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Magnetars

  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

This activity is powered by the energy of a strong magnetic field.

 Neutron stars with a strong magnetic field B>1014 G, 

rotation period P~2-12 s  and age ~ 103-104 yr.

★ about 20 Magnetars (AXP, SGR)

The Astrophysical Journal, 754:27 (13pp), 2012 July 20 Rea et al.
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Figure 9. Period–period derivative diagram for all known isolated pulsars. Black dots are radio pulsars (from the ATNF Catalog; Manchester et al. 2005), while red
symbols are all known magnetars. Asterisks denote PSR J1846−0258 and PSR 1622−4950, and empty stars are Swift J1822.3−1606 and SGR 0418+5729. Empty
gray circles are the X-ray Dim Isolated Neutron Stars (Turolla 2009). The dashed line represents the value of the critical electron magnetic field.
(A color version of this figure is available in the online journal.)

7.4. Radio and Optical Constraints

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
twisted field; Thompson 2008).

In the case of Swift J1822.3−1606, inferring the quiescent
(bolometric) and spin-down luminosities from our ROSAT data
and our timing results (see Sections 4 and 3.2), we derive
Lqui/Lrot " 4 × 1032 erg s−1/1.7 × 1030 erg s−1 " 235. This
value is in line with the source not showing any radio emission
(see Rea et al. 2012 for further details).

Concerning the optical and infrared observations, the bright
optical fluxes of the sources S1–S3, much brighter than that
of any other SGR in outburst for a comparable distance and
interstellar extinction, as well as the lack of relative flux
variability, suggest that objects S1–S3 are most likely unrelated
to Swift J1822.3−1606. The hydrogen column density derived
from the X-ray spectral fits (NH = 0.5×1022 cm−2) corresponds
to an interstellar extinction E(B − V ) ∼ 0.89 according to the
relation of Predehl & Schmitt (1995). Using the wavelength-
dependent extinction coefficients of Fitzpatrick (1999), this
implies an absorption of Az ∼ 1.33 and AK ∼ 0.32 in the
z and K bands, respectively. Our OSIRIS upper limit would
then correspond to an extinction-corrected spectral flux of
!16.3 µJy in the z band, or to an integrated flux !1.36 ×
10−14 erg cm−2 s−1. For an assumed Swift J1822.3−1606
distance of 5 kpc, this implies an optical luminosity Lz !
4 × 1031 erg s−1 during the outburst phase. Only very few
magnetars are detected in the optical band, the only ones being
4U 0142+614, 1E 1048.1−5937, and SGR 0501+4516, all
detected in the I band (see, e.g., Mignani 2011; Dhillon et al.

2011). The optical flux of, e.g., 1E 1048.1−5937 during its
recent flaring phase (Wang et al. 2008) corresponds to an I-band
luminosity LI ∼ (4±2)×1030 erg s−1 for an assumed distance
of 3 ± 1 kpc (Gaensler et al. 2005). Barring the difference
in comparing fluxes obtained through two slightly different
filters, our optical luminosity upper limit is about an order of
magnitude above the 1E 1048.1−5937 luminosity. Similarly,
the flux upper limit derived from the UKIDSS data implies for
Swift J1822.3−1606 an IR luminosity LK ! 1.1 × 1032 erg s−1

during the quiescent phase. This upper limit is about an order of
magnitude above the computed luminosities of the magnetars’
IR counterpart in quiescence and, therefore, it is not very
constraining.

8. CONCLUSIONS

We have presented the evolution of the 2011 outburst of the
new magnetar Swift J1822.3−1606, which, despite its relatively
low magnetic field (B = 2.7 × 1013 G), is in line with the
outbursts observed for other magnetars with higher dipolar
magnetic fields (similar energetics, flux evolution, and spectral
softening during the decay). Furthermore, we showed that the
non-detection in the radio band is in line with its high X-ray
conversion efficiency (Lqui/Lrot " 235; see also Rea et al. 2012
for further details).

We studied the secular thermal evolution of Swift
J1822.3−1606 on the basis of the actual value of its period,
period derivative, and quiescent luminosity, and found that the
current properties of the source can be reproduced if it has now
an age of ∼550 kyr, and it was born with a toroidal crustal field
of 7 × 1014 G, which has by now decayed by less than an order
of magnitude.

The position of Swift J1822.3−1606 in the P–Ṗ diagram
(see Figure 9) is close to that of the “low” field magnetar
SGR 0418+5729 (Rea et al. 2010). Although the fact that both
have a sub-critical dipole field is not relevant per se, and the
dipolar field in Swift J1822.3−1606 is at least four times higher
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QPOs

Magnetic field reconfiguration fractures the crust producing magneto-
elastic waves.

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: 

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

Neutron starquakes and the dynamic crust 3

2 Quasi-periodic oscillations in giant flares

2.1 Giant flares from SGR 1806–20 and SGR 1900+14

On December 27th 2004, the most energetic giant flare ever recorded was detected from the
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 Oscil-
lations (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.

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.

Thursday, 6 March 2014



QPOs

Magnetic field reconfiguration fractures the crust producing magneto-
elastic waves.

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: 

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

Neutron starquakes and the dynamic crust 3

2 Quasi-periodic oscillations in giant flares

2.1 Giant flares from SGR 1806–20 and SGR 1900+14

On December 27th 2004, the most energetic giant flare ever recorded was detected from the
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 Oscil-
lations (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.

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.

Thursday, 6 March 2014



Interpretation of QPOs 

★Axisymmetric torsional Alfvén modes form 
continuum bands. 

Sotani et al. (2008),  Lander,  Jones and AP  (2010), Colaiuda & Kokkotas (2012)

Observed in three giant flares. 

★Crustal modes are quickly damped when 
their frequencies lay into the continuum.

★More general classes of modes as non-axisymmetric modes 
or poloidal axisymmetric modes do not show a continuum.

Levin (2007)

van Hoven & Levin (2011), Gabler et al. (2012)

van Hoven & Levin MNRAS 410, 1036 (2011)
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What are the effects of superfluidity on the QPO spectrum?
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Two-fluid model

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.   

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 

Thursday, 6 March 2014



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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Superfluidity in Alfvén waves

Stratification, superfluidity and magnetar QPOs 7

(10) with a proton-fluid index close to Np = 2. Unfortunately, this
value is slightly beyond our current numerical capacity. However,
considering a linear fit of the mode frequencies shown in Fig. 4
we find that a model with Np = 2 should oscillate with frequencies
roughly 1.67 larger than the Np = 1 case. For instance, the linear fit
for the polar-led Alfvén mode which has the lowest frequencies in
Fig. 4 is given by

ν = (20.0 + 56.9Np) Hz. (35)

From the unstratified model we can identify the modes already
calculated by Lander et al. (2010) in the single-fluid limit. In Fig. 4
they are represented with a cross.

4 D ISCUSSION

The main result of this work is that the multifluid physics of a
magnetar is likely to result in considerably higher Alfvén mode
frequencies than a standard single-fluid barotropic model would
indicate. Although this was predicted at a qualitative level by an
earlier plane-wave analysis (Andersson et al. 2009), this paper is
the first quantitative study of the oscillation spectrum of a multifluid
magnetar.

We have studied the time evolution of non-axisymmetric oscil-
lations of purely two-fluid stars with superfluid neutrons and nor-
mal (not superconducting) protons. The effects of an elastic crust
will be included in future work. We have considered various mag-
netic field geometries, proton fractions, entrainment and composi-
tion stratifications and analysed their impact on the Alfvén mode
spectrum.

Starting with unstratified models, we find that realistic values for
the proton fraction and entrainment lead to Alfvén mode frequencies
three to four times larger than the single-fluid results. If we move
from an unstratified star to one with a more realistic composition
gradient, the mode frequencies may be increased by another factor
of ∼1.67. From these results we can extrapolate that a ‘typical’
multifluid magnetar could have QPO frequencies which are roughly
a factor of 5 or 6 higher than expected from a single-fluid unstratified
model. Based on our results and using equations (33) and (35),
we may summarize the expected scaling of Alfvén modes in the
presence of superfluid physics as

σ ≈ 6.3σ0

[
0.15 + 0.85

(
Np

2

)] ( ε$

1.3

)1/2
(

xp(0)
0.1

)−1/2

, (36)

where σ is a mode of a multifluid magnetar, σ 0 is the corresponding
single-fluid mode and xp(0) is the central proton fraction.

Furthermore, our results suggest that there is some hope
for constraining the magnetic field geometry of a magne-
tar from the QPO frequency distribution. For a typical un-
stratified stellar model with a poloidal field, we find five
Alfvén modes, in the wide range 50−500 Hz; instead, for a
toroidal field there are three modes in a far narrower range,
180−320 Hz.

Let us consider a magnetar with average field strength B = 1016 G.
Although this seems rather high, it corresponds to a more reasonable
polar-cap value of 5 × 1015 G if we assume a poloidal field geome-
try; if the field is more ‘buried’ (e.g. with a strong interior toroidal
field), then it may have an average strength of 1016 G but a polar-
cap value of only 1015 G. For this field strength, typical single-fluid

lowest order Alfvén mode frequencies are roughly2 10−50 Hz for
m = 0 and 50−150 Hz for m = 2; higher l multipoles or values of m
produce higher frequencies (Sotani et al. 2008; Colaiuda, Beyer &
Kokkotas 2009; Lander et al. 2010; Lander & Jones 2011; Gabler
et al. 2012). Temporarily ignoring the various simplifications in our
model, let us look at the repercussions of formula (36) for identifica-
tion of magnetar QPOs. The strong 150 Hz QPO of SGR 1806−20
or the 155 Hz QPO of SGR 1900+14 may be interpreted as an
axisymmetric Alfvén QPO of the magnetar’s core – the multifluid
equivalent of a 25 Hz peak predicted by single-fluid models. Simi-
larly, the long-lived 625 Hz peak of SGR 1806−20 would then be
the multifluid equivalent of a 100 Hz single-fluid mode, which is in
the range expected for an m = 2 Alfvén mode.

The above discussion does not provide an interpretation for the
lower frequency magnetar QPOs and neglects the effect of the crust.
The effect of superfluidity on the crustal shear modes is similar to
what is described in this paper for the Alfvén modes. However,
a realistic entrainment (Chamel 2012) may have a very different
quantitative impact on these two classes of modes. In fact, the ef-
fective mass of neutrons may be quite large at the bottom of the crust
leading to a total correction of the shear mode of about 10 per cent
with respect to the single-fluid models. The Alfvén modes however
may be less affected by this entrainment configuration which is con-
fined only in a limited region of the star. In conclusion, multifluid
dynamics with a realistic entrainment may increase significantly the
Alfvén modes as described in the last paragraph, but only produce
a 10 percent correction to the shear modes. Therefore, we suggest
that the observed magnetar QPOs may fall into two classes: below
roughly 50 Hz they may be magneto-elastic crustal modes, whilst
above this value they could represent Alfvén oscillations of the
multifluid core.

The attractive feature of our interpretation is that it does not rely
on the long-term excitation of high multipoles of the magnetar’s
oscillation modes, but instead suggests that observed QPOs are all
low-order modes originating from the core or crust. Nonetheless,
our description of a magnetar is still rather approximate. We must
refine our superfluid magnetized models and also include an elas-
tic crust. One key issue is whether magnetically modified elastic
modes are really able to explain all the lower frequency QPOs. In
the axisymmetric case, two-fluid physics may move the Alfvén con-
tinuum to higher frequencies. In this way, more crustal modes could
be outside the continuum and live for a longer time. Alternatively,
some low-frequency QPOs could still be core modes if the mag-
netic field is weaker than expected, or if the two-fluid enhancement
of axisymmetric oscillations is less significant than predicted by
equation (36).

Our conclusions are based on a multifluid star where the dy-
namics of neutrons and protons is essentially decoupled at linear
perturbation order, interacting only through the entrainment. We as-
sume that the magnetar’s internal field strength is above the critical
value at which superconductivity is destroyed and hence that the
protons form a normal fluid, but this is far from certain. If instead
the protons form a type II superconductor, the oscillation spectrum
will certainly be affected. The nature of the oscillations changes
and their frequency is altered by a factor of

√
Hc1/B, where Hc1

≈ 1015 G (Mendell 1998). In addition, the presence of a mag-
netic force on the neutrons and coupling between proton flux tubes
and neutron vortices could lower the frequency of oscillations with

2 This refers to m = 0 axial modes; Sotani & Kokkotas (2009) find a funda-
mental polar m = 0 mode at 300 Hz.
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σ0 ∼ B
√
ρ

★The total effect with composition 
stratification and core’s entrainment.

where

-Two-fluid decoupled system

vA =
B�
4πρp

vs =
�

µ

ρp
ρp � 0.05ρ Effect of entrainmentStratification, superfluidity and magnetar QPOs 5

Figure 1. Polar-led m = 2 Alfvén modes for an unstratified star with a
purely poloidal magnetic field with average magnitude of B = 1016 G. This
figure shows the dependence of mode frequency on the proton fraction for
a stellar model with zero entrainment. On the left vertical axis, the mode
frequency ν = σ/(2π) is shown in physical units for a star with M = 1.4 M!
and R = 10 km. The right vertical axis instead shows the dimensionless
mode frequencies ν/(Gρ0)1/2, where ρ0 is the central mass density of the
background model. In the limit xp → 1, we recover the single-fluid results.
The modes already determined (not determined) in the single-fluid limit by
Lander & Jones (2011) are denoted with a cross (filled circle).

3.1 Oscillations of unstratified magnetars

We begin by studying unstratified models, which are described by
the EoS (10) with Np = Nn = 1.

From the plane-wave analysis of Andersson et al. (2009), we
expect the Alfvén mode frequencies to scale as

σ =
√

ε%

xp
σ0 , (33)

where σ 0 is the mode frequency of a single-fluid star, and ε% is given
by

ε% = 1 − εn

1 − εn − εp
. (34)

The presence of the proton fraction xp in equation (33) is due to
the different definition of the Alfvén velocity in a two-fluid system,
as shown in equation (25). Equation (33) will guide the analysis
of our numerical results, and we also expect that in the appropri-
ate ‘single-fluid’ limits (in terms of xp, ε%) we should recover the
mode frequencies reported in Lander et al. (2010) for a background
toroidal field and Lander & Jones (2011) for a background poloidal
field.

For all the results reported here for unstratified stars, we take
a fiducial average field strength of 1016 G, which corresponds to
a polar-cap value of 5 × 1015 G for a poloidal field. This is a
little larger than observed magnetar fields, but the correspondingly
shorter Alfvén time-scale allows for faster numerical evolutions. We
have, however, checked that for all our models the mode frequencies
exhibit the expected linear scaling with magnetic field strength.

In Fig. 1 we plot the dependence of polar-led Alfvén mode fre-
quencies on the proton fraction xp, for a star with a purely poloidal

Figure 2. Polar-led Alfvén m = 2 modes for an unstratified star with a
purely poloidal magnetic field with average magnitude of B = 1016 G. This
figure displays the mode dependence on the entrainment ε% for a star with
a constant proton fraction xp = 0.1. A realistic parameter space for the
core’s entrainment without strong pinning would be 1 ≤ ε

1/2
% ≤ 1.7 (see the

text). In the limit of large effective masses m%
x & mx, i.e. ε% ' xp, the mode

frequencies tend as expected to the single-fluid results determined by Lander
& Jones (2011). The notation used in this figure is the same as in Fig. 1.

field and zero entrainment. In this and following figures, the mode
frequencies ν = σ/(2π) are shown both in dimensionless units,
ν/(Gρ0)1/2 (where ρ0 is the central mass density), and in physical
units, for which we have considered a star with mass M = 1.4 M!
and radius R = 10 km. It is evident from Fig. 1 that the expected
relationship from the plane-wave analysis, i.e. σ ∝ x−1/2

p , is borne
out by our full numerical analysis. This is not surprising as in a non-
stratified model the relevant parameters are constant. Most notably,
we are able to determine the spectrum from a small proton fraction,
xp = 0.05, up to the single-fluid case xp = 1, where we recover the
results for a single-fluid magnetized star.

Considering a model with xp = 0.1 and a purely poloidal mag-
netic field, we show in Fig. 2 the scaling of the polar-led Alfvén
modes with the entrainment ε%. We explore a wide parameter space:
from the fully entrained ‘single-fluid’ limit to entrainment values
expected in the NS’s core, passing by the unentrained case ε% =
1. The agreement with the expected scaling σ ∝ ε1/2

% is again very
good. The single-fluid results can be obtained in the strong entrain-
ment limit with large effective mass m%

x & mx, which leads to ε% '
xp and thus to σ ' σ 0, see equation (33).

The typical effective masses expected in an NS core with-
out strong pinning range in the intervals 0.93 ! m%

n/mn ! 1 and
0.4 ! m%

p/mp ! 0.95 (Chamel 2008). These values, which lead to
1 ! ε1/2

% ! 1.7, may increase the mode frequencies with respect to
the single-fluid case by a factor of 5 in a star with xp = 0.1. It is
then natural to wonder whether this strong effect on the spectrum
may be influenced by the presence of an elastic crust. The condi-
tions in the inner crust, where we expect a lattice of ions permeated
by a gas of superfluid neutrons, can be in fact very different. Re-
cent calculations show that superfluid neutrons may be efficiently
entrained by nuclei due to Bragg scattering, and that the neutron
effective mass at the bottom of the crust can be large as m%

n ' 14mn
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- In non-axisymmetric modes (models without crust)

Thursday, 6 March 2014



10-1

100

101

102

103

104

105

Lo
g 

( P
SD

 )

t < 2.5 s
model A1r = 0.1   θ = 0.1

r = 0.94 θ = 0.1
r = 0.94 θ = 1.51

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
ν / ( G ρ0 )1/2

10-6

10-4

10-2

100

102

Lo
g 

( P
SD

 )

2.5 s < t < 5 s
C0

U0
(-)

U1
(-) U2

(-)
U3

(-)

U4
(-) U5

(-)

U6
(-)

Axisymmetric oscillations

Constant proton fraction 2D-effective FFT

Stellar models with magnetic field and crust

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

Thursday, 6 March 2014



Axisymmetric oscillations
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Axisymmetric oscillations
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Axisymmetric oscillations
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Axisymmetric oscillations
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Hybrid magneto-elastic waves

500 Hz < ν < 2000 Hzν < 100 Hz

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

Thursday, 6 March 2014



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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