequency distribution. For a typical unprotons form a normal fluid, but this is fa
stratified Figure
stellar
model with a poloidal field, we find five
the protons form a type II superconductor,
1. Polar-led m = 2 Alfvén modes for an unstratified star with a
Figure 2. Polar-led Alfvén m = 2 modes for an unstratified star with a
purely poloidal
field with
average 50−500
magnitude of BHz;
= 1016instead,
G. This
Alfvén modes,
in magnetic
the wide
range
forpurely
a poloidal magnetic
field with average
magnitude of B
= 1016
G. This of
will certainly
be affected.
The
nature
figure shows the dependence of mode frequency on the proton fraction for
figure displays the mode dependence on the entrainment ε% for a star with
toroidal field
are
modes
a faraxis,
narrower
and their frequency is altered by a factor
a stellar there
model with
zerothree
entrainment.
On the in
left vertical
the mode range,
a constant proton fraction xp = 0.1. A realistic parameter space for the
1/2
180−320frequency
Hz. ν = σ/(2π) is shown in physical units for a star with M = 1.4 M!
≈without
1015 strong
G (Mendell
1998).
addition,
core’s entrainment
pinning would be
1 ≤ ε% In
≤ 1.7
(see the
and R = 10 km. The right vertical axis instead shows the dimensionless
%
16text). In the limit of large effective masses mx & mx , i.e. ε% ' xp , the mode
G.
Let us consider
a magnetar
average
field
strength
B
=
10
1/2 ,with
netic force on the neutrons and coupling b
mode
frequencies
ν/(Gρ
)
where
ρ
is
the
central
mass
density
of
the
0
0
frequencies tend as expected to the single-fluid results determined by Lander
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Superfluidity in Alfvén waves

Axisymmetric oscillations

A.P. & Lander S. (2014) MNRAS 438, 156

Stellar models with magnetic field and crust
Constant proton fraction

2D-effective FFT
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Hybrid magneto-elastic waves
In a model with entrainment and composition gradients we find hybrid magneto-elastic
waves for 5 · 1014 G � Bp � 2 · 1015 G

ν < 100 Hz
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500 Hz < ν < 2000 Hz

Conclusions
Superfluid constituents have a considerably impact on the oscillation spectrum of
Magnetars.
The shear and Alfvén mode frequencies may be up to several times larger.
In model with strong entrainment in the crust, we can identify a set of hybrid
magneto-elastic oscillations in the QPO range.
The QPOs can be explained in superfluid star by 3⋅1014 G < Bp ≤ 1015G.
In superfluid NS the high frequency QPOs ν > 500 Hz might be overtone
of hybrid magneto-elastic waves excited by a resonance with crust oscillations.
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Future work
Next questions to answer:
Does the continuum spectrum still persist in superfluid stars?
What is the effect of superconductivity on the QPO spectrum?
What is the equilibrium B-field configuration of a Magnetar?
How the various stellar vibrations modulate the emission of the fireball
trapped in the magnetosphere?
An X-ray observatory like LOFT will increase the resolution of QPO timing and
help their analysis. Are there QPOs in intermediate flares?
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