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What are magnetars? 

Magnetar outbursts 

Giant flares: a probe for crust and interior? 

Short bursts: crust fracture or reconnection?
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Magnetars

isolated

Slow spin period

highly magnetised: B ~ 1014 G

young (a few 1000 years)
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bright in X-rays

variable

Soft Gamma 
Repeaters (SGRs) 

+  
Anomalous X-ray 

Pulsars (AXPs)
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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 in Table 1.
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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 in Table 1.
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Pons+ 2011

magnetic field evolution 
for different impurities

spin-down evolution observed limit

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 Ta-
ble 1.
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Low B-field magnetars 

Swift 1822.3-1606

SGR 0418+5729

3XMM 1852+0033

PSR 1846

courtesy of N. Rea
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Low B-field magnetars 

Swift 1822.3-1606

SGR 0418+5729

3XMM 1852+0033

PSR 1846

courtesy of N. Rea

strong toroidal  

field components!
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Magnetars

energy released in X-rays 

 > spin-down energy

Bursts and outbursts
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Magnetic Field Motions 
Cause Dynamical Evolution
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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. s of day (UT).T0 \ 36992.481

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 waves and particles does notAlfve" n
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 expla-
nation 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, & Gole-
netskii 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 ergs), and persisted for a long time (D300 s),(Z1044
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 large-
amplitude 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 qualita-
tively 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 four-
pronged proÐle to a more nearly sinusoidal proÐle near the

Ibrahim+, (2001)
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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. s of day (UT).T0 \ 36992.481

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 waves and particles does notAlfve" n
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 expla-
nation 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, & Gole-
netskii 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 ergs), and persisted for a long time (D300 s),(Z1044
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 large-
amplitude 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 qualita-
tively 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 four-
pronged proÐle to a more nearly sinusoidal proÐle near the

Intermediate 
Flares 

>1044 erg/s: 
10s-100s 

Daniela Huppenkothen      |      Magnetars, QPOs and the dynamic crust      |     FUSTIPEN Topical Meeting, 26/05/2014



Soft Gamma Repeaters

Timescale

Lu
m

in
os

ity

C
ou
nt
s

Time

Giant Flares 
1045 -1047 erg/s:

100s

238 IBRAHIM ET AL. Vol. 558

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. s of day (UT).T0 \ 36992.481

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 waves and particles does notAlfve" n
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 expla-
nation 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, & Gole-
netskii 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 ergs), and persisted for a long time (D300 s),(Z1044
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 large-
amplitude 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 qualita-
tively 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 four-
pronged proÐle to a more nearly sinusoidal proÐle near the
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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. s of day (UT).T0 \ 36992.481

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 waves and particles does notAlfve" n
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 expla-
nation 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, & Gole-
netskii 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 ergs), and persisted for a long time (D300 s),(Z1044
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 large-
amplitude 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 qualita-
tively 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 four-
pronged proÐle to a more nearly sinusoidal proÐle near the

Intermediate 
Flares 

>1044 erg/s: 
10s-100s 

Recurrent Bursts 
1038-1042 erg/s: 0.1s
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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. s of day (UT).T0 \ 36992.481

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 waves and particles does notAlfve" n
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 expla-
nation 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, & Gole-
netskii 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 ergs), and persisted for a long time (D300 s),(Z1044
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 large-
amplitude 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 qualita-
tively 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 four-
pronged proÐle to a more nearly sinusoidal proÐle near the
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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. s of day (UT).T0 \ 36992.481

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 waves and particles does notAlfve" n
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 expla-
nation 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, & Gole-
netskii 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 ergs), and persisted for a long time (D300 s),(Z1044
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 large-
amplitude 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 qualita-
tively 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 four-
pronged proÐle to a more nearly sinusoidal proÐle near the
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Giant Flares: QPOS*

is not detected in the RHESSI data, most probably due to the
lower count rates.

The lack of simultaneous detections is therefore disappointing
but not surprising. Perhaps more important is the fact that the
two instruments detected signals independently at consistent fre-
quencies. The QPO profile of the 625 Hz feature detected with
RXTE overlaps the 1 Hz bin (centered on 626.5 Hz) in which the
signal was detected with RHESSI. Although it is difficult to de-
termine 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 SGR1806!20 and SGR1900+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.

Several mechanisms have been suggested as the cause of the
QPOs. One suggestion is that the QPOs are caused by an inter-
action with a remnant or ejected debris disk, the mechanism being
similar to that which gives rise to the kHz QPOs in accreting
neutron stars. Although there is now evidence that some mag-
netars have disks (Wang et al. 2006), there is no evidence as yet
for a disk around the SGRs, and it is also very difficult to under-
stand the rotational phase dependence if a disk is responsible.

An alternative is that we are seeing oscillations of the plasma-
filled magnetosphere and the trapped fireball. Simple estimates
of the Alfvén speed in the magnetosphere suggest that magneto-
spheric 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 magneto-
spheric model further in this paper. We instead focus on the third
and perhaps most promising mechanism, neutron star vibrations.

3.1. Neutron Star Oscillations

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 HzQPOs) 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 computa-
tions of mode frequencies to date have included both the depth-
dependence of the shear modulus within the crust and the ef-
fective 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. Inwhat follows we refer to the models that assume

TABLE 1

Summary of Properties for the Most Significant QPOs Detected in the Tail of the SGR 1806!20 Giant Flare

Frequency

(Hz)

Width

(Hz)

rms Amplitude

(%)

Duration

(s) Phase Satellite Notes

17.9 $ 0.1....................... 1.9 $ 0.2 4.0 $ 0.3 60Y230 P2/I RHESSI 1

25.7 $ 0.1....................... 3.0 $ 0.2 5.0 $ 0.3 60Y230 P2/I RHESSI 1

29.0 $ 0.4....................... 4.1 $ 0.5 20.5 $ 3.0 190Y260 P2/I RXTE 2

92.5 $ 0.2....................... 1:7þ0:7
!0:4 10.7 $ 1.2 150Y260 P2/I RXTE 3

92.7 $ 0.1....................... 2.3 $ 0.2 10.3 $ 0.8 150Y260 P2/I RHESSI 1, 4

92.9 $ 0.2....................... 2.4 $ 0.3 19.2 $ 2.0 190Y260 P2/I RXTE 2, 5

150.3 $ 1.6..................... 17 $ 5 6.8 $ 1.3 10Y350 P1 RXTE 2

626.46 $ 0.02................. 0.8 $ 0.1 20 $ 3 50Y200 P1 RHESSI 1, 6

625.5 $ 0.2..................... 1.8 $ 0.4 8.5 $ 1.8 190Y260 P2/I RXTE 2

1837 $ 0.8...................... 4.7 $ 1.2 18.0 $ 3.6 230Y245 P2/I RXTE 2

Notes.—The frequency is the centroid frequency from a Lorentzian fit; the quoted width is the associated FWHM. All
amplitudes are the values computed from rotational phase dependent power spectra. The duration is givenwith respect to themain
flare at time zero. For the phase, P2/I indicates that the QPO is concentrated in the peak 2/interpulse region; P1 indicates that it
is detected mainly during peak 1. The nominal energy band in which the QPOs are seen is<100 keVexcept where noted. Notes:
(1) Watts & Strohmayer (2006); (2) this paper; (3) Israel et al. (2005); (4) the amplitude in Watts & Strohmayer (2006) was
incorrectly reported as 10:0% $ 0:3%; (5) the amplitude differs from that reported in the previous two rows becausewe focus on a
different time period; (6) observed in the nominal 100Y200 keV band.

Fig. 10.—Time periods when the different QPOs are detectable in either the
RXTEorRHESSI data sets. Solid lines indicateQPOs that are detected in the peak2/
interpulse region. Dashed lines indicate QPOs that are detected primarily during
peak 1. The difference in properties between the two"625HzQPOs, the earlier one
detected by RHESSI and the later one by RXTE, is clear.

2004 HYPERFLARE FROM SGR 1806!20 599No. 1, 2006

Strohmayer + Watts, 2006

Watts + Strohmayer 2006

Daniela Huppenkothen      |      Magnetars, QPOs and the dynamic crust      |     FUSTIPEN Topical Meeting, 26/05/2014

*quasi-periodic oscillations



How to make 
a giant flare: QPOs
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Reconnection?

internal magnetic 
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FIG. 2: The shear speeds as a function of density for the crust
models used in this work, and the shear speed of Ref. [35]
(labelled DH01), which was based on SLy4. Also shown is
the neutron skin thickness of lead, δR, for each model.

also used the Skyrme model SLy4 [30] and is shown as a
dotted line, labelled DH01. The difference between that
result and our model, derived from the same Skyrme in-
teraction, provides an estimate of the uncertainties in the
construction of the masses of the neutron-rich nuclei in
the crust, given the same underlying nucleon-nucleon in-
teraction. That difference is smaller than the variation
arising from the nucleon-nucleon interaction itself, which
is as much as a factor of 4. This large variation in the
shear speed is the source of the sensitivity of the QPO
frequencies to the nuclear physics input. As expected
from Fig. 1, there is a correlation between the neutron
skin thickness in lead, with smaller skins generally giv-
ing larger shear speeds. The upcoming PREX measure-
ment will help constrain the frequencies predicted by the
model, reducing the uncertainty originating from our lack
of knowledge of the symmetry energy.

Figure 3 shows the frequencies of the fundamental
n = 0, l = 2 crust shear mode and the first (n = 1)
radial overtone as a function of neutron star mass for
the various crust models. Also shown in this figure are
some of the QPO frequencies measured during the 2004
hyperflare from SGR 1806-20. The dramatic effect of un-
certainty in the symmetry energy on shear speed is evi-
dent in the spread of mode frequencies. The frequency of
the fundamental mode is larger for smaller neutron skin
thicknesses, however all of the models have difficulty ex-
plaining a fundamental above 22 Hz. Previous studies
including [24], which interpreted the 28 Hz QPO in SGR
1900+14 and the 29 Hz QPO in SGR 1806-20 as the
fundamental, employed the higher shear speed model of
[35], thereby yielding higher frequencies. Once the cor-
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FIG. 3: The crust oscillation frequencies as a function of neu-
tron star mass, for both the fundamental (n = 0, l = 2) tor-
sional shear mode and the first radial (n = 1) overtone. The
curves end at the maximum mass. The arrows on the right in-
dicate QPO frequencies measured during the 2004 hyperflare
from SGR 1806-20 [2, 4, 5].

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 den-
sity, 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 sim-
ilar frequencies for the fundamental to those generated
by Newtonian calculations [26]. The mode frequencies
are also largely insensitive to magnetic field effects, since
the electron Fermi momentum in the inner crust is much
larger than the energy spacing between Landau levels
except at fields larger than the 1014−15 G implied for
magnetars. Note also that the fundamental frequency is
nearly mass-independent, which means that uncertain-
ties in the neutron star mass will not spoil the connec-
tion between the frequency and the nuclear symmetry
energy. It is not well known how finite-size effects and
the presence of extremely-deformed nuclei (i.e. nuclear
pasta) may affect the shear modulus. Recent calculations
by [36], which re-examine Equation (1) would exacerbate
the problem since they indicate that shear modulus is
actually lower by ∼ 10%. This would reduce mode fre-
quencies by a further 3-4%. Finally, the structure of the
neutron-rich nuclei are not well understood and this also
adds a systematic uncertainty to our results.

Our crust model thus suggests that a revision of the
previous interpretation of the 28 Hz mode as the funda-

Steiner + Watts 2009

courtesy A. Watts
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Adding the Core

coupling between crust and core

shear modes dampen out in < 1s

1038 M. van Hoven and Y. Levin

Figure 1. Schematic picture of the toy model. A large number N of small
pendulae, representing the (quasi-) continuum, are coupled to one large
pendulum, representing the crust.

analysis allows us to use initial data and predict the displacement
amplitudes and frequencies of the system at late times.

The model consists of the large mechanical oscillator with mass
M and proper frequency ω0, representing a crustal elastic shear
mode. Attached to the large oscillator is a set of N smaller oscil-
lators of mass mn and proper frequency ωn constituting a quasi-
continuum of frequencies ωn (where n = 1, 2, . . . , N). The con-
tinuum 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 + ω2
nxn = −ẍ0, (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
represents the non-inertial force acting on the small oscillator due

Figure 2. Displacement of the big oscillator as a function of time.

to the acceleration of the large one. The large oscillator experiences
the combined pull of the small ones:

Mẍ0 + Mω̃2
0x0 =

!

i

miω
2
i xi . (2)

Here ω̃0 is the frequency of the big pendulum corrected for the mass
loading by the small pendulae, i.e. ω̃2

0 = ω2
0(M +

"
i mi)/M .

2.1 Time-dependent behaviour

In this section we explore the behaviour of this system by direct
numerical simulations. We found this to be helpful in the building
of our intuition. We defer a semi-analytical normal mode analysis
to the next section.

We follow L07 and for concreteness concentrate on a specific ex-
ample; it will be clear that the conclusions we reach are general. We
choose ω0 = 1 rad s−1 and mass M = 1. We choose a total number of
1000 small pendulae with frequencies ωn = (0.5 + n/1000) rad s−1

and masses mn = m = 10−4, to mimic the continuum frequency
range between 0.5 and 1.5 rad s−1. The simulation is initiated by
displacing the large oscillator while keeping the small pendulae
relaxed (this mimics the stresses in the crust), and then releasing.
The subsequent motion of the system is then followed numerically
by using a second-order leapfrog integration scheme which con-
serves the energy with high precision. The resulting motion of the
large pendulum can be decomposed into three stages (see Figs 2
and 3).

(1) During the first 50–60 s, there is a rapid exponential decay
of the large oscillator’s motion, during which most of the energy
is transferred to the multitude (i.e. the ’continuum’) of small oscil-
lators. This is the so-called phenomenon of ‘resonant absorption’,
which has been studied for decades in the MHD and plasma physics
community (e.g. Ionson 1978; Hollweg 1987; GP; L07; Gruzinov
2008b). In this first stage, the amplitude of the big pendulum mo-
tions drops by a factor of ∼100.

(2) After ∼60 s, the exponential decay stops abruptly as the large
oscillator now reacts to the collective pull of the small ones. This
second stage is characterized by a slow algebraic decay of the ampli-
tude of the big pendulum displacement. Gruzinov (2008b) explains
this as being due to the branch cut in the oscillator’s response func-
tion.

Figure 3. A zoomed-in version of Fig. 2. The blue horizontal lines denote
the theoretically predicted amplitude of the dominating upper edge mode
(see Section 2.3).
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pendulum, representing the crust.

analysis allows us to use initial data and predict the displacement
amplitudes and frequencies of the system at late times.

The model consists of the large mechanical oscillator with mass
M and proper frequency ω0, representing a crustal elastic shear
mode. Attached to the large oscillator is a set of N smaller oscil-
lators of mass mn and proper frequency ωn constituting a quasi-
continuum of frequencies ωn (where n = 1, 2, . . . , N). The con-
tinuum 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 + ω2
nxn = −ẍ0, (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
represents the non-inertial force acting on the small oscillator due
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In this section we explore the behaviour of this system by direct
numerical simulations. We found this to be helpful in the building
of our intuition. We defer a semi-analytical normal mode analysis
to the next section.

We follow L07 and for concreteness concentrate on a specific ex-
ample; it will be clear that the conclusions we reach are general. We
choose ω0 = 1 rad s−1 and mass M = 1. We choose a total number of
1000 small pendulae with frequencies ωn = (0.5 + n/1000) rad s−1

and masses mn = m = 10−4, to mimic the continuum frequency
range between 0.5 and 1.5 rad s−1. The simulation is initiated by
displacing the large oscillator while keeping the small pendulae
relaxed (this mimics the stresses in the crust), and then releasing.
The subsequent motion of the system is then followed numerically
by using a second-order leapfrog integration scheme which con-
serves the energy with high precision. The resulting motion of the
large pendulum can be decomposed into three stages (see Figs 2
and 3).

(1) During the first 50–60 s, there is a rapid exponential decay
of the large oscillator’s motion, during which most of the energy
is transferred to the multitude (i.e. the ’continuum’) of small oscil-
lators. This is the so-called phenomenon of ‘resonant absorption’,
which has been studied for decades in the MHD and plasma physics
community (e.g. Ionson 1978; Hollweg 1987; GP; L07; Gruzinov
2008b). In this first stage, the amplitude of the big pendulum mo-
tions drops by a factor of ∼100.

(2) After ∼60 s, the exponential decay stops abruptly as the large
oscillator now reacts to the collective pull of the small ones. This
second stage is characterized by a slow algebraic decay of the ampli-
tude of the big pendulum displacement. Gruzinov (2008b) explains
this as being due to the branch cut in the oscillator’s response func-
tion.
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Figure 1. Schematic picture of the toy model. A large number N of small
pendulae, representing the (quasi-) continuum, are coupled to one large
pendulum, representing the crust.

analysis allows us to use initial data and predict the displacement
amplitudes and frequencies of the system at late times.

The model consists of the large mechanical oscillator with mass
M and proper frequency ω0, representing a crustal elastic shear
mode. Attached to the large oscillator is a set of N smaller oscil-
lators of mass mn and proper frequency ωn constituting a quasi-
continuum of frequencies ωn (where n = 1, 2, . . . , N). The con-
tinuum 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 + ω2
nxn = −ẍ0, (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
represents the non-inertial force acting on the small oscillator due

Figure 2. Displacement of the big oscillator as a function of time.

to the acceleration of the large one. The large oscillator experiences
the combined pull of the small ones:

Mẍ0 + Mω̃2
0x0 =
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Here ω̃0 is the frequency of the big pendulum corrected for the mass
loading by the small pendulae, i.e. ω̃2

0 = ω2
0(M +

"
i mi)/M .

2.1 Time-dependent behaviour

In this section we explore the behaviour of this system by direct
numerical simulations. We found this to be helpful in the building
of our intuition. We defer a semi-analytical normal mode analysis
to the next section.

We follow L07 and for concreteness concentrate on a specific ex-
ample; it will be clear that the conclusions we reach are general. We
choose ω0 = 1 rad s−1 and mass M = 1. We choose a total number of
1000 small pendulae with frequencies ωn = (0.5 + n/1000) rad s−1

and masses mn = m = 10−4, to mimic the continuum frequency
range between 0.5 and 1.5 rad s−1. The simulation is initiated by
displacing the large oscillator while keeping the small pendulae
relaxed (this mimics the stresses in the crust), and then releasing.
The subsequent motion of the system is then followed numerically
by using a second-order leapfrog integration scheme which con-
serves the energy with high precision. The resulting motion of the
large pendulum can be decomposed into three stages (see Figs 2
and 3).

(1) During the first 50–60 s, there is a rapid exponential decay
of the large oscillator’s motion, during which most of the energy
is transferred to the multitude (i.e. the ’continuum’) of small oscil-
lators. This is the so-called phenomenon of ‘resonant absorption’,
which has been studied for decades in the MHD and plasma physics
community (e.g. Ionson 1978; Hollweg 1987; GP; L07; Gruzinov
2008b). In this first stage, the amplitude of the big pendulum mo-
tions drops by a factor of ∼100.

(2) After ∼60 s, the exponential decay stops abruptly as the large
oscillator now reacts to the collective pull of the small ones. This
second stage is characterized by a slow algebraic decay of the ampli-
tude of the big pendulum displacement. Gruzinov (2008b) explains
this as being due to the branch cut in the oscillator’s response func-
tion.

Figure 3. A zoomed-in version of Fig. 2. The blue horizontal lines denote
the theoretically predicted amplitude of the dominating upper edge mode
(see Section 2.3).
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Are the QPOs 
really long-lived?

is not detected in the RHESSI data, most probably due to the
lower count rates.

The lack of simultaneous detections is therefore disappointing
but not surprising. Perhaps more important is the fact that the
two instruments detected signals independently at consistent fre-
quencies. The QPO profile of the 625 Hz feature detected with
RXTE overlaps the 1 Hz bin (centered on 626.5 Hz) in which the
signal was detected with RHESSI. Although it is difficult to de-
termine 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 SGR1806!20 and SGR1900+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.

Several mechanisms have been suggested as the cause of the
QPOs. One suggestion is that the QPOs are caused by an inter-
action with a remnant or ejected debris disk, the mechanism being
similar to that which gives rise to the kHz QPOs in accreting
neutron stars. Although there is now evidence that some mag-
netars have disks (Wang et al. 2006), there is no evidence as yet
for a disk around the SGRs, and it is also very difficult to under-
stand the rotational phase dependence if a disk is responsible.

An alternative is that we are seeing oscillations of the plasma-
filled magnetosphere and the trapped fireball. Simple estimates
of the Alfvén speed in the magnetosphere suggest that magneto-
spheric 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 magneto-
spheric model further in this paper. We instead focus on the third
and perhaps most promising mechanism, neutron star vibrations.

3.1. Neutron Star Oscillations

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 HzQPOs) 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 computa-
tions of mode frequencies to date have included both the depth-
dependence of the shear modulus within the crust and the ef-
fective 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. Inwhat follows we refer to the models that assume

TABLE 1

Summary of Properties for the Most Significant QPOs Detected in the Tail of the SGR 1806!20 Giant Flare

Frequency

(Hz)

Width

(Hz)

rms Amplitude

(%)

Duration

(s) Phase Satellite Notes

17.9 $ 0.1....................... 1.9 $ 0.2 4.0 $ 0.3 60Y230 P2/I RHESSI 1

25.7 $ 0.1....................... 3.0 $ 0.2 5.0 $ 0.3 60Y230 P2/I RHESSI 1

29.0 $ 0.4....................... 4.1 $ 0.5 20.5 $ 3.0 190Y260 P2/I RXTE 2

92.5 $ 0.2....................... 1:7þ0:7
!0:4 10.7 $ 1.2 150Y260 P2/I RXTE 3

92.7 $ 0.1....................... 2.3 $ 0.2 10.3 $ 0.8 150Y260 P2/I RHESSI 1, 4

92.9 $ 0.2....................... 2.4 $ 0.3 19.2 $ 2.0 190Y260 P2/I RXTE 2, 5

150.3 $ 1.6..................... 17 $ 5 6.8 $ 1.3 10Y350 P1 RXTE 2

626.46 $ 0.02................. 0.8 $ 0.1 20 $ 3 50Y200 P1 RHESSI 1, 6

625.5 $ 0.2..................... 1.8 $ 0.4 8.5 $ 1.8 190Y260 P2/I RXTE 2

1837 $ 0.8...................... 4.7 $ 1.2 18.0 $ 3.6 230Y245 P2/I RXTE 2

Notes.—The frequency is the centroid frequency from a Lorentzian fit; the quoted width is the associated FWHM. All
amplitudes are the values computed from rotational phase dependent power spectra. The duration is givenwith respect to themain
flare at time zero. For the phase, P2/I indicates that the QPO is concentrated in the peak 2/interpulse region; P1 indicates that it
is detected mainly during peak 1. The nominal energy band in which the QPOs are seen is<100 keVexcept where noted. Notes:
(1) Watts & Strohmayer (2006); (2) this paper; (3) Israel et al. (2005); (4) the amplitude in Watts & Strohmayer (2006) was
incorrectly reported as 10:0% $ 0:3%; (5) the amplitude differs from that reported in the previous two rows becausewe focus on a
different time period; (6) observed in the nominal 100Y200 keV band.

Fig. 10.—Time periods when the different QPOs are detectable in either the
RXTEorRHESSI data sets. Solid lines indicateQPOs that are detected in the peak2/
interpulse region. Dashed lines indicate QPOs that are detected primarily during
peak 1. The difference in properties between the two"625HzQPOs, the earlier one
detected by RHESSI and the later one by RXTE, is clear.
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is not detected in the RHESSI data, most probably due to the
lower count rates.

The lack of simultaneous detections is therefore disappointing
but not surprising. Perhaps more important is the fact that the
two instruments detected signals independently at consistent fre-
quencies. The QPO profile of the 625 Hz feature detected with
RXTE overlaps the 1 Hz bin (centered on 626.5 Hz) in which the
signal was detected with RHESSI. Although it is difficult to de-
termine 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 SGR1806!20 and SGR1900+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.

Several mechanisms have been suggested as the cause of the
QPOs. One suggestion is that the QPOs are caused by an inter-
action with a remnant or ejected debris disk, the mechanism being
similar to that which gives rise to the kHz QPOs in accreting
neutron stars. Although there is now evidence that some mag-
netars have disks (Wang et al. 2006), there is no evidence as yet
for a disk around the SGRs, and it is also very difficult to under-
stand the rotational phase dependence if a disk is responsible.

An alternative is that we are seeing oscillations of the plasma-
filled magnetosphere and the trapped fireball. Simple estimates
of the Alfvén speed in the magnetosphere suggest that magneto-
spheric 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 magneto-
spheric model further in this paper. We instead focus on the third
and perhaps most promising mechanism, neutron star vibrations.

3.1. Neutron Star Oscillations

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 HzQPOs) 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 computa-
tions of mode frequencies to date have included both the depth-
dependence of the shear modulus within the crust and the ef-
fective 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. Inwhat follows we refer to the models that assume

TABLE 1

Summary of Properties for the Most Significant QPOs Detected in the Tail of the SGR 1806!20 Giant Flare

Frequency

(Hz)

Width

(Hz)

rms Amplitude

(%)

Duration

(s) Phase Satellite Notes

17.9 $ 0.1....................... 1.9 $ 0.2 4.0 $ 0.3 60Y230 P2/I RHESSI 1

25.7 $ 0.1....................... 3.0 $ 0.2 5.0 $ 0.3 60Y230 P2/I RHESSI 1

29.0 $ 0.4....................... 4.1 $ 0.5 20.5 $ 3.0 190Y260 P2/I RXTE 2

92.5 $ 0.2....................... 1:7þ0:7
!0:4 10.7 $ 1.2 150Y260 P2/I RXTE 3

92.7 $ 0.1....................... 2.3 $ 0.2 10.3 $ 0.8 150Y260 P2/I RHESSI 1, 4

92.9 $ 0.2....................... 2.4 $ 0.3 19.2 $ 2.0 190Y260 P2/I RXTE 2, 5

150.3 $ 1.6..................... 17 $ 5 6.8 $ 1.3 10Y350 P1 RXTE 2

626.46 $ 0.02................. 0.8 $ 0.1 20 $ 3 50Y200 P1 RHESSI 1, 6

625.5 $ 0.2..................... 1.8 $ 0.4 8.5 $ 1.8 190Y260 P2/I RXTE 2

1837 $ 0.8...................... 4.7 $ 1.2 18.0 $ 3.6 230Y245 P2/I RXTE 2

Notes.—The frequency is the centroid frequency from a Lorentzian fit; the quoted width is the associated FWHM. All
amplitudes are the values computed from rotational phase dependent power spectra. The duration is givenwith respect to themain
flare at time zero. For the phase, P2/I indicates that the QPO is concentrated in the peak 2/interpulse region; P1 indicates that it
is detected mainly during peak 1. The nominal energy band in which the QPOs are seen is<100 keVexcept where noted. Notes:
(1) Watts & Strohmayer (2006); (2) this paper; (3) Israel et al. (2005); (4) the amplitude in Watts & Strohmayer (2006) was
incorrectly reported as 10:0% $ 0:3%; (5) the amplitude differs from that reported in the previous two rows becausewe focus on a
different time period; (6) observed in the nominal 100Y200 keV band.

Fig. 10.—Time periods when the different QPOs are detectable in either the
RXTEorRHESSI data sets. Solid lines indicateQPOs that are detected in the peak2/
interpulse region. Dashed lines indicate QPOs that are detected primarily during
peak 1. The difference in properties between the two"625HzQPOs, the earlier one
detected by RHESSI and the later one by RXTE, is clear.
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is not detected in the RHESSI data, most probably due to the
lower count rates.

The lack of simultaneous detections is therefore disappointing
but not surprising. Perhaps more important is the fact that the
two instruments detected signals independently at consistent fre-
quencies. The QPO profile of the 625 Hz feature detected with
RXTE overlaps the 1 Hz bin (centered on 626.5 Hz) in which the
signal was detected with RHESSI. Although it is difficult to de-
termine 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 SGR1806!20 and SGR1900+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.

Several mechanisms have been suggested as the cause of the
QPOs. One suggestion is that the QPOs are caused by an inter-
action with a remnant or ejected debris disk, the mechanism being
similar to that which gives rise to the kHz QPOs in accreting
neutron stars. Although there is now evidence that some mag-
netars have disks (Wang et al. 2006), there is no evidence as yet
for a disk around the SGRs, and it is also very difficult to under-
stand the rotational phase dependence if a disk is responsible.

An alternative is that we are seeing oscillations of the plasma-
filled magnetosphere and the trapped fireball. Simple estimates
of the Alfvén speed in the magnetosphere suggest that magneto-
spheric 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 magneto-
spheric model further in this paper. We instead focus on the third
and perhaps most promising mechanism, neutron star vibrations.

3.1. Neutron Star Oscillations

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 HzQPOs) 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 computa-
tions of mode frequencies to date have included both the depth-
dependence of the shear modulus within the crust and the ef-
fective 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. Inwhat follows we refer to the models that assume

TABLE 1

Summary of Properties for the Most Significant QPOs Detected in the Tail of the SGR 1806!20 Giant Flare

Frequency

(Hz)

Width

(Hz)

rms Amplitude

(%)

Duration

(s) Phase Satellite Notes

17.9 $ 0.1....................... 1.9 $ 0.2 4.0 $ 0.3 60Y230 P2/I RHESSI 1

25.7 $ 0.1....................... 3.0 $ 0.2 5.0 $ 0.3 60Y230 P2/I RHESSI 1

29.0 $ 0.4....................... 4.1 $ 0.5 20.5 $ 3.0 190Y260 P2/I RXTE 2

92.5 $ 0.2....................... 1:7þ0:7
!0:4 10.7 $ 1.2 150Y260 P2/I RXTE 3

92.7 $ 0.1....................... 2.3 $ 0.2 10.3 $ 0.8 150Y260 P2/I RHESSI 1, 4

92.9 $ 0.2....................... 2.4 $ 0.3 19.2 $ 2.0 190Y260 P2/I RXTE 2, 5

150.3 $ 1.6..................... 17 $ 5 6.8 $ 1.3 10Y350 P1 RXTE 2

626.46 $ 0.02................. 0.8 $ 0.1 20 $ 3 50Y200 P1 RHESSI 1, 6

625.5 $ 0.2..................... 1.8 $ 0.4 8.5 $ 1.8 190Y260 P2/I RXTE 2

1837 $ 0.8...................... 4.7 $ 1.2 18.0 $ 3.6 230Y245 P2/I RXTE 2

Notes.—The frequency is the centroid frequency from a Lorentzian fit; the quoted width is the associated FWHM. All
amplitudes are the values computed from rotational phase dependent power spectra. The duration is givenwith respect to themain
flare at time zero. For the phase, P2/I indicates that the QPO is concentrated in the peak 2/interpulse region; P1 indicates that it
is detected mainly during peak 1. The nominal energy band in which the QPOs are seen is<100 keVexcept where noted. Notes:
(1) Watts & Strohmayer (2006); (2) this paper; (3) Israel et al. (2005); (4) the amplitude in Watts & Strohmayer (2006) was
incorrectly reported as 10:0% $ 0:3%; (5) the amplitude differs from that reported in the previous two rows becausewe focus on a
different time period; (6) observed in the nominal 100Y200 keV band.

Fig. 10.—Time periods when the different QPOs are detectable in either the
RXTEorRHESSI data sets. Solid lines indicateQPOs that are detected in the peak2/
interpulse region. Dashed lines indicate QPOs that are detected primarily during
peak 1. The difference in properties between the two"625HzQPOs, the earlier one
detected by RHESSI and the later one by RXTE, is clear.
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FIG. 3.— The cycle of the giant flare, observed with RXTE , with the
strongest QPO signal. Each data point (in black) corresponds to the power at
625Hz extracted from a 3 s segment starting 1.5 s before the time stamp of
the data point. Each segment is separated by 0.01 s, and thus neighbouring
segments overlap by 2.99 s. Note the sharp rise in power at ⇡ t0 + 241.5 s:
as the sliding window shifts into the part of the part of the light curve where
the QPO appears, the power at 625Hz rises sharply as well. In order to
constrain the duration and amplitude of the signal, we simulated 1000 light
curves, where we first smoothed out all variability above 100Hz, then added
a single sinusoidal signal of 0.5 s duration and a fractional rms amplitude of
0.22, starting at 241.5 + t0 s, and analysed these light curves in exactly the
same way as the data. The thick red line corresponds to the mean of these
1000 simulations for a given segment, in analogy to the data (in black). The
shaded area constrains the 5% and 95% quantile ranges derived from the
simulations, indicating that the observed powers are well-represented by our
simulations.

one then plots the strength of the signal with time (see Figure
3, one can track the strength of the QPO over the course of the
star’s rotational cycle. As more signal is included in a given
segment, the power will rise, until the entire QPO is included.
Similarly, as the sliding window moves out of the time frame
where the QPO is located, less and less signal is included,
and the power drops. We show the resulting plot in Figure 3.
Similarly to Figure 3 in Strohmayer & Watts (2006), the QPO
seems to be present only for a short period of time.

We introduced an artificial sinusoidal signal into a single
cycle in 1000 simulations, in the same part of the rotational
cycle as the real QPO, for a duration of 0.5 s and a fractional
rms amplitude of 0.22. The amplitude of the sinusoidal signal
varies with the underlying giant flare emission, such that the
fractional rms amplitude remains constant. In Figure 3, we
show the mean power for each segment out of 1000 simula-
tions, as well as the 5% and 95% quantiles derived from these
simulations, compared with the powers derived from the real
data. The observed powers are easily reproduced with a short
signal of 0.5 s duration. We note that 0.5 s is only a small frac-
tion of the rotational period of the neutron star itself (7.5477 s,
Woods et al. 2007), thus cannot be easily explained by the re-
gion of the neutron star affected by the oscillations moving in
and out of the line of sight.

3.2. RHESSI
Watts & Strohmayer 2006 searched segments of tseg =

2.27 seconds length, i.e. 1/3 of the neutron star’s rotational
cycle, over a range of 19 successive cycles, starting ⇠ 80 s af-
ter the onset of the giant flare. They report the detection of a
QPO at 626.5Hz with a significance of 6.6⇥ 10�5, corrected
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SGR 1806-20, RHESSI data, p-values from 10000 simulations
tseg = 0.5 s
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FIG. 4.— RHESSI data: p-values for measuring a power at 626.5Hz in any
of the segments at least as high or higher than the ensemble of powers derived
from all segments from 10000 simulations. We show these p-values in depen-
dence of the number of phase-matched periodograms averaged to construct
the power in that segment, for different segment lengths between 0.5 and 2.5
seconds. The p-values indicate that the signal is most strongly detected for
segments of 2 s duration, and there is an indication for intermittency in the
p-values for that segment duration.

for the number of trials, in this averaged periodogram when
comparing to the theoretically expected distribution of powers
for pure Poisson noise.

While previous studies constrained themselves to a single
(arbitrary) segment length, in our re-analysis of the RHESSI
data we varied the length of the segments between tseg = 0.5 s
and tseg = 2.5 s in order to be sensitive to shorter signals,
which may be buried in noise when taking the periodogram
over too long a segment. This is not necessary for the RXTE
data, since the signal is strong enough and the data is of high
enough quality for the signal to be clearly observable even if
it is considerably shorter than the segment length. For less
strong signals and data of lower quality, a short signal can po-
tentially be buried under the noise when looking at segments
that are much longer compared to the duration of the QPO.

We subdivided each rotational cycle of the neutron star
into Ns = 30 segments, such that they start every �t =
7.5477/30 = 0.2534 s apart, and overlap for �tseg�0.2534 s.
Again, we use a higher number of segments per cycle to ac-
count for the poorer quality of the RHESSI data, and the fact
we search shorter segments: for 15 segments per cycle, the
shortest segments will not overlap, and a signal split between
two segments may not be detected at all. For each segment we
computed the periodogram, extracted the power at 626.5Hz,
and compared this power to those at the same frequency from
segments of 10000 simulated light curves with the giant flare
pulse profile, but smoothed out such that the QPO is removed.
We ran fewer simulations for the RHESSI data as compared to
the RXTE data largely because the signal itself is less signifi-
cant, thus requires fewer simulations to constrain the p-value
robustly. The p-values for a simulated power in any segment
to be higher than the power in any observed segment is shown
in Figure 4. If the signal is present intermittently, then the
significance should decrease with increasing number of aver-
aged cycles, since any additional cycle included in the aver-
age will only supply noise. On the other hand, if the signal is
long-lived and persists over many cycles, then averaging more

… possibly not!

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

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

(asymmetric) uncertainties (Starling et al. 2008). Figure 2 shows
the average of all the individual PDFs for T90,50. Note that
the PDFs peak at smaller values than the duration histograms,
namely, at ∼85 ms and ∼25 ms for T90 and T50, respectively.
This is due to the fact that the shorter (and weaker) events have
relatively larger asymmetries in their uncertainties.

The histograms shown in Figure 2 for the various temporal
parameters are typical of magnetar bursts, although there may
be variations between different sources (e.g., Göǧüş et al. 2001;
Gavriil et al. 2004; Lin et al. 2011). The mean T90 values in the
GBM energy band typically range between 0.1 and 0.2 s, while
τ90 ranges are 0.05–0.1 s, resulting in duty cycles of 0.4–0.6 (see
also Lin et al. 2011). Our mean T90 values for SGR J1550−5418
are larger than those found for INTEGRAL (68 ms; Savchenko
et al. 2010), but smaller than the Swift bursts (305 ms; Scholz
& Kaspi 2011). This is due to the different sensitivities and
energy ranges of the instruments (see also Scholz & Kaspi
2011). Regarding the rise times, we confirm what has been
established for other magnetar bursts (e.g., Göǧüş et al. 2001;
Scholz & Kaspi 2011): the asymmetric Trise/T90 distributions for
single-peaked events indicate that magnetar bursts have shorter
rise than decay times, and the bimodal distribution of multiple-
peaked events shows that for most bursts the first peak is the
brightest. In Section 5, we elaborate further on the correlation
of the temporal and spectral properties of SGR J1550−5418,
and compare these to similar correlations in other magnetar
sources.

4. SPECTRAL ANALYSIS

We performed time-integrated spectral analysis of all
286 bursts in our sample using the spectral analysis soft-
ware package RMFIT (3.3rc8), which was developed specif-
ically for GBM data analysis. For every burst, we selected
intervals of background without bursts present before and af-
ter a burst, and fit them with a polynomial of the third or
fourth order. For the spectral fits we generated detector re-
sponse matrices using GBMRSP v1.81. To obtain the best-fit
parameters for any given spectral model, we minimized the
Castor C-statistic (C-statistic hereafter). This method is used to

fit data with a low number of counts and is a modification20 of
the Cash statistic so that it asymptotically distributes as χ2.

We fit various spectral models to the TTE data of each burst:
a power law (PL), a blackbody (BB) function, optically thin
thermal bremsstrahlung (OTTB), a PL with an exponential
cutoff (Comptonized model), a combination of a PL and a BB
function (PL+BB), and two BB functions (BB+BB). Figure 3
shows spectra of one of our brightest bursts (using only the
unsaturated parts), whose light curve is shown in Figure 1. We
have used in this spectral analysis counts from four NaI detectors
following the detector selection criteria given in Section 2.
The νFν spectra in Figure 3 show fits with the six different
spectral models mentioned above and their fit residuals. The fit
residual trends shown here are very similar for all bursts in our
sample, with the brightest bursts presenting the strongest trends.
From Figure 3, an obvious conclusion would be that OTTB,
Comptonized, and BB+BB fits provide a better description of
the data than PL, BB, or PL+BB. In Section 4.1, we attempt
to quantify this statement. We note that the apparent feature
between 30 and 40 keV in the fit residuals is a result of the
NaI K-edge, which has not been modeled perfectly in the
GBM calibration (Bissaldi et al. 2009). We have performed
fits with and without the K-edge energy channels, and found
that their inclusion does not change any of the fit parameters
significantly, therefore we included these channels in all fits for
better statistics.

4.1. Simulations

We have performed extensive simulations with RMFIT
(3.4rc3) to evaluate the effect of statistical fluctuations on identi-
fying the best model to describe SGR burst spectra. For this pur-
pose, we selected six bright bursts (two from SGR J1550−5418
and three from SGR J0501 + 4516; see also Lin et al. 2011), and
compared pairs of various models, generating 30,000 synthetic
spectra for each burst and each relevant detector. Each synthetic
spectrum was based on the sum of the predicted source counts
and the measured background counts in each energy channel.
The former counts were computed from the analytical function

20 http://fermi.gsfc.nasa.gov/ssc/data/analysis/user
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Fig. 2.—Distribution of the waiting times between successive RXTE PCA
bursts from SGR 1900!14. The line shows the best-fit lognormal function.
The solid portion of the line indicates the data used in the fit. The excess of
short intervals above the model is due to the double-peaked events explained
in the text.

Fig. 3.—(a) Plot of mean waiting times until the next burst (D ) vs. mean!T
counts that does not show any correlation ( ), and (b) plot of meanr = 0.05
elapsed times since the previous burst (D ) vs. mean counts that shows a"T
strong anticorrelation ( ).r = "0.93

Fig. 4.—Scatter plot of the PCA fluence vs. duration for 281 SGR 1900!14
bursts that shows a correlation between them ( ). The solid line is ar = 0.54
power law with an exponent 1.13 obtained via least-squares fitting.

bution of energies with an exponent is valid for SGRg ≈ 1.66
1900!14 over 4 orders of magnitude.

4.2. Waiting-Time Statistics

We have measured the waiting times (DT) between succes-
sive bursts, uninterrupted by Earth occultation and data gaps,
for 779 events. Figure 2 shows the distribution of waiting times
that range from 0.25 to 1421 s. We fitted the (DT)-distribution
to a lognormal function and found a peak at ∼49 s. The solid
line in Figure 2 shows the interval used for the fit, and the
dashed lines are the extrapolations of lognormal distribution.
We do not include waiting times less than 2 s since these bursts
appear to be double-peaked events in which the second burst
peak appears shortly after the first one, although they are re-
corded as two distinct bursts. We were unable to generate a
DT-distribution for BATSE bursts because of the much smaller
number of events that occurred during a single orbital window.
In order to investigate any relations between waiting times

until the next burst (D ) and the intensity of the bursts, we!T
divided the sample of 779 events into eight intensity intervals,
each of which contains approximately 100 events. We fitted
theD -distribution to a lognormal distribution and determined!T
the mean D (i.e., where the fitted log normal distribution!T
peaks) and the mean counts for each of the eight groups. We
show in Figure 3a that there is no correlation between D !T
and the energy of the bursts (Spearman rank-order correlation
coefficient, , and the probability that this correlationr = 0.05
occurs by a random data set, ). We also searched forP = 0.91
the relation between the elapsed times since the previous burst
(D ) and the intensity of the bursts. Similar to the previous"T
case, we subdivided the events into eight intensity intervals
and determined the mean D by fitting it to a lognormal"T
distribution and the mean counts for each group individually.
Figure 3b shows that there appears to be an anticorrelation
between mean D and the burst energy ( ,"T r = "0.93 P =

)."48# 10

4.3. Burst Durations

Gutenberg & Richter (1956a, 1956b) demonstrated that there
is a power-law relation between the magnitude or energy of

the EQ events and the durations of the strong motion at short
distances from an EQ region. In order to investigate whether
a similar correlation exists for SGR events, we selected all 679
PCA bursts from the most active period of SGR 1900!14. In
order to determine the durations of the bursts accurately, we
used event-mode PCA data with a 1 ms time resolution. For
281 of the bursts selected, we obtained t90 durations (Koshut
et al. 1996) of the bursts. Figure 4 shows that burst energies
and durations are correlated ( , ), although"24r = 0.54 P ∼ 10
there is a significant spread of fluences at a given duration.

5. DISCUSSION

The power-law size distribution of SGR 1900!14 bursts
with an index is similar to those found for SGRg = 1.66
1806"20 (Cheng et al. 1996) and SGR 1627"41 (Woods et
al. 1999b). The lack of a high-energy cutoff in the differential
size distribution indicates that the highest energy events are
not well sampled in our distribution.
The distribution of waiting times between successive SGR
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Crust Fracture or 
Reconnection?

internal magnetic 
field unwinds

Daniela Huppenkothen      |      Magnetars, QPOs and the dynamic crust      |     FUSTIPEN Topical Meeting, 26/05/2014

crust failure + 
seismic waves

magnetospheric  
Alfven waves fireball

slow unwinding 
of internal field

gradual twist of 
magnetosphere

catastrophic 
untwisting + 
reconnection

large-scale 
shear waves 
in crust

earthquake-like model

solar flare-like model

e.g. Thompson+Duncan 1995, Duncan 1998

Lyutikov 2003, 2006; Levin+van Hoven 2011



Magnetar Bursts 
Are Like Earthquakes*!

Huppenkothen, Watts + Levin, in prep.

*also solar flares

Cheng +, 1996

power-law distribution of burst energies

hallmark of  

self-organised criticality

Cheng+ 1996
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also Prieskorn+ Kaaret 2011 e.g. Aschwanden 2014



SOC* in a Nutshell

also see D. Antonopoulou’s talk
adapted from Scholz 1996

need better empirical models 

to constrain distributions!
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for a review of SOC in astrophysics 
see Aschwanden 2014

*self-organised criticality



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

stay tuned!

characterise rise times

waiting time distribution 
down to the smallest scales

toy models for fracture  
propagation vs  
magnetospheric propagation
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QPOs in Magnetar Bursts: 
A needle in a haystack

This would be easy!

Unfortunately, it’s more like this!
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Measuring Periodicities

Time
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Transform

Stationarity 

Evenly sampled time series
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Measuring Periodicities

Time

Co
un

ts

Frequency

Po
w

erFourier 
!

Transform

Stationarity 

Evenly sampled time series

Standard tools don’t work!

(quasi-)periodic !
signal

detector noise

crazy !
red noise !

stuff!
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Real Data: SGR1550-5418

Kaneko+, (2010)

283 bursts in 
9 days

2 instruments: 
Large Area 
Telescope (LAT) 
Gamma-Ray Burst 
Monitor (GBM)

GBM:  
8 keV - 10 MeV 
2µs time resolution
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SGR J1550-5418: 
Results

Huppenkothen+, 2014

Giant-flare-
like QPOs!
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SGR J1550-5418: 
Results
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never seen 
before!
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SGR J1550-5418: 
Results

Huppenkothen+, 2014

never seen 
before!

Giant-flare-
like QPOs!
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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)
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