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Figure 3: Magnetic field strength at the pole (Bp ) as a function of the neutron star age for the
models listed
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Figure 4: P − Ṗ diagram for magnetars, X-ray Isolated Neutron Stars and Rotation Powered
Pulsars with X-ray emission. We overplot evolutionary tracks for the six models listed in Table 1.
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FIG. 1.ÈTime history of the 1998 August 29 event from SGR 1900]14 as observed by RXT E PCA (2È90 keV) (panels a, c, and d) and BATSE ([15
keV) (panel b). (a) In this log-log graph the long tail and the 5.16 s pulsations are clearly visible after the 3.5 s main burst peak. Several short recurrent bursts
are seen during the tail. The precursor is not very visible here because of the low 1 s time resolution (see panel c and Fig. 3). The horizontal dotted line
represents the background level. (b) and (c) Simultaneous BATSE and RXT E light curves in 8 ms time resolution. The precursor is easily seen in the PCA
proÐle, but barely discernible in the BATSE data. (d) The Ðrst 300 s of the event in a linear timescale. T \ 36992.481 s of day (UT).
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below the value predicted by the magnetic dipole model.
However, it was noted that the observed spin-down rates
are consistent with a magnetar Ðeld if the energy carried by
a persistent outÑow of Alfve" n waves and particles does not
greatly exceed the observed X-ray Ñux (Thompson & Blaes
1998 ; Harding, Contopoulos, & Kazanas 1999 ; Thompson
et al. 2000).
Alternatively, it was suggested that SGRs and anomalous
X-ray pulsars (AXPs) are neutron stars with conventional
(D1013 G) magnetic Ðelds, powered by accretion from a
fossil disk (Chatterjee, Hernquist, & Narayan 2000 ;
Marsden et al. 2001 ; Alpar 1999). These models present an
alternative interpretation to the observed spin-down rates
and the quiescent emissions, but do not o†er a cogent explanation for the outbursting activity, which is the main feature
of SGRs. Evidence for accretion disks around SGRs and
AXPs have recently been investigated by searching for
optical emission components from these sources. A new
study of the optical counterpart to AXP 4U 0142]61
recently revealed that the optical emission is too faint to
support the presence of a large accretion disk, but could still
be consistent with the magnetar interpretation (Hulleman,
Kerkwijk, & Kulkarni 2000). Recent optical observations of
SGR 0526[66 also excluded almost all accretion disks
around the source and put new constraints on the magnetar
model (Kaplan et al. 2000).
After a long period of quiescence lasting more than 5 yr
(Kouveliotou et al. 1993), SGR 1900]14 entered a phase of
extreme burst activity starting in 1998 May (Hurley et al.

1999b). This period of enhanced burst activity lasted for
several months, during which hundreds of bursts were
emitted by the source. The pinnacle of this active period was
reached on 1998 August 27, when a giant c-ray Ñare was
detected with multiple spacecraft (Cline, Mazets, & Golenetskii 1998 ; Hurley et al. 1999a ; Feroci et al. 1999 ; Mazets
et al. 1999b) and by its a†ect on the earthÏs ionosphere (Inan
et al. 1999). This Ñare closely resembles the famous 1979
March 5 event from SGR 0526[66 (Mazets et al. 1979) in
that it reached a much higher peak luminosity than typical
SGR bursts (1043È1044 ergs s~1), released a large amount of
energy (Z1044 ergs), and persisted for a long time (D300 s),
during which the c-ray intensity was clearly modulated by
the stellar rotation period. In the magnetar model, giant
Ñares are triggered by subsurface motions in which the
internal magnetic Ðeld rearranges itself into a lower energy
state. This instability induces reconnection and largeamplitude wave motions in the magnetosphere, which
rapidly dissipate into a hot Ðreball that gives rise to an
observable c-ray Ñare.
The August 27 giant Ñare can be separated into roughly
three distinct regions : a soft, short precursor ; a hard, bright
initial pulse ; and a D5 minute long oscillatory tail. The
initial pulse has a much harder spectrum, which is qualitatively similar to what was seen in the March 5 event (Hurley
et al. 1999a). During the course of the oscillating tail, the
spectrum varied only modestly (from hard to soft), but the
pulse proÐle changed dramatically from a complex fourpronged proÐle to a more nearly sinusoidal proÐle near the
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The finding of additional characteristic frequencies in the SGR
1806!20 hyperflare further strengthens the connections between
the oscillations seen in both the SGR 1806!20 and SGR 1900+14
events. In each case, oscillations near "30, #90, and "150 Hz
have been seen. This strongly supports the notion that the same
physical processes are involved in these objects.

Giant Flares: QPOS*

of the tail might be a natural explanation for the fr
suggested in x 2.4. The theoretical details of such m
to be worked out, however, and we do not discuss
spheric model further in this paper. We instead focu
and perhaps most promising mechanism, neutron s

*quasi-periodic oscillations
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Fig. 10.—Time periods when the different QPOs are detectable in either the
RXTE or RHESSI data sets. Solid lines indicate QPOs that are detected in the peak 2/
interpulse region. Dashed lines indicate QPOs that are detected primarily during
peak 1. The difference in properties between the two "625 Hz QPOs, the earlier one
detected by RHESSI and the later one by RXTE, is clear.
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earthquake-like model
internal magnetic
field unwinds

crust failure +
seismic waves

magnetospheric
Alfvén waves

fireball

e.g. Thompson+Duncan 1995, Duncan 1998

solar flare-like model
slow unwinding
of internal field

gradual twist of
magnetosphere

catastrophic
untwisting +
reconnection

large-scale
shear waves
in crust

Lyutikov 2003, 2006; Lyutikov+Levin 2011, Levin+van Hoven 2011
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FIG. 3: The crust oscillation frequencies as a function of neutron star mass, for both the fundamental (n = 0, l = 2) torsional shear mode and the first radial (n = 1) overtone. The
curves end at the maximum mass. The arrows on the right indicate QPO frequencies measured during the 2004 hyperflare
from SGR 1806-20 [2, 4, 5].
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rect l scaling is taken into account, however, even this
crust model would necessitate a rather low stellar mass
[26]. The models that we have considered, which have
a symmetry energy that varies more strongly with density, cannot explain a fundamental frequency at 28-29
Hz. The only observed QPO that would fall into the
predicted range is the 18 Hz QPO detected in the SGR
1806-20 hyperflare [2, 4] and previously interpreted as a
torsional mode of the magnetized fluid core [2].
Relativistic perturbation calculations predict very similar frequencies for the fundamental to those generated
by Newtonian calculations [26]. The mode frequencies
are also
largely
insensitive to magnetic
field eﬀects,
since
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| Magnetars,
QPOs
and the dynamic crust
the electron Fermi momentum in the inner crust is much
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Adding the Core

continuum of frequencies ωn (where n = 1, 2, . . . , N). The continuum is achieved when N → ∞ while the total small oscillator
mass "mn remains finite. The convenient pictorial representation is
through suspended pendulae, as shown in Fig. 1 (see also fig. 2 of
L07).
The equations of motion are obtained as follows. Each small
oscillator is driven by the motion of the large oscillator:
ẍn + ωn2 xn = −ẍ0 ,

coupling between crust and core
shear modes dampen

(1)

where xn is the displacement of the nth small oscillator in the frame
of reference of the large oscillator, x0 is the displacement of the large
oscillator in the inertial frame of reference and the right-hand side
outrepresents
in < 1sthe non-inertial force acting on the small oscillator due
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coupling between crust and core
shear modes dampen out in < 1s

modes dampened by
a factor 100 in <1s
by continuum in the core

Figure 3. A zoomed-in version of Fig. 2. The blue horizontal lines denote
the theoretically predicted amplitude of the dominating upper edge mode
Figure 2. Displacement of the big oscillator as a function of time.
(see Section 2.3).
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Adding the Core
Realistic models need to include
tangled, toroidal magnetic fields
general relativistic treatment
realistic crust and core equations of state
superfluid and superconducting components
anisotropic structure in deep crust
emission mechanisms!
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Giant Flare Take-Away

models are highly degenerate
need more data!
high-frequency QPO lifetime
difficult to explain
re-analyse existing data
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signal was detected with RHESSI. Although it is difficult to determine an a priori probability, it seems extremely unlikely that
both instruments would detect signals at a consistent frequency
unless that frequency were intrinsic to the source. We therefore
think there is compelling evidence to associate this frequency
with SGR 1806!20.
The finding of additional characteristic frequencies in the SGR
1806!20 hyperflare further strengthens the connections between
the oscillations seen in both the SGR 1806!20 and SGR 1900+14
events. In each case, oscillations near "30, #90, and "150 Hz
have been seen. This strongly supports the notion that the same
physical processes are involved in these objects.

stand the rotational phase dependence if a disk is responsible.
An alternative is that we are seeing oscillations of the plasmafilled
magnetosphere and
the trapped
fireball.
Simple estimates
Huppenkothen,
Watts
+ Levin,
in prep.
of the Alfvén speed in the magnetosphere suggest that magnetospheric frequencies would be too high to explain the observations,
but evolution of the magnetosphere and fireball over the course
of the tail might be a natural explanation for the frequency drift
suggested in x 2.4. The theoretical details of such modes remain
to be worked out, however, and we do not discuss the magnetospheric model further in this paper. We instead focus on the third
and perhaps most promising mechanism, neutron star vibrations.
3.1. Neutron Star Oscillations

Strohmayer + Watts, 2006
Fig. 10.—Time periods when the different QPOs are detectable in either the
RXTE or RHESSI data sets. Solid lines indicate QPOs that are detected in the peak 2/
interpulse region. Dashed lines indicate QPOs that are detected primarily during
peak 1. The difference in properties between the two "625 Hz QPOs, the earlier one
detected by RHESSI and the later one by RXTE, is clear.
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The detection of similar frequencies in SGR 1806!20 and
SGR 1900+14 makes sense in the context of global oscillation
modes; if the neutron stars have similar masses and magnetic
fields, then they should ring with the same set of characteristic
frequencies. The detection of similar frequencies at different
rotational phases (the "625 Hz QPOs) also argues in favor of an
underlying global oscillation, with magnetospheric beaming/
obscuration effects causing the phase dependence. Frequency drift
can also be incorporated within this model, as discussed below.
Attention has so far focused on the toroidal shear modes of
the neutron star crust, thought to be both easy to excite and strongly
coupled to the external magnetosphere ( providing a means to
modulate the X-ray light curve). The most detailed computations of mode frequencies to date have included both the depthdependence of the shear modulus within the crust and the effective boost to the shear modulus due to the magnetic pressure
(Duncan 1998; Piro 2005). Potentially important effects that have
not been addressed in detail include coupling between crust and
core due to the magnetic field, the equation of state (EOS) in the
boundary layer between crust and core, and nonuniformity of the
magnetic field. In what follows we refer to the models that assume
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signal was detected with RHESSI. Although it is difficult to determine an a priori probability, it seems extremely unlikely that
both instruments would detect signals at a consistent frequency
unless that frequency were intrinsic to the source. We therefore
think there is compelling evidence to associate this frequency
with SGR 1806!20.
The finding of additional characteristic frequencies in the SGR
1806!20 hyperflare further strengthens the connections between
the oscillations seen in both the SGR 1806!20 and SGR 1900+14
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but evolution of the magnetosphere and fireball over the course
of the tail might be a natural explanation for the frequency drift
suggested in x 2.4. The theoretical details of such modes remain
to be worked out, however, and we do not discuss the magnetospheric model further in this paper. We instead focus on the third
and perhaps most promising mechanism, neutron star vibrations.
3.1. Neutron Star Oscillations
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Fig. 10.—Time periods when the different QPOs are detectable in either the
RXTE or RHESSI data sets. Solid lines indicate QPOs that are detected in the peak 2/
interpulse region. Dashed lines indicate QPOs that are detected primarily during
peak 1. The difference in properties between the two "625 Hz QPOs, the earlier one
detected by RHESSI and the later one by RXTE, is clear.
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coupled to the external magnetosphere ( providing a means to
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(Duncan 1998; Piro 2005). Potentially important effects that have
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signal was detected with RHESSI. Although it is difficult to determine an a priori probability, it seems extremely unlikely that
both instruments would detect signals at a consistent frequency
unless that frequency were intrinsic to the source. We therefore
think there is compelling evidence to associate this frequency
with SGR 1806!20.
The finding of additional characteristic frequencies in the SGR
1806!20 hyperflare further strengthens the connections between
the oscillations seen in both the SGR 1806!20 and SGR 1900+14
events. In each case, oscillations near "30, #90, and "150 Hz
have been seen. This strongly supports the notion that the same
physical processes are involved in these objects.

Magnetar Short Bursts
Huppenkothen, Watts + Levin, in prep.
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Magnetar Short Bursts
The Astrophysical Journal, 749:122 (12pp), 2012 April 20
van der Horst+ 2012

Number of Bursts

Kaneko+ 2010

No. 2, 1999

Göğüş+ 1999

Number of Bursts

Duration

GÖĞÜŞ ET AL.

Figure 2. Distributions of the durations T90,50 (first column panels), emission times τ90,50 (second column panels), duty cycles δ90,50 (th
Trise /T90 (fourth column panels) for single-peaked (top) and multiple-peaked (bottom) events. The dashed lines show the best-fit log-norm
normal (δ90,50 ) functions, with the vertical dashed lines indicating
fitted mean values. For T90,50 , the probability density functions are sh
waitingthe
time

Fig. 2.—Distribution of the waiting times between successive RXTE PCA
Fig. 3.—(a) Plot of mean waiting times until the next burst (DT!)
bursts from SGR 1900!14. The line shows the best-fit lognormal function.
counts Topical
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short intervals above the model is due to the double-peaked events explained
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uncertainties (Starling et al. 2008). Figure 2 shows

fit data with a low number of counts and is

earthquake-like model
internal magnetic
field unwinds

crust failure +
seismic waves

magnetospheric
Alfven waves

fireball

e.g. Thompson+Duncan 1995, Duncan 1998

solar flare-like model
slow unwinding
of internal field

gradual twist of
magnetosphere

catastrophic
untwisting +
reconnection

large-scale
shear waves
in crust

Lyutikov 2003, 2006; Levin+van Hoven 2011
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Cheng +, 1996

Huppenkothen, Watts + Levin, in prep.

power-law distribution of burst energies

Cheng+ 1996

hallmark of
self-organised criticality
*also solar flares
also Prieskorn+ Kaaret 2011

e.g. Aschwanden 2014

Magnetar Bursts
Are Like Earthquakes*!
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SOC* in a Nutshell

*self-organised criticality

adapted from Scholz 1996
for a review of SOC in astrophysics
see Aschwanden 2014

also see D. Antonopoulou’s talk

need better empirical models
to constrain distributions!
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Characterising Burst Timescales

characterise rise times
waiting time distribution
down to the smallest scales
toy models for fracture
propagation vs
magnetospheric propagation
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Characterising Burst Timescales
linear combination!
of model shapes
characterise rise times
waiting time distribution
down to the smallest scales
toy models for fracture
propagation vs
magnetospheric propagation
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Characterising Burst Timescales
linear combination!
of model shapes
characterise rise times
waiting time distribution
down to the smallest scales
toy models for fracture
propagation vs
magnetospheric propagation

stay tuned!
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This would be easy!

Unfortunately, it’s more like this!

QPOs in Magnetar Bursts:
A needle in a haystack
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Measuring Periodicities

(quasi-)periodic !
signal
crazy !
red noise !
stuff!
Power

Counts

Fourier
!

Transform
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Evenly sampled time series

detector noise

Standard tools don’t work!
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Real Data: SGR1550-5418
283 bursts in
9 days
2 instruments:
Large Area
Telescope (LAT)
Gamma-Ray Burst
Monitor (GBM)
GBM:
8 keV - 10 MeV
2µs time resolution
Kaneko+, (2010)
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Giant-flarelike QPOs!

Huppenkothen+, 2014

SGR J1550-5418:
Results
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Giant-flarelike QPOs!

never seen
before!

Huppenkothen+, 2014

SGR J1550-5418:
Results
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The Way Forward
better empirical models can give us a handle
on the relevant time scales in magnetar bursts

QPOs in recurrent bursts open up a new
avenue to study processes in the crust and
magnetosphere

need to connect observations with theory!
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Take-home messages
magnetars and their bursts are excellent
probes of crust and core physics
QPOs can constrain nuclear physics in the
crust and the neutron star equation of state
we need better theoretical (emission) models and data
analysis techniques to take advantage of the vast data sets
(and another giant flare)
Daniela Huppenkothen
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