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and the death of the progenitor.
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Figure 1. Schematic diagram of the regimes of neutron star versus black hole formation in core collapse SNe at sub-solar metallicities
(solid line) in the space of main sequence mass and initial proto-NS spin period P0, taking into account the possible effects of rapid
rotation and strong magnetic fields. The dotted line denotes the rotation rate above which the NS rotational energy Erot (eq. [1]) exceeds
the gravitational binding energy of the progenitor envelope. The dashed line denotes the rotational energy Erot = 1052 ergs sufficient to
power a ‘hypernova’. The right axis shows the magnetic field strength Bdip that would be generated if the magnetic energy in the dipole
field is ∼ 0.1% of Erot (eq. [4]). The dot-dashed line is the minimum rotation rate required for a magnetar with a field strength Bdip to
produce a classical GRB with energy Eγ > 1050 ergs, based on the model presented in §4.

sion provided by the Swift and Fermi missions. However,
despite a wealth of new data, the identity of the central
engine remains elusive.

At least some long duration GRBs originate from the
deaths of very massive stars (Woosley & Bloom 2006),
as confirmed by their observed association with energetic
core collapse supernovae (SNe) (e.g. Galama et al. 1998;
Bloom et al. 1999; Stanek et al. 2003; Chornock et al.
2010; Starling et al. 2010). It nevertheless remains
unsettled whether the central engine is a rapidly
accreting BH (Woosley 1993; MacFadyen & Woosley
1999; Nagataki et al. 2007; Barkov & Komissarov 2008;
Lindner et al. 2010) or a rapidly spinning, strongly
magnetized NS (a ‘millisecond magnetar’; Usov 1992;
Thompson 1994; Blackman & Yi 1998; Wheeler et al.
2000; Zhang & Mészáros 2001; Thompson et al. 2004;
Metzger et al. 2007; Bucciantini et al. 2007, 2008, 2009).
Although much less is known about the origin of short
duration GRBs, the properties of their host galaxies and
their notable lack of an accompanying SN are consistent

with an origin associated with the merger of NS-NS and
NS-BH binaries (Hjorth et al. 2005; Bloom et al. 2006;
Berger et al. 2005; see e.g. Berger 2010 for a recent review).
However, the unexpected discovery that many short GRBs
are followed by an energetic X-ray ‘tail’ lasting ∼ 100 sec-
onds has challenged basic predictions of the merger model
(e.g. Gehrels et al. 2006; Gal-Yam et al. 2006; Perley et al.
2009) and may hint at an alternative origin for some events,
such as magnetar formation via the accretion-induced
collapse (AIC) of a white dwarf (Metzger et al. 2008).

The large range in length scales and the complexity of
the physics involved in producing a GRB have thus far pre-
vented all steps in the phenomena from being studied in
a single work. Any attempt to construct a ‘first principles’
model is hindered by uncertain intermediate steps relating
the physics of the central engine to the properties of the rel-
ativistic jet and the gamma-ray emission mechanism. Nev-
ertheless, in this paper we argue that the magnetar model
is uniquely predictive. This allows us to construct a self-
consistent model which can in principle be compared di-
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Extracting the energy via winds
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Core-Collapse SNe Produce Hot Proto-Neutron Stars that Cool Via ν-
Emission  ~1053 ergs in τKH ~ 10-100 s  

Neutrinos Heat Matter above the PNS Surface, Driving a Thermal Wind into 
the Evacuated Region Behind the SN Shock (Duncan et al. 1986).  
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Magnetar spin-down evolution
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Figure 2. Wind power Ė (right axis) and magnetization σ0 (left axis; eq. [2]) of the proto-magnetar wind as a function of time since
core bounce, calculated for a neutron star with mass Mns = 1.4M!, initial spin period P0 = 1.5 ms, surface dipole field strength
Bdip = 2× 1015 G, and magnetic obliquity χ = π/2. Stages denoted I.−V. are described in detail in §3.

but includes additional details not addressed in previous
work. Our results are presented in §2.2.

2.1 Evolutionary Wind Model

2.1.1 Model Description

The two most important properties of the proto-magnetar
wind are the mass loss rate Ṁ and the energy loss rate,
or wind power, Ė. The wind power contains kinetic and
magnetic (Poynting flux) components: Ė = Ėkin + Ėmag. A
related quantity, determined from Ṁ and Ėmag, is the wind
magnetization1

σ0 ≡
φ2Ω2

Ṁc3
, (2)

where Ω is the NS rotation rate, φ ≡ Brr
2 is the magnetic

flux threading the open magnetosphere divided by 4π stera-
dians (Michel 1969), and Br ∼ the poloidal field strength. As

1 Note that this definition may differ from that used else-
where in the literature. In particular, what we define as σ0

is sometimes referred to as the ‘baryon loading’ parameter
(e.g. Drenkhahn & Spruit 2002).

shown in Appendix A, φ is directly related to the Poynting
flux Ėmag (eq. [A3]). The magnetization is important be-
cause it delineates non-relativistic (σ0 ∼< 1) from relativistic
(σ0 ∼> 1) outflows and affects the asymptotic partition be-
tween kinetic and magnetic energy in the wind. In particu-
lar, in relativistic outflows most of the wind power resides
in Poynting flux (Ėmag # Ėkin) at the fast magnetosonic
surface. The value of σ0 in this case crucially affects the ef-
ficiency with which the jet may accelerate and dissipate its
energy (§4.1) and is approximately equal to the outflow’s
maximum achievable Lorentz factor Γmax ≈ Ė/Ṁc2 % σ0.

In Appendix A we describe in detail how Ė, Ṁ , and
σ0 are determined in magnetized proto-NS winds. To briefly
summarize, mass loss during the first t ∼ 30−100 seconds is
caused by neutrino heating in the proto-NS atmosphere. As
a result, Ṁ ∝ L5/3

ν ε10/3ν depends sensitively on the neutrino
luminosity Lν and the mean neutrino energy εν during the
Kelvin-Helmholtz cooling phase (eq. [A8]). In most cases we
take Lν(t) and εν(t) from the proto-NS cooling calculations
of Pons et al. (1999) (see Fig. A1), but modified by a ‘stretch
factor’ ηs (defined in eq. [A11]) that qualitatively accounts
for the effects of rotation on the cooling evolution.

We assume that mass loss from the proto-NS occurs
only from portions of the surface threaded by the open mag-

Friday, March 16, 12
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Figure 2. Wind power Ė (right axis) and magnetization σ0 (left axis; eq. [2]) of the proto-magnetar wind as a function of time since
core bounce, calculated for a neutron star with mass Mns = 1.4M!, initial spin period P0 = 1.5 ms, surface dipole field strength
Bdip = 2× 1015 G, and magnetic obliquity χ = π/2. Stages denoted I.−V. are described in detail in §3.

but includes additional details not addressed in previous
work. Our results are presented in §2.2.

2.1 Evolutionary Wind Model

2.1.1 Model Description

The two most important properties of the proto-magnetar
wind are the mass loss rate Ṁ and the energy loss rate,
or wind power, Ė. The wind power contains kinetic and
magnetic (Poynting flux) components: Ė = Ėkin + Ėmag. A
related quantity, determined from Ṁ and Ėmag, is the wind
magnetization1

σ0 ≡
φ2Ω2

Ṁc3
, (2)

where Ω is the NS rotation rate, φ ≡ Brr
2 is the magnetic

flux threading the open magnetosphere divided by 4π stera-
dians (Michel 1969), and Br ∼ the poloidal field strength. As

1 Note that this definition may differ from that used else-
where in the literature. In particular, what we define as σ0

is sometimes referred to as the ‘baryon loading’ parameter
(e.g. Drenkhahn & Spruit 2002).

shown in Appendix A, φ is directly related to the Poynting
flux Ėmag (eq. [A3]). The magnetization is important be-
cause it delineates non-relativistic (σ0 ∼< 1) from relativistic
(σ0 ∼> 1) outflows and affects the asymptotic partition be-
tween kinetic and magnetic energy in the wind. In particu-
lar, in relativistic outflows most of the wind power resides
in Poynting flux (Ėmag # Ėkin) at the fast magnetosonic
surface. The value of σ0 in this case crucially affects the ef-
ficiency with which the jet may accelerate and dissipate its
energy (§4.1) and is approximately equal to the outflow’s
maximum achievable Lorentz factor Γmax ≈ Ė/Ṁc2 % σ0.

In Appendix A we describe in detail how Ė, Ṁ , and
σ0 are determined in magnetized proto-NS winds. To briefly
summarize, mass loss during the first t ∼ 30−100 seconds is
caused by neutrino heating in the proto-NS atmosphere. As
a result, Ṁ ∝ L5/3

ν ε10/3ν depends sensitively on the neutrino
luminosity Lν and the mean neutrino energy εν during the
Kelvin-Helmholtz cooling phase (eq. [A8]). In most cases we
take Lν(t) and εν(t) from the proto-NS cooling calculations
of Pons et al. (1999) (see Fig. A1), but modified by a ‘stretch
factor’ ηs (defined in eq. [A11]) that qualitatively accounts
for the effects of rotation on the cooling evolution.

We assume that mass loss from the proto-NS occurs
only from portions of the surface threaded by the open mag-
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Figure 2. Wind power Ė (right axis) and magnetization σ0 (left axis; eq. [2]) of the proto-magnetar wind as a function of time since
core bounce, calculated for a neutron star with mass Mns = 1.4M!, initial spin period P0 = 1.5 ms, surface dipole field strength
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flux Ėmag (eq. [A3]). The magnetization is important be-
cause it delineates non-relativistic (σ0 ∼< 1) from relativistic
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lar, in relativistic outflows most of the wind power resides
in Poynting flux (Ėmag # Ėkin) at the fast magnetosonic
surface. The value of σ0 in this case crucially affects the ef-
ficiency with which the jet may accelerate and dissipate its
energy (§4.1) and is approximately equal to the outflow’s
maximum achievable Lorentz factor Γmax ≈ Ė/Ṁc2 % σ0.

In Appendix A we describe in detail how Ė, Ṁ , and
σ0 are determined in magnetized proto-NS winds. To briefly
summarize, mass loss during the first t ∼ 30−100 seconds is
caused by neutrino heating in the proto-NS atmosphere. As
a result, Ṁ ∝ L5/3

ν ε10/3ν depends sensitively on the neutrino
luminosity Lν and the mean neutrino energy εν during the
Kelvin-Helmholtz cooling phase (eq. [A8]). In most cases we
take Lν(t) and εν(t) from the proto-NS cooling calculations
of Pons et al. (1999) (see Fig. A1), but modified by a ‘stretch
factor’ ηs (defined in eq. [A11]) that qualitatively accounts
for the effects of rotation on the cooling evolution.
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Figure 2. Wind power Ė (right axis) and magnetization σ0 (left axis; eq. [2]) of the proto-magnetar wind as a function of time since
core bounce, calculated for a neutron star with mass Mns = 1.4M!, initial spin period P0 = 1.5 ms, surface dipole field strength
Bdip = 2× 1015 G, and magnetic obliquity χ = π/2. Stages denoted I.−V. are described in detail in §3.

but includes additional details not addressed in previous
work. Our results are presented in §2.2.
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wind are the mass loss rate Ṁ and the energy loss rate,
or wind power, Ė. The wind power contains kinetic and
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related quantity, determined from Ṁ and Ėmag, is the wind
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flux Ėmag (eq. [A3]). The magnetization is important be-
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lar, in relativistic outflows most of the wind power resides
in Poynting flux (Ėmag # Ėkin) at the fast magnetosonic
surface. The value of σ0 in this case crucially affects the ef-
ficiency with which the jet may accelerate and dissipate its
energy (§4.1) and is approximately equal to the outflow’s
maximum achievable Lorentz factor Γmax ≈ Ė/Ṁc2 % σ0.

In Appendix A we describe in detail how Ė, Ṁ , and
σ0 are determined in magnetized proto-NS winds. To briefly
summarize, mass loss during the first t ∼ 30−100 seconds is
caused by neutrino heating in the proto-NS atmosphere. As
a result, Ṁ ∝ L5/3

ν ε10/3ν depends sensitively on the neutrino
luminosity Lν and the mean neutrino energy εν during the
Kelvin-Helmholtz cooling phase (eq. [A8]). In most cases we
take Lν(t) and εν(t) from the proto-NS cooling calculations
of Pons et al. (1999) (see Fig. A1), but modified by a ‘stretch
factor’ ηs (defined in eq. [A11]) that qualitatively accounts
for the effects of rotation on the cooling evolution.
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Figure 2. Wind power Ė (right axis) and magnetization σ0 (left axis; eq. [2]) of the proto-magnetar wind as a function of time since
core bounce, calculated for a neutron star with mass Mns = 1.4M!, initial spin period P0 = 1.5 ms, surface dipole field strength
Bdip = 2× 1015 G, and magnetic obliquity χ = π/2. Stages denoted I.−V. are described in detail in §3.

but includes additional details not addressed in previous
work. Our results are presented in §2.2.

2.1 Evolutionary Wind Model

2.1.1 Model Description

The two most important properties of the proto-magnetar
wind are the mass loss rate Ṁ and the energy loss rate,
or wind power, Ė. The wind power contains kinetic and
magnetic (Poynting flux) components: Ė = Ėkin + Ėmag. A
related quantity, determined from Ṁ and Ėmag, is the wind
magnetization1

σ0 ≡
φ2Ω2

Ṁc3
, (2)

where Ω is the NS rotation rate, φ ≡ Brr
2 is the magnetic

flux threading the open magnetosphere divided by 4π stera-
dians (Michel 1969), and Br ∼ the poloidal field strength. As

1 Note that this definition may differ from that used else-
where in the literature. In particular, what we define as σ0

is sometimes referred to as the ‘baryon loading’ parameter
(e.g. Drenkhahn & Spruit 2002).

shown in Appendix A, φ is directly related to the Poynting
flux Ėmag (eq. [A3]). The magnetization is important be-
cause it delineates non-relativistic (σ0 ∼< 1) from relativistic
(σ0 ∼> 1) outflows and affects the asymptotic partition be-
tween kinetic and magnetic energy in the wind. In particu-
lar, in relativistic outflows most of the wind power resides
in Poynting flux (Ėmag # Ėkin) at the fast magnetosonic
surface. The value of σ0 in this case crucially affects the ef-
ficiency with which the jet may accelerate and dissipate its
energy (§4.1) and is approximately equal to the outflow’s
maximum achievable Lorentz factor Γmax ≈ Ė/Ṁc2 % σ0.

In Appendix A we describe in detail how Ė, Ṁ , and
σ0 are determined in magnetized proto-NS winds. To briefly
summarize, mass loss during the first t ∼ 30−100 seconds is
caused by neutrino heating in the proto-NS atmosphere. As
a result, Ṁ ∝ L5/3

ν ε10/3ν depends sensitively on the neutrino
luminosity Lν and the mean neutrino energy εν during the
Kelvin-Helmholtz cooling phase (eq. [A8]). In most cases we
take Lν(t) and εν(t) from the proto-NS cooling calculations
of Pons et al. (1999) (see Fig. A1), but modified by a ‘stretch
factor’ ηs (defined in eq. [A11]) that qualitatively accounts
for the effects of rotation on the cooling evolution.

We assume that mass loss from the proto-NS occurs
only from portions of the surface threaded by the open mag-
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Figure 2. Wind power Ė (right axis) and magnetization σ0 (left axis; eq. [2]) of the proto-magnetar wind as a function of time since
core bounce, calculated for a neutron star with mass Mns = 1.4M!, initial spin period P0 = 1.5 ms, surface dipole field strength
Bdip = 2× 1015 G, and magnetic obliquity χ = π/2. Stages denoted I.−V. are described in detail in §3.

but includes additional details not addressed in previous
work. Our results are presented in §2.2.

2.1 Evolutionary Wind Model

2.1.1 Model Description

The two most important properties of the proto-magnetar
wind are the mass loss rate Ṁ and the energy loss rate,
or wind power, Ė. The wind power contains kinetic and
magnetic (Poynting flux) components: Ė = Ėkin + Ėmag. A
related quantity, determined from Ṁ and Ėmag, is the wind
magnetization1

σ0 ≡
φ2Ω2

Ṁc3
, (2)

where Ω is the NS rotation rate, φ ≡ Brr
2 is the magnetic

flux threading the open magnetosphere divided by 4π stera-
dians (Michel 1969), and Br ∼ the poloidal field strength. As

1 Note that this definition may differ from that used else-
where in the literature. In particular, what we define as σ0

is sometimes referred to as the ‘baryon loading’ parameter
(e.g. Drenkhahn & Spruit 2002).

shown in Appendix A, φ is directly related to the Poynting
flux Ėmag (eq. [A3]). The magnetization is important be-
cause it delineates non-relativistic (σ0 ∼< 1) from relativistic
(σ0 ∼> 1) outflows and affects the asymptotic partition be-
tween kinetic and magnetic energy in the wind. In particu-
lar, in relativistic outflows most of the wind power resides
in Poynting flux (Ėmag # Ėkin) at the fast magnetosonic
surface. The value of σ0 in this case crucially affects the ef-
ficiency with which the jet may accelerate and dissipate its
energy (§4.1) and is approximately equal to the outflow’s
maximum achievable Lorentz factor Γmax ≈ Ė/Ṁc2 % σ0.

In Appendix A we describe in detail how Ė, Ṁ , and
σ0 are determined in magnetized proto-NS winds. To briefly
summarize, mass loss during the first t ∼ 30−100 seconds is
caused by neutrino heating in the proto-NS atmosphere. As
a result, Ṁ ∝ L5/3

ν ε10/3ν depends sensitively on the neutrino
luminosity Lν and the mean neutrino energy εν during the
Kelvin-Helmholtz cooling phase (eq. [A8]). In most cases we
take Lν(t) and εν(t) from the proto-NS cooling calculations
of Pons et al. (1999) (see Fig. A1), but modified by a ‘stretch
factor’ ηs (defined in eq. [A11]) that qualitatively accounts
for the effects of rotation on the cooling evolution.

We assume that mass loss from the proto-NS occurs
only from portions of the surface threaded by the open mag-
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Figure 2. Wind power Ė (right axis) and magnetization σ0 (left axis; eq. [2]) of the proto-magnetar wind as a function of time since
core bounce, calculated for a neutron star with mass Mns = 1.4M!, initial spin period P0 = 1.5 ms, surface dipole field strength
Bdip = 2× 1015 G, and magnetic obliquity χ = π/2. Stages denoted I.−V. are described in detail in §3.

but includes additional details not addressed in previous
work. Our results are presented in §2.2.

2.1 Evolutionary Wind Model

2.1.1 Model Description

The two most important properties of the proto-magnetar
wind are the mass loss rate Ṁ and the energy loss rate,
or wind power, Ė. The wind power contains kinetic and
magnetic (Poynting flux) components: Ė = Ėkin + Ėmag. A
related quantity, determined from Ṁ and Ėmag, is the wind
magnetization1

σ0 ≡
φ2Ω2

Ṁc3
, (2)

where Ω is the NS rotation rate, φ ≡ Brr
2 is the magnetic

flux threading the open magnetosphere divided by 4π stera-
dians (Michel 1969), and Br ∼ the poloidal field strength. As

1 Note that this definition may differ from that used else-
where in the literature. In particular, what we define as σ0

is sometimes referred to as the ‘baryon loading’ parameter
(e.g. Drenkhahn & Spruit 2002).

shown in Appendix A, φ is directly related to the Poynting
flux Ėmag (eq. [A3]). The magnetization is important be-
cause it delineates non-relativistic (σ0 ∼< 1) from relativistic
(σ0 ∼> 1) outflows and affects the asymptotic partition be-
tween kinetic and magnetic energy in the wind. In particu-
lar, in relativistic outflows most of the wind power resides
in Poynting flux (Ėmag # Ėkin) at the fast magnetosonic
surface. The value of σ0 in this case crucially affects the ef-
ficiency with which the jet may accelerate and dissipate its
energy (§4.1) and is approximately equal to the outflow’s
maximum achievable Lorentz factor Γmax ≈ Ė/Ṁc2 % σ0.

In Appendix A we describe in detail how Ė, Ṁ , and
σ0 are determined in magnetized proto-NS winds. To briefly
summarize, mass loss during the first t ∼ 30−100 seconds is
caused by neutrino heating in the proto-NS atmosphere. As
a result, Ṁ ∝ L5/3

ν ε10/3ν depends sensitively on the neutrino
luminosity Lν and the mean neutrino energy εν during the
Kelvin-Helmholtz cooling phase (eq. [A8]). In most cases we
take Lν(t) and εν(t) from the proto-NS cooling calculations
of Pons et al. (1999) (see Fig. A1), but modified by a ‘stretch
factor’ ηs (defined in eq. [A11]) that qualitatively accounts
for the effects of rotation on the cooling evolution.

We assume that mass loss from the proto-NS occurs
only from portions of the surface threaded by the open mag-
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Figure 2. Wind power Ė (right axis) and magnetization σ0 (left axis; eq. [2]) of the proto-magnetar wind as a function of time since
core bounce, calculated for a neutron star with mass Mns = 1.4M!, initial spin period P0 = 1.5 ms, surface dipole field strength
Bdip = 2× 1015 G, and magnetic obliquity χ = π/2. Stages denoted I.−V. are described in detail in §3.
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work. Our results are presented in §2.2.
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wind are the mass loss rate Ṁ and the energy loss rate,
or wind power, Ė. The wind power contains kinetic and
magnetic (Poynting flux) components: Ė = Ėkin + Ėmag. A
related quantity, determined from Ṁ and Ėmag, is the wind
magnetization1

σ0 ≡
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Ṁc3
, (2)

where Ω is the NS rotation rate, φ ≡ Brr
2 is the magnetic

flux threading the open magnetosphere divided by 4π stera-
dians (Michel 1969), and Br ∼ the poloidal field strength. As
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where in the literature. In particular, what we define as σ0

is sometimes referred to as the ‘baryon loading’ parameter
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shown in Appendix A, φ is directly related to the Poynting
flux Ėmag (eq. [A3]). The magnetization is important be-
cause it delineates non-relativistic (σ0 ∼< 1) from relativistic
(σ0 ∼> 1) outflows and affects the asymptotic partition be-
tween kinetic and magnetic energy in the wind. In particu-
lar, in relativistic outflows most of the wind power resides
in Poynting flux (Ėmag # Ėkin) at the fast magnetosonic
surface. The value of σ0 in this case crucially affects the ef-
ficiency with which the jet may accelerate and dissipate its
energy (§4.1) and is approximately equal to the outflow’s
maximum achievable Lorentz factor Γmax ≈ Ė/Ṁc2 % σ0.

In Appendix A we describe in detail how Ė, Ṁ , and
σ0 are determined in magnetized proto-NS winds. To briefly
summarize, mass loss during the first t ∼ 30−100 seconds is
caused by neutrino heating in the proto-NS atmosphere. As
a result, Ṁ ∝ L5/3

ν ε10/3ν depends sensitively on the neutrino
luminosity Lν and the mean neutrino energy εν during the
Kelvin-Helmholtz cooling phase (eq. [A8]). In most cases we
take Lν(t) and εν(t) from the proto-NS cooling calculations
of Pons et al. (1999) (see Fig. A1), but modified by a ‘stretch
factor’ ηs (defined in eq. [A11]) that qualitatively accounts
for the effects of rotation on the cooling evolution.

We assume that mass loss from the proto-NS occurs
only from portions of the surface threaded by the open mag-
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Fig. 8.— Early optical and X-ray afterglow of GRB090926A.
After an initial decline in the U and V filters, the afterglow experi-
ences a prominent rebrightening in all filters, peaking at t ≈ 1 day.
Such behavior is difficult to reconcile with standard afterglow the-
ory, and may suggest a late-time (t " ∆tGRB) injection of energy
from the central engine (Rees & Meszaros 1998).

13 hours after the GBM trigger). A fading X-ray coun-
terpart at α = 23h33m36.s18, δ = −66◦19′25.′′9 (J2000.0,
1.′′5 containment radius) was promptly identified in the
XRT data (Vetere et al. 2009; Vetere 2009). The XRT
observed GRB090926A for the next 3 weeks, and we plot
the X-ray light curve in Figures 8 and 9.
Under the control of Skynet, four of the 16 inch diame-

ter PROMPT telescopes (Reichart et al. 2005) at Cerro
Telolo Inter-American Observatory (CTIO) observed the
Fermi-LAT localization of GRB090926A beginning 19.0
hours after the GBM trigger in the B-, V -, R-, and I-
band filters. Within the Swift-XRT localization, we iden-
tified an uncatalogued and fading source as the optical
afterglow of GRB090926A (Haislip et al. 2009b,a). In-
dividual images were automatically reduced using our
custom, IRAF-based reduction pipeline and then astro-
metrically aligned and stacked. We subsequently mea-
sured the afterglow flux with aperture photometry, where
the inclusion radius was approximately matched to the
FWHM of the PSF. PROMPT continued to observe the
field for ten more nights (Haislip et al. 2009e,c,d).
We also obtained 3 epochs of I- and J-band imaging

of the afterglow of GRB090926A using the ANDICAM
(A Novel Dual Imaging CAMera) instrument mounted
on the 1.3m telescope at CTIO25. This telescope is op-
erated as part of the Small and Moderate Aperture Re-
search Telescope System (SMARTS) consortium26. Each
epoch consisted of 6 individual 360 s I-band observations
and 30 individual 60 s J-band observations. Between op-
tical exposures, the telescope was slightly offset and the
individual J-band exposures were additionally dithered
via an internal tilting mirror system. Standard data re-
duction was performed on these images, including cosmic
ray rejection, overscan bias subtraction, zero subtraction,
flat fielding and sky subtraction to correct for the NIR

25 http://www.astronomy.ohio-state.edu/ANDICAM.
26 http://www.astro.yale.edu/smarts.
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Fig. 9.— Late-time afterglow and model of GRB090926A. Both
the X-ray and optical (g′r′i′) bandpasses exhibit a steepening de-
cline at t ≈ 10 days, strongly indicative of a jet break.

background and the I-band fringing. For each epoch, the
individual images were then aligned and averaged to pro-
duce a single frame in each band with summed exposure
times of 36 minutes in I and 30 minutes in J .
Relative aperture photometry was performed on the

SMARTS data, in comparison with a number of nonva-
riable sources in the field of GRB090926A. The I-band
field was photometrically calibrated by comparison (on
photometric nights) with Landolt standard stars in the
field of T Phe (Landolt 1992). J-band photometric cal-
ibration was performed using 2MASS (Skrutskie et al.
2006) field stars.
SMARTS BV RI observations of the field of

GRB090926A were also obtained on two photo-
metric nights a few months after the GRB occurred (16
and 18 December 2009). For these observations, total
summed exposure times amounted to 180 s in BRI and
120 s in V . The absolute photometry of the field was
again established based on same-night observations of
the T Phe Landolt standard stars. These observations
were then used to provide absolute calibration for the
PROMPT observations of GRB090926A.
We obtained additional late-time imaging of the field

of GRB090926A on 19 October 2009 with GMOS-S on
Gemini South. A total of 600 s of exposure time was
obtained in the Sloan g′-, r′-, and i′-band filters. The
data were reduced in the manner described in § 2.1.2,
and calibrated in the same way as the PROMPT and
SMARTS observations.
The results of our optical and NIR monitoring cam-

paign of the afterglow of GRB090926A, uncorrected for
the modest amount of Galactic extinction [E(B − V ) =
0.024mag; Schlegel et al. 1998], are shown in Table 12
and Figures 8 and 9.
Finally, the field of GRB090926A was observed in the

radio (5.5GHz) on 1 October 2009 with the Australia
Telescope Compact Array (ATCA). No source was de-
tected at the afterglow location to a 2σ limit of fν <
1.5mJy (Moin et al. 2009).

GRB 090926a Cenko et al 2010
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Such behavior is difficult to reconcile with standard afterglow the-
ory, and may suggest a late-time (t " ∆tGRB) injection of energy
from the central engine (Rees & Meszaros 1998).

13 hours after the GBM trigger). A fading X-ray coun-
terpart at α = 23h33m36.s18, δ = −66◦19′25.′′9 (J2000.0,
1.′′5 containment radius) was promptly identified in the
XRT data (Vetere et al. 2009; Vetere 2009). The XRT
observed GRB090926A for the next 3 weeks, and we plot
the X-ray light curve in Figures 8 and 9.
Under the control of Skynet, four of the 16 inch diame-

ter PROMPT telescopes (Reichart et al. 2005) at Cerro
Telolo Inter-American Observatory (CTIO) observed the
Fermi-LAT localization of GRB090926A beginning 19.0
hours after the GBM trigger in the B-, V -, R-, and I-
band filters. Within the Swift-XRT localization, we iden-
tified an uncatalogued and fading source as the optical
afterglow of GRB090926A (Haislip et al. 2009b,a). In-
dividual images were automatically reduced using our
custom, IRAF-based reduction pipeline and then astro-
metrically aligned and stacked. We subsequently mea-
sured the afterglow flux with aperture photometry, where
the inclusion radius was approximately matched to the
FWHM of the PSF. PROMPT continued to observe the
field for ten more nights (Haislip et al. 2009e,c,d).
We also obtained 3 epochs of I- and J-band imaging

of the afterglow of GRB090926A using the ANDICAM
(A Novel Dual Imaging CAMera) instrument mounted
on the 1.3m telescope at CTIO25. This telescope is op-
erated as part of the Small and Moderate Aperture Re-
search Telescope System (SMARTS) consortium26. Each
epoch consisted of 6 individual 360 s I-band observations
and 30 individual 60 s J-band observations. Between op-
tical exposures, the telescope was slightly offset and the
individual J-band exposures were additionally dithered
via an internal tilting mirror system. Standard data re-
duction was performed on these images, including cosmic
ray rejection, overscan bias subtraction, zero subtraction,
flat fielding and sky subtraction to correct for the NIR
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the X-ray and optical (g′r′i′) bandpasses exhibit a steepening de-
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background and the I-band fringing. For each epoch, the
individual images were then aligned and averaged to pro-
duce a single frame in each band with summed exposure
times of 36 minutes in I and 30 minutes in J .
Relative aperture photometry was performed on the

SMARTS data, in comparison with a number of nonva-
riable sources in the field of GRB090926A. The I-band
field was photometrically calibrated by comparison (on
photometric nights) with Landolt standard stars in the
field of T Phe (Landolt 1992). J-band photometric cal-
ibration was performed using 2MASS (Skrutskie et al.
2006) field stars.
SMARTS BV RI observations of the field of

GRB090926A were also obtained on two photo-
metric nights a few months after the GRB occurred (16
and 18 December 2009). For these observations, total
summed exposure times amounted to 180 s in BRI and
120 s in V . The absolute photometry of the field was
again established based on same-night observations of
the T Phe Landolt standard stars. These observations
were then used to provide absolute calibration for the
PROMPT observations of GRB090926A.
We obtained additional late-time imaging of the field

of GRB090926A on 19 October 2009 with GMOS-S on
Gemini South. A total of 600 s of exposure time was
obtained in the Sloan g′-, r′-, and i′-band filters. The
data were reduced in the manner described in § 2.1.2,
and calibrated in the same way as the PROMPT and
SMARTS observations.
The results of our optical and NIR monitoring cam-

paign of the afterglow of GRB090926A, uncorrected for
the modest amount of Galactic extinction [E(B − V ) =
0.024mag; Schlegel et al. 1998], are shown in Table 12
and Figures 8 and 9.
Finally, the field of GRB090926A was observed in the

radio (5.5GHz) on 1 October 2009 with the Australia
Telescope Compact Array (ATCA). No source was de-
tected at the afterglow location to a 2σ limit of fν <
1.5mJy (Moin et al. 2009).
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Figure 18. Scatter plot of the wind power at the beginning of the plateau-like, high-σ0 phase Ėplateau ≡ Ė|tend as a function of the
spin-down timescale τs|tend . Each point represents a model calculated within the range of initial spin periods 1 ms ! P0 ! 5 ms and
surface dipole fields 3 × 1014 ! Bdip ! 3 × 1016 G; results are shown for both magnetic obliquities χ = 0 and χ = π/2. We also show
for comparison the luminosities and end times tend,X of the sample of plateaus from Lyons et al. (2010), which show a steep decline in
flux at times t ∼> tend,X. Triangles and diamonds show the luminosities calculated assuming that the ratio between (observed) isotropic
X-ray luminosity and wind power is equal to, or is a factor of 10 larger than, respectively, the gamma-ray beaming fraction (eq. [6]).

from L10 LX = LX,isoη
−1
X corrected by a factor ηX = fb,Xε

−1
r,X

that accounts for both the X-ray beaming fraction fb,X and
the efficiency that spin-down power is converted into X-ray
luminosity εr,X. We show two cases, in which ηX equals, or
is a factor ! 10 times larger than, the gamma-ray beaming
fraction fb (which we estimate using equation (6) and the
measured isotropic GRB energies). Note that because tend,X
is a lower limit on τs, figure 18 shows that all of the plateaus
measured by L10 are consistent with being powered by mag-
netar spin-down for ηX ∼< 10fb. If tend is instead interpreted

as the spin-down time itself,10 our results indicate that ei-
ther (1) the jet opening angle during the plateau phase is a
few times larger than during the GRB itself, i.e. fb,X # fb
and/or (2) the fraction of the spin-down power escaping
through the jet and radiated in X-rays is $ 1. Although

10 As would be the case if spin-down triggers an abrupt end to
the emission due to e.g. the delayed formation of a black hole from
a rotationally-supported hyper-massive NS (e.g. Baumgarte et al.
2000).

it is natural to expect that the radiative efficiency may be
low when σ0 is very large at late times, too low of an effi-
ciency may be inconsistent with afterglow energetics. It is
also possible that a fraction of the late-time spin-down en-
ergy is instead transferred to the supernova shock, although
numerical simulations of the interaction of the wind with
the star suggest this need not be the case during the GRB
itself (Bucciantini et al. 2009).

Late-time magnetar activity could also produce X-
ray flaring. Margutti et al. (2010) find that the average
flare luminosity decreases as Lflare ∝ t−α where α =
2.7 (cf. Lazzati et al. 2008, Margutti et al. 2010). Although
standard force-free spin-down predicts α = 2 at times # τs,
steeper decays are inferred from the measured braking in-
dices n of some pulsars (e.g. α = 4/(n − 1) ! 2.42 for
PSR J1846-0258 with n = 2.65; Livingstone et al. 2007).
If prompt emission is indeed suppressed at late times by the
high magnetization of the jet, periodic enhancements in the
jet’s mass-loading could temporarily ‘revive’ prompt-like in-
ternal emission, resulting in flaring. Temporarily enhanced
mass loss could result, for instance, from currents driven by

Observed plateau energies are compatible 
with late spin-down injection from the 

magnetar.
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Fig. 10.— Two-dimensional relativistic energy release (Erel ≈ Eγ + EKE) from GRBs. Cosmologically distant (z ! 0.5) events from
the pre-Swift era are shown in red. The logarithmic mean for these events, 〈Erel〉 = 2 × 1051 erg, is indicated by the solid black line.
Shaded regions correspond to 1σ, 2σ, and 3σ errors on this mean value. The three most nearby events (GRBs 980425, 031203, and
060218) are plotted in green and are underluminous by several orders of magnitude. The four LAT events from this work are plotted
in blue; all but GRB090328 fall at the high end of the pre-Swift distribution (note that we have not plotted horizontal errors bars for
GRB090926A due to the large uncertainty in EKE). Instead, they are more consistent with some of the brightest events from the Swift
era (black squares). The total relativistic energy release from GRB090926A appears to exceed 1052 erg. Such hyper-energetic events pose
a severe challenge to the magnetar models, where the total energy release cannot exceed 3 × 1052 erg (dashed black line). References —
Panaitescu & Kumar (2002): GRBs 990123, 990510, 991208, 991216, 000301C, 010222; Yost et al. (2003): GRBs 970508, 980703, 000926;
Berger et al. (2004): GRBs 970508, 980703; Chevalier et al. (2004): GRB020405; Berger et al. (2001): GRB000418; Li & Chevalier (1999):
GRB980425; Soderberg et al. (2004): GRB031203; Soderberg et al. (2006): GRB060218; Frail et al. (2006): GRB050904; Chandra et al.
(2008): GRB070125; Cenko et al. (2010): GRBs 050820A, 060418, 080319B.

dominated jets can be accelerated to extreme Lorentz
factors over relatively large angles. However, it is unclear
how such outflows can convert sufficient electromagnetic
energy to accelerate electrons and produce the observed
prompt gamma-ray emission. Other particle-acceleration
mechanisms besides MHD shocks may be required in this
case (e.g., Beloborodov 2009). Alternatively, the gamma-
ray emission may be patchy (e.g., Kumar & Piran 2000)
or the jet may be structured (see, e.g., Granot 2007 and
references therein), so that we are measuring only the
extrema of Γ0 and not the true bulk of the relativistic
flow carrying most of the energy.

4.3. Comparison with Other Work

In this section, we attempt to place this work in con-
text, both by comparing our results with those of other
authors who have studied these same events, and by high-
lighting additional differences between our LAT sample
and GRBs detected by satellites at lower energies.
McBreen et al. (2010) present optical and NIR obser-

vations of three events from this work (GRBs 090323,
090328, and 090902B), taken primarily with the GROND
instrument (Greiner et al. 2008). In the case of
GRB090323, these authors find an optical spectral in-

dex of αO = 1.90 ± 0.01, consistent with the value de-
rived here, and our measurements of the host-galaxy flux
agree nicely. We derive a slightly steeper optical spectral
index, but our results are consistent at the 2.5σ level.
Most importantly, McBreen et al. (2010) infer from the
steep optical decay that a jet break occurred before the
first optical observations began (tj " 1 day), resulting
in a narrow beaming angle (θ " 2◦) and a correspond-
ingly small collimation-corrected prompt energy release
[Eγ " 3(1) × 1051 erg for a constant-density (wind-like)
circumburst medium]. We consider this possibility un-
likely, however, as it is difficult to explain both the flat
radio light curve and the more slowly fading X-ray after-
glow (αX ≈ 1.5) through post jet-break evolution (see
also § 4.4).
Our results also differ from those of McBreen et al.

(2010) regarding the jet break time of GRB090328.
These authors argue that the steep optical decay index
(αo ≈ 2.3) derived at early times requires a jet break be-
fore the commencement of observations (tj " 1.5 days).
The data presented in our work are not sufficient to
uniquely determine the optical temporal decay index
(particularly given the possible contribution from an un-
derlying host galaxy). However, it is again difficult to
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What are the biases?
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Fig. 10.— Two-dimensional relativistic energy release (Erel ≈ Eγ + EKE) from GRBs. Cosmologically distant (z ! 0.5) events from
the pre-Swift era are shown in red. The logarithmic mean for these events, 〈Erel〉 = 2 × 1051 erg, is indicated by the solid black line.
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Panaitescu & Kumar (2002): GRBs 990123, 990510, 991208, 991216, 000301C, 010222; Yost et al. (2003): GRBs 970508, 980703, 000926;
Berger et al. (2004): GRBs 970508, 980703; Chevalier et al. (2004): GRB020405; Berger et al. (2001): GRB000418; Li & Chevalier (1999):
GRB980425; Soderberg et al. (2004): GRB031203; Soderberg et al. (2006): GRB060218; Frail et al. (2006): GRB050904; Chandra et al.
(2008): GRB070125; Cenko et al. (2010): GRBs 050820A, 060418, 080319B.
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how such outflows can convert sufficient electromagnetic
energy to accelerate electrons and produce the observed
prompt gamma-ray emission. Other particle-acceleration
mechanisms besides MHD shocks may be required in this
case (e.g., Beloborodov 2009). Alternatively, the gamma-
ray emission may be patchy (e.g., Kumar & Piran 2000)
or the jet may be structured (see, e.g., Granot 2007 and
references therein), so that we are measuring only the
extrema of Γ0 and not the true bulk of the relativistic
flow carrying most of the energy.
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In this section, we attempt to place this work in con-
text, both by comparing our results with those of other
authors who have studied these same events, and by high-
lighting additional differences between our LAT sample
and GRBs detected by satellites at lower energies.
McBreen et al. (2010) present optical and NIR obser-

vations of three events from this work (GRBs 090323,
090328, and 090902B), taken primarily with the GROND
instrument (Greiner et al. 2008). In the case of
GRB090323, these authors find an optical spectral in-

dex of αO = 1.90 ± 0.01, consistent with the value de-
rived here, and our measurements of the host-galaxy flux
agree nicely. We derive a slightly steeper optical spectral
index, but our results are consistent at the 2.5σ level.
Most importantly, McBreen et al. (2010) infer from the
steep optical decay that a jet break occurred before the
first optical observations began (tj " 1 day), resulting
in a narrow beaming angle (θ " 2◦) and a correspond-
ingly small collimation-corrected prompt energy release
[Eγ " 3(1) × 1051 erg for a constant-density (wind-like)
circumburst medium]. We consider this possibility un-
likely, however, as it is difficult to explain both the flat
radio light curve and the more slowly fading X-ray after-
glow (αX ≈ 1.5) through post jet-break evolution (see
also § 4.4).
Our results also differ from those of McBreen et al.

(2010) regarding the jet break time of GRB090328.
These authors argue that the steep optical decay index
(αo ≈ 2.3) derived at early times requires a jet break be-
fore the commencement of observations (tj " 1.5 days).
The data presented in our work are not sufficient to
uniquely determine the optical temporal decay index
(particularly given the possible contribution from an un-
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2 D. Gruber et al.: Fermi/GBM observations of the ultra-long GRB 091024:

the LAT energy range during any of the time intervals in which
the burst was in the LAT field of view (Bouvier et al. 2009).

Not many GRBs have been observed in the optical band
while the prompt gamma-ray emission was still active (the
best example being GRB 990123 and GRB 080319B, see e.g.
Akerlof et al. 1999; Racusin et al. 2008). For GRB 091024 opti-
cal data were acquired soon after the first trigger, and through-
out its active phase. Henden et al. (2009) obtained photometry
using the Sonoita Research Observatory (SRO) starting 540 s
after the trigger. Ten Rc-band, nine V-band, and one Ic-band
exposures were acquired. The 2m - Faulkes Telescope North
started observing the field of GRB 091024 207 s after the trig-
ger (Cano et al. 2009). The 0.6m Super LOTIS telescope started
observing 58 s after the BAT trigger (Updike et al. 2009).

Optical spectra of the afterglow were obtained with the Low
Resolution Imaging Spectrometer mounted on the 10-m Keck
I telescope and the GMOS-N spectrograph at Gemini North, re-
vealing a redshift of z = 1.09 (Cenko et al. 2009; Cucchiara et al.
2009)

This paper is organized as follows. In Sect. 2 we describe
the GBM observation and data reduction together with the spec-
tral and spectral lag analysis of the three well-defined emission
episodes. In Sect. 3 we describe the behavior of the optical af-
terglow data compared to the prompt gamma-ray emission. In
Sect. 4 we estimate a lower limit on the initial Lorentz factor us-
ing the variability time scale of the prompt emission. We discuss
the position of GRB 091024 in the Yonetoku- and Amati rela-
tions in Sect. 5. Finally, in Sect. 6 we summarize our findings
and conclusions.

Throughout this paper we use a flat cosmology with Ωm =
0.32, ΩΛ = 0.68 and H0 = 72kms−1Mpc−1 (Bennett et al. 2003;
Spergel et al. 2003).

2. GBM data analysis

Using all 12 NaI detectors, we created the background subtracted
light curve shown in Fig. 1. It shows three distinct emission pe-
riods, separated by two periods of quiescence. The first emission
episode consists of at least two FRED (Fast Rise, Exponential
Decay) like pulses (hereafter episode I). The time in which 90%
of the fluence is observed is T90,I = 72.6 ± 1.8 s. Another emis-
sion episode starts 630 s after t0. This emission period, which
actually triggered GBM a second time, consists of an initial
pulse (T90,II = 44.5±5.4 s, hereafter episode II). A multi-peaked
episode starts 200 s later (corresponding to 840 s after t0) and
continues for 350 s with T90,III = 150 ± 10 s (hereafter episode
III).

Due to the highly variable background caused by Fermi’s
“rocking angle” observing mode, it is impossible to detect an
excess in count rate during the two epochs between episode I and
II and between II and III in the GBM data. We conclude that the
GRB signal during these intervals, if any, is below background
level. Thus, we define these two epochs as phases of quiescence.

With its very long duration of T90 ≈ 1020 s, GRB 091024
is the longest burst detected by Fermi/GBM and also one of the
longest bursts ever seen (see Table 1). Among the longest events,
only GRB 020410 and GRB 970315D show a multi-peaked be-
havior whereas the others have a long lasting FRED-like pulse.

2.1. Spectral analysis

Photons are detected up to ∼ 500 keV during all three emission
episodes. For the spectral analysis we determined which of the
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Fig. 1. Background corrected light curve of GRB091024 in the
energy range 8 - 1000 keV. The vertical dash-dotted lines show
the times of the two triggers and the dashed line the beginning
of the ARR.

GBM detectors had source angles ε ≤ 60◦ for the whole duration
of the three distinct emission periods and, at the same time, were
not occulted either by the spacecraft or by the solar panels. Only
data from detectors fulfilling these criteria (see Table 2) were
used for the analyses. Even though both BGO detectors show
little signal throughout the duration of the burst, they were in-
cluded nonetheless for the spectral analysis to get an upper limit
at high energies.

For the purposes of our spectral analysis we used CSPEC
data (Meegan et al. 2009), from 8 keV to 40 MeV, with a tem-
poral resolution of 1.024 s. For each emission episode we fitted
low-order polynomials to a user defined background interval be-
fore and after the prompt emission for every energy channel and
interpolated this fit across the source interval. The spectral anal-
ysis was performed with the software package RMFIT (version
3.3rc8) and the GBM Response Matrices v1.8.

Three model fits were applied, a single power-law (PL),
a power-law function with an exponential high-energy cutoff
(COMP) and the Band function (Band et al. 1993). The best
model fit is the function which provides the lowest Castor C-
stat1 value (Cash 1979). The profile of the Cash statistics was
used to estimate the 1σ asymmetric error.

Emission episodes I and II.

Detectors NaI 7 (53◦), NaI 8 (8◦) and NaI 11 (55◦) had an un-
obstructed view of episode I. Although the GRB illuminated the
spacecraft from the side, thus illuminating the BGOs through
the photomultipliers, we included BGO 1 for the spectral anal-
ysis since the detector response matrix (DRM) accounts for this
effect. The spectral fit was performed over the T90,I interval,
i.e. from -3.8 s to 67.8 s. The COMP model, with Epeak =
412+69

−53 keV and energy index −0.92 ± 0.07 provides the best fit
to the data.

Episode II shows a single emission period. Different detec-
tors, i.e. NaI 6 (27◦), NaI 7 (50◦) and NaI 9 (32◦) and BGO 1,
fulfilled the selection criteria and were used for the spectral anal-

1 http://heasarc.nasa.gov/lheasoft/xanadu/xspec/manual/
XSappendixCash.html

Gruber et al 2010
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FIG. 5.— Normalized distributions of GRB kinetic energies calculated using the Sedov-Taylor solution (black), and for the subset of 3 bursts in Group A
(gray). Also shown for comparison are the distributions of beaming-corrected γ-ray energies (red: hatch = known θ j values; open = θ j lower or upper limits;
Friedman & Bloom 2005) and beaming-corrected kinetic energies from broad-band early afterglow modeling (blue; Panaitescu & Kumar 2002; Berger et al.
2003b; Yost et al. 2003; Soderberg et al. 2004b,a, 2006; Cenko et al. 2010b,a). The median and 90% confidence range for each energy component are marked
by a horizontal bar. Our inferred median energy and 90% confidence range are larger than the median of both Eγ and EK , but this is mainly due to the bursts in
Group B for which the spectral peak is not measured. Future observations with the EVLA will lead to much tighter constraints (see gray histogram) for a larger
sample.
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the bursts in the Lazzati et al. sample must be dimmer than the
average. At least 30 BATSE short bursts with Fp > 10 photons
cm!2 s!1 show no individual evidence of extended emission,
whereas three of our sample have comparable peak fluxes (see
Fig. 3). The initial spike in GRB 931222 is"2 times more intense

than the peak in the extended emission. We conclude that the
dynamic range in the ratio of peak intensities, spike:extended, is
"104.
The range in the ratio of total counts is also large. For our

BATSE sample, the dynamic range of the ratio, spike:extended,

TABLE 3

Extended Emission Compared to Initial Spike

Spike Extended Extended:Spike

GRB Date
Counts Ratio

(S/E)a HR3/2 "HR HR3/2 "HR R-HRb "R-HR

910709.............................. 0.815 1.725 0.052 0.840 0.102 0.487 0.061

920525.............................. 0.500 1.025 0.061 0.748 0.097 0.730 0.104

921022.............................. 0.077 1.333 0.036 0.773 0.012 0.580 0.018
931222.............................. 0.023 1.172 0.097 1.070 0.019 0.913 0.077

951007.............................. 0.461 1.475 0.084 0.421 0.079 0.285 0.056

961225.............................. 0.197 2.001 0.072 1.140 0.043 0.570 0.030

990712.............................. 0.902 2.617 0.033 0.906 0.041 0.346 0.016
000107.............................. 0.397 1.677 0.236 1.298 0.277 0.774 0.198

a Ratio of emission in the spike to the extended emission.
b Ratio of the extended emission hardness ratio to the spike emission hardness ratio.

Fig. 7.—Time profiles for the three bursts of Fig. 2 with the brightest and most fluent extended emission. The vertical axis truncates the initial spike to emphasize
extended emission. Dotted lines indicate intervals (same as in Fig. 2) analyzed for spectral evolution in x 2.2. Error bars to the right of the spikes represent #1 !
fluctuations.
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Short GRBs with EE

16

binned at the native 64 ms resolution of the BATSE DISCSC
data to allow a uniform comparison of the spike interval for all
eight bursts, only four of which have higher time resolution TTE
data. The remainder of each time profile is binned to 1.024 s.
From top down, the bursts are ordered by decreasing peak inten-
sity of the initial spike as determined on the 64ms timescale. The
ordinate minimum in each panel is 100 counts s!1, representing
"1 ! fluctuations above background level. Besides the soli-
tary initial spike, the other salient feature is the extended, low-
level emission, which tends to peak at levels "30–100 times
lower than the initial spike (except for GRB 931222, for which
the peak intensity ratio is just a few). In binning up, some
interesting spiky detail is lost for the bursts with more intense
extended emission. In particular, any evidence for spectral evo-
lution should be examined at the highest possible time reso-
lution. This is addressed in x 2.2 for the extended emission in
the three most fluent and intense bursts (triggers 1997, 2703,
and 5725).We now examine the spectral lag, hardness ratio, and
duration for the spike emission in our sample of Figure 2 and
compare to the distributions of these quantities for short BATSE
bursts.

2.1. Spectral Lag Analysis of Spikes

In NSB01 a cross correlation function (CCF) approach was
used to estimate spectral lags for BATSE short bursts. By fitting
the CCF near its peak with a cubic, the native binning can be
effectively overresolved by a factor of 2–4. The individual TTE
photons were bootstrapped to obtain lag error estimates. We re-
visited the original analysis to ensure that no errant lag determi-
nations were made. That is, infrequently a secondary, noncentral
lobe of the CCF can be selected to be fitted in the automated
process; secondary lobes arise when more than one significant
peak is present. This undesired behavior was eliminated by con-
straining the process to fit the central lobe and then confirming
visually that this occurred correctly for each of 101 bootstrap
realizations for a given burst.
The initial spikes of these eight bursts in Figure 2 are related to

the BATSE short-burst population in a fundamental way, as are
the Swift and HETE-2 short bursts. The vast majority of short
bursts have negligible spectral lags. Figure 3, adapted from
NSB01, depicts peak flux versus lag, the latter measured be-
tween the BATSE energy channels 25–50 and 100–300 keV for

Fig. 2.—Same as Fig. 1, but for time profiles for the eight BATSE spikelike bursts analyzed in this work. Extended emission continues for up to "100 s. The
bursts are arranged top to bottom in order of decreasing intensity of the initial spike emission, which exhibits very little or negligible spectral evolution at BATSE
energies. The tendency is evident for a hiatus to occur directly after the initial spike, followed by the rising extended emission, which is most prominent tens of
seconds later. Vertical dotted lines in three profiles indicate intervals of extended emission analyzed for spectral evolution in x 2.2.

NORRIS & BONNELL268 Vol. 643
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the bursts in the Lazzati et al. sample must be dimmer than the
average. At least 30 BATSE short bursts with Fp > 10 photons
cm!2 s!1 show no individual evidence of extended emission,
whereas three of our sample have comparable peak fluxes (see
Fig. 3). The initial spike in GRB 931222 is"2 times more intense

than the peak in the extended emission. We conclude that the
dynamic range in the ratio of peak intensities, spike:extended, is
"104.
The range in the ratio of total counts is also large. For our

BATSE sample, the dynamic range of the ratio, spike:extended,
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Fig. 7.—Time profiles for the three bursts of Fig. 2 with the brightest and most fluent extended emission. The vertical axis truncates the initial spike to emphasize
extended emission. Dotted lines indicate intervals (same as in Fig. 2) analyzed for spectral evolution in x 2.2. Error bars to the right of the spikes represent #1 !
fluctuations.
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binned at the native 64 ms resolution of the BATSE DISCSC
data to allow a uniform comparison of the spike interval for all
eight bursts, only four of which have higher time resolution TTE
data. The remainder of each time profile is binned to 1.024 s.
From top down, the bursts are ordered by decreasing peak inten-
sity of the initial spike as determined on the 64ms timescale. The
ordinate minimum in each panel is 100 counts s!1, representing
"1 ! fluctuations above background level. Besides the soli-
tary initial spike, the other salient feature is the extended, low-
level emission, which tends to peak at levels "30–100 times
lower than the initial spike (except for GRB 931222, for which
the peak intensity ratio is just a few). In binning up, some
interesting spiky detail is lost for the bursts with more intense
extended emission. In particular, any evidence for spectral evo-
lution should be examined at the highest possible time reso-
lution. This is addressed in x 2.2 for the extended emission in
the three most fluent and intense bursts (triggers 1997, 2703,
and 5725).We now examine the spectral lag, hardness ratio, and
duration for the spike emission in our sample of Figure 2 and
compare to the distributions of these quantities for short BATSE
bursts.

2.1. Spectral Lag Analysis of Spikes

In NSB01 a cross correlation function (CCF) approach was
used to estimate spectral lags for BATSE short bursts. By fitting
the CCF near its peak with a cubic, the native binning can be
effectively overresolved by a factor of 2–4. The individual TTE
photons were bootstrapped to obtain lag error estimates. We re-
visited the original analysis to ensure that no errant lag determi-
nations were made. That is, infrequently a secondary, noncentral
lobe of the CCF can be selected to be fitted in the automated
process; secondary lobes arise when more than one significant
peak is present. This undesired behavior was eliminated by con-
straining the process to fit the central lobe and then confirming
visually that this occurred correctly for each of 101 bootstrap
realizations for a given burst.
The initial spikes of these eight bursts in Figure 2 are related to

the BATSE short-burst population in a fundamental way, as are
the Swift and HETE-2 short bursts. The vast majority of short
bursts have negligible spectral lags. Figure 3, adapted from
NSB01, depicts peak flux versus lag, the latter measured be-
tween the BATSE energy channels 25–50 and 100–300 keV for

Fig. 2.—Same as Fig. 1, but for time profiles for the eight BATSE spikelike bursts analyzed in this work. Extended emission continues for up to "100 s. The
bursts are arranged top to bottom in order of decreasing intensity of the initial spike emission, which exhibits very little or negligible spectral evolution at BATSE
energies. The tendency is evident for a hiatus to occur directly after the initial spike, followed by the rising extended emission, which is most prominent tens of
seconds later. Vertical dotted lines in three profiles indicate intervals of extended emission analyzed for spectral evolution in x 2.2.
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the bursts in the Lazzati et al. sample must be dimmer than the
average. At least 30 BATSE short bursts with Fp > 10 photons
cm!2 s!1 show no individual evidence of extended emission,
whereas three of our sample have comparable peak fluxes (see
Fig. 3). The initial spike in GRB 931222 is"2 times more intense

than the peak in the extended emission. We conclude that the
dynamic range in the ratio of peak intensities, spike:extended, is
"104.
The range in the ratio of total counts is also large. For our

BATSE sample, the dynamic range of the ratio, spike:extended,
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Fig. 7.—Time profiles for the three bursts of Fig. 2 with the brightest and most fluent extended emission. The vertical axis truncates the initial spike to emphasize
extended emission. Dotted lines indicate intervals (same as in Fig. 2) analyzed for spectral evolution in x 2.2. Error bars to the right of the spikes represent #1 !
fluctuations.
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lower than the initial spike (except for GRB 931222, for which
the peak intensity ratio is just a few). In binning up, some
interesting spiky detail is lost for the bursts with more intense
extended emission. In particular, any evidence for spectral evo-
lution should be examined at the highest possible time reso-
lution. This is addressed in x 2.2 for the extended emission in
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effectively overresolved by a factor of 2–4. The individual TTE
photons were bootstrapped to obtain lag error estimates. We re-
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nations were made. That is, infrequently a secondary, noncentral
lobe of the CCF can be selected to be fitted in the automated
process; secondary lobes arise when more than one significant
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visually that this occurred correctly for each of 101 bootstrap
realizations for a given burst.
The initial spikes of these eight bursts in Figure 2 are related to

the BATSE short-burst population in a fundamental way, as are
the Swift and HETE-2 short bursts. The vast majority of short
bursts have negligible spectral lags. Figure 3, adapted from
NSB01, depicts peak flux versus lag, the latter measured be-
tween the BATSE energy channels 25–50 and 100–300 keV for

Fig. 2.—Same as Fig. 1, but for time profiles for the eight BATSE spikelike bursts analyzed in this work. Extended emission continues for up to "100 s. The
bursts are arranged top to bottom in order of decreasing intensity of the initial spike emission, which exhibits very little or negligible spectral evolution at BATSE
energies. The tendency is evident for a hiatus to occur directly after the initial spike, followed by the rising extended emission, which is most prominent tens of
seconds later. Vertical dotted lines in three profiles indicate intervals of extended emission analyzed for spectral evolution in x 2.2.
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the bursts in the Lazzati et al. sample must be dimmer than the
average. At least 30 BATSE short bursts with Fp > 10 photons
cm!2 s!1 show no individual evidence of extended emission,
whereas three of our sample have comparable peak fluxes (see
Fig. 3). The initial spike in GRB 931222 is"2 times more intense

than the peak in the extended emission. We conclude that the
dynamic range in the ratio of peak intensities, spike:extended, is
"104.
The range in the ratio of total counts is also large. For our

BATSE sample, the dynamic range of the ratio, spike:extended,

TABLE 3

Extended Emission Compared to Initial Spike

Spike Extended Extended:Spike

GRB Date
Counts Ratio

(S/E)a HR3/2 "HR HR3/2 "HR R-HRb "R-HR

910709.............................. 0.815 1.725 0.052 0.840 0.102 0.487 0.061

920525.............................. 0.500 1.025 0.061 0.748 0.097 0.730 0.104

921022.............................. 0.077 1.333 0.036 0.773 0.012 0.580 0.018
931222.............................. 0.023 1.172 0.097 1.070 0.019 0.913 0.077

951007.............................. 0.461 1.475 0.084 0.421 0.079 0.285 0.056

961225.............................. 0.197 2.001 0.072 1.140 0.043 0.570 0.030

990712.............................. 0.902 2.617 0.033 0.906 0.041 0.346 0.016
000107.............................. 0.397 1.677 0.236 1.298 0.277 0.774 0.198

a Ratio of emission in the spike to the extended emission.
b Ratio of the extended emission hardness ratio to the spike emission hardness ratio.

Fig. 7.—Time profiles for the three bursts of Fig. 2 with the brightest and most fluent extended emission. The vertical axis truncates the initial spike to emphasize
extended emission. Dotted lines indicate intervals (same as in Fig. 2) analyzed for spectral evolution in x 2.2. Error bars to the right of the spikes represent #1 !
fluctuations.
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binned at the native 64 ms resolution of the BATSE DISCSC
data to allow a uniform comparison of the spike interval for all
eight bursts, only four of which have higher time resolution TTE
data. The remainder of each time profile is binned to 1.024 s.
From top down, the bursts are ordered by decreasing peak inten-
sity of the initial spike as determined on the 64ms timescale. The
ordinate minimum in each panel is 100 counts s!1, representing
"1 ! fluctuations above background level. Besides the soli-
tary initial spike, the other salient feature is the extended, low-
level emission, which tends to peak at levels "30–100 times
lower than the initial spike (except for GRB 931222, for which
the peak intensity ratio is just a few). In binning up, some
interesting spiky detail is lost for the bursts with more intense
extended emission. In particular, any evidence for spectral evo-
lution should be examined at the highest possible time reso-
lution. This is addressed in x 2.2 for the extended emission in
the three most fluent and intense bursts (triggers 1997, 2703,
and 5725).We now examine the spectral lag, hardness ratio, and
duration for the spike emission in our sample of Figure 2 and
compare to the distributions of these quantities for short BATSE
bursts.

2.1. Spectral Lag Analysis of Spikes

In NSB01 a cross correlation function (CCF) approach was
used to estimate spectral lags for BATSE short bursts. By fitting
the CCF near its peak with a cubic, the native binning can be
effectively overresolved by a factor of 2–4. The individual TTE
photons were bootstrapped to obtain lag error estimates. We re-
visited the original analysis to ensure that no errant lag determi-
nations were made. That is, infrequently a secondary, noncentral
lobe of the CCF can be selected to be fitted in the automated
process; secondary lobes arise when more than one significant
peak is present. This undesired behavior was eliminated by con-
straining the process to fit the central lobe and then confirming
visually that this occurred correctly for each of 101 bootstrap
realizations for a given burst.
The initial spikes of these eight bursts in Figure 2 are related to

the BATSE short-burst population in a fundamental way, as are
the Swift and HETE-2 short bursts. The vast majority of short
bursts have negligible spectral lags. Figure 3, adapted from
NSB01, depicts peak flux versus lag, the latter measured be-
tween the BATSE energy channels 25–50 and 100–300 keV for

Fig. 2.—Same as Fig. 1, but for time profiles for the eight BATSE spikelike bursts analyzed in this work. Extended emission continues for up to "100 s. The
bursts are arranged top to bottom in order of decreasing intensity of the initial spike emission, which exhibits very little or negligible spectral evolution at BATSE
energies. The tendency is evident for a hiatus to occur directly after the initial spike, followed by the rising extended emission, which is most prominent tens of
seconds later. Vertical dotted lines in three profiles indicate intervals of extended emission analyzed for spectral evolution in x 2.2.

NORRIS & BONNELL268 Vol. 643

Initial spike  

Late activity

Lull

Friday, March 16, 12



16/03/2012 N. Bucciantini: IAU 279 Nikko 2012

EE and LGRBs

17

No. 2, 2009 IMPLICATIONS OF A NAKED SHORT GRB DOMINATED BY EXTENDED EMISSION 1873
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Figure 1. BAT light curve of GRB 080503 with 1 s binning in the 15–150 keV
band, with a 16 ms binning curve superposed for the duration of the short spike
near t = 0. The short spike is also shown alone in the left inset. An extended,
highly binned (10 s) light curve is shown in the right inset, demonstrating the
faint emission continuing until about 200 s.

batgrbproduct, was used to process the BAT event data. In ad-
dition to the script, we made separate spectra for the initial peak
and the extended emission interval by batbinevt, applying
batphasyserr to the PHA files. Since the spectral interval of
the extended emission includes the spacecraft slew period, we
created the energy response files for every 5 s period during the
time interval, and then weighted these energy response files by
the 5 s count rates to create the averaged energy response. The
averaged energy response file was used for the spectral anal-
ysis of the extended emission interval. Similar methods were
employed for previous Swift SGRBs.

For GRB 080503, the T90 durations of the initial short spike
and the total emission in the 15–150 keV band are 0.32 ± 0.07 s,
and 232 s respectively. The peak flux of the initial spike
measured in a 484 ms time window is (1.2 ± 0.2) ×
10−7 erg cm−2 s−1. The hardness ratio between the 50–100 keV
and the 25–50 keV bands for this initial spike is 1.2 ± 0.3,
which is consistent with the hardness of other Swift SGRBs,
though it is also consistent with the LGRB population. In
Figure 3, we plot the hardness and duration of GRB 080503
against other Swift bursts, resolving this burst and other short
events with extended emission separately into the spike and the
extended tail. The properties of the initial spike of GRB 080503
match those of the initial spikes of other SGRBs with extended
emission (and are consistent with the population of short bursts
lacking extended emission), while the hardness and duration of
the extended emission are similar to that of this component in
other short bursts.

The fluence of the extended emission measured from 5 s
to 140 s after the BAT trigger in the 15–150 keV bandpass
is (1.86 ± 0.14) × 10−6 erg cm−2. The ratio of this value to
the spike fluence is very large (∼30 in the 15–150 keV band),
higher than that of any previous Swift short (or possibly short)
event including GRB 060614. It is not, however, outside the
range measured for BATSE members of this class, which have
measured count ratios up to ∼40 (GRB 931222, Norris &
Bonnell 2006). In Figure 4, we plot the fluences in the prompt
versus extended emission of all Swift SGRBs to date. BATSE
bursts are overplotted as solid gray diamonds; HETE event
GRB 050709 is shown as a circle. The two properties appear
essentially uncorrelated, and the ratio has a wide dispersion in

Table 1
Prompt Emission Properties of Swift SGRBs and Candidate SGRBs

GRB Class Ambiguous? z SEE/Sspike

050509B N 0.2249 < 14.3
050724 N 0.258 2.64 ± 0.49
050813 N 0.722? < 3.64
050906 Ya · · · < 14.87
050911 Ybc 0.1646? 1.31 ± 0.43
050925 Yd · · · < 1.83
051105A N · · · < 8.06
051210 Yb 0.114? 2.72 ± 1.33
051221A Yb 0.5465 < 0.16
051227 Yb · · · 2.87 ± 0.677
060313 N · · · < 0.29
060502B N 0.287? < 3.45
060801 N 1.131? < 1.84
060614 Ybe 0.125 6.11 ± 0.25
061006 Yb 0.4377 1.75 ± 0.26
061201 N 0.111? < 0.71
061210 N 0.41? 2.81 ± 0.63
061217 N 0.827 < 3.81
070209 N · · · < 8.08
070429B N 0.904 < 2.44
070714B N 0.92 0.477 ± 0.163
070724A N 0.457 < 4.24
070729 N · · · < 2.16
070731 Yb · · · < 1.37
070809 Yb 0.219? < 1.37
070810B N · · · < 9.40
070923 N · · · < 5.96
071112B N · · · < 4.14
071227 Yb 0.383 1.56 ± 0.49f

080503 Ye · · · 32.41 ± 5.7

Notes.
a SGR flare in IC 328?
b Spike T90 > 1 s.
c Extended-emission episode is of much shorter duration than in all other events.
d Soft event; in Galactic plane.
e Fluence dominated by extended emission.
f Significance of the extended emission is less than 4σ .

both directions. Although only two Swift events populate the
high extended-to-spike ratio portion of the diagram (and the
classification of GRB 060614 is controversial), the difference in
this ratio between these and more typical events is only about a
factor of 10, and the intermediate region is populated by events
from BATSE and HETE18, suggesting a continuum in this ratio
across what are otherwise similar events.

Lag analysis (Norris et al. 2000) has also been used as a short–
long diagnostic. For GRB 080503, the spectral lag between the
50–100 keV and the 25–50 keV bands using the light curves in
the 16 ms binning is 1 ± 15 ms (1σ error), consistent with zero
and characteristic of short-hard GRBs. Unfortunately, the signal
is too weak to measure the spectral lag for the extended emission
which dominates the fluence. While lag can vary between pulses
in a GRB (Hakkila et al. 2008) and short pulses typically have
short lags, even very short pulses in canonical long GRBs have
been observed to have non-negligible lags (Norris & Bonnell
2006).

Based on all of these arguments, we associate GRB 080503
with the “short” (Type I) class. Regardless of classification,
however, the extremely faint afterglow of this burst appears to
be a unique feature. In fact, as we will show, while the extremely

18 However, the HETE fluence ratio is in a very different bandpass, and the
actual ratio may be significantly lower than the plotted ratio
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Figure 1. BAT light curve of GRB 080503 with 1 s binning in the 15–150 keV
band, with a 16 ms binning curve superposed for the duration of the short spike
near t = 0. The short spike is also shown alone in the left inset. An extended,
highly binned (10 s) light curve is shown in the right inset, demonstrating the
faint emission continuing until about 200 s.

batgrbproduct, was used to process the BAT event data. In ad-
dition to the script, we made separate spectra for the initial peak
and the extended emission interval by batbinevt, applying
batphasyserr to the PHA files. Since the spectral interval of
the extended emission includes the spacecraft slew period, we
created the energy response files for every 5 s period during the
time interval, and then weighted these energy response files by
the 5 s count rates to create the averaged energy response. The
averaged energy response file was used for the spectral anal-
ysis of the extended emission interval. Similar methods were
employed for previous Swift SGRBs.

For GRB 080503, the T90 durations of the initial short spike
and the total emission in the 15–150 keV band are 0.32 ± 0.07 s,
and 232 s respectively. The peak flux of the initial spike
measured in a 484 ms time window is (1.2 ± 0.2) ×
10−7 erg cm−2 s−1. The hardness ratio between the 50–100 keV
and the 25–50 keV bands for this initial spike is 1.2 ± 0.3,
which is consistent with the hardness of other Swift SGRBs,
though it is also consistent with the LGRB population. In
Figure 3, we plot the hardness and duration of GRB 080503
against other Swift bursts, resolving this burst and other short
events with extended emission separately into the spike and the
extended tail. The properties of the initial spike of GRB 080503
match those of the initial spikes of other SGRBs with extended
emission (and are consistent with the population of short bursts
lacking extended emission), while the hardness and duration of
the extended emission are similar to that of this component in
other short bursts.

The fluence of the extended emission measured from 5 s
to 140 s after the BAT trigger in the 15–150 keV bandpass
is (1.86 ± 0.14) × 10−6 erg cm−2. The ratio of this value to
the spike fluence is very large (∼30 in the 15–150 keV band),
higher than that of any previous Swift short (or possibly short)
event including GRB 060614. It is not, however, outside the
range measured for BATSE members of this class, which have
measured count ratios up to ∼40 (GRB 931222, Norris &
Bonnell 2006). In Figure 4, we plot the fluences in the prompt
versus extended emission of all Swift SGRBs to date. BATSE
bursts are overplotted as solid gray diamonds; HETE event
GRB 050709 is shown as a circle. The two properties appear
essentially uncorrelated, and the ratio has a wide dispersion in

Table 1
Prompt Emission Properties of Swift SGRBs and Candidate SGRBs

GRB Class Ambiguous? z SEE/Sspike

050509B N 0.2249 < 14.3
050724 N 0.258 2.64 ± 0.49
050813 N 0.722? < 3.64
050906 Ya · · · < 14.87
050911 Ybc 0.1646? 1.31 ± 0.43
050925 Yd · · · < 1.83
051105A N · · · < 8.06
051210 Yb 0.114? 2.72 ± 1.33
051221A Yb 0.5465 < 0.16
051227 Yb · · · 2.87 ± 0.677
060313 N · · · < 0.29
060502B N 0.287? < 3.45
060801 N 1.131? < 1.84
060614 Ybe 0.125 6.11 ± 0.25
061006 Yb 0.4377 1.75 ± 0.26
061201 N 0.111? < 0.71
061210 N 0.41? 2.81 ± 0.63
061217 N 0.827 < 3.81
070209 N · · · < 8.08
070429B N 0.904 < 2.44
070714B N 0.92 0.477 ± 0.163
070724A N 0.457 < 4.24
070729 N · · · < 2.16
070731 Yb · · · < 1.37
070809 Yb 0.219? < 1.37
070810B N · · · < 9.40
070923 N · · · < 5.96
071112B N · · · < 4.14
071227 Yb 0.383 1.56 ± 0.49f

080503 Ye · · · 32.41 ± 5.7

Notes.
a SGR flare in IC 328?
b Spike T90 > 1 s.
c Extended-emission episode is of much shorter duration than in all other events.
d Soft event; in Galactic plane.
e Fluence dominated by extended emission.
f Significance of the extended emission is less than 4σ .

both directions. Although only two Swift events populate the
high extended-to-spike ratio portion of the diagram (and the
classification of GRB 060614 is controversial), the difference in
this ratio between these and more typical events is only about a
factor of 10, and the intermediate region is populated by events
from BATSE and HETE18, suggesting a continuum in this ratio
across what are otherwise similar events.

Lag analysis (Norris et al. 2000) has also been used as a short–
long diagnostic. For GRB 080503, the spectral lag between the
50–100 keV and the 25–50 keV bands using the light curves in
the 16 ms binning is 1 ± 15 ms (1σ error), consistent with zero
and characteristic of short-hard GRBs. Unfortunately, the signal
is too weak to measure the spectral lag for the extended emission
which dominates the fluence. While lag can vary between pulses
in a GRB (Hakkila et al. 2008) and short pulses typically have
short lags, even very short pulses in canonical long GRBs have
been observed to have non-negligible lags (Norris & Bonnell
2006).

Based on all of these arguments, we associate GRB 080503
with the “short” (Type I) class. Regardless of classification,
however, the extremely faint afterglow of this burst appears to
be a unique feature. In fact, as we will show, while the extremely

18 However, the HETE fluence ratio is in a very different bandpass, and the
actual ratio may be significantly lower than the plotted ratio

The fluence of the EE is 
comparable or bigger that the 

initial spike 

EE dominates the energetics of 
the event

1874 PERLEY ET AL. Vol. 696

0 50 100

0.00

0.02

0.04

0.06

0.08

0.10 080503
SEE/Sspike = 32.4

0 50 100

0.0

0.2

0.4

0.6

0.8

1.0060614
SEE/Sspike = 6.11

0 50 100
0.00

0.02

0.04

0.06

0.08

061210
SEE/Sspike = 2.8

0 50 100

0.0

0.1

0.2

0.3
050724

SEE/Sspike = 2.6

0 50 100
0.00

0.05

0.10

0.15 061006
SEE/Sspike = 1.75

0 50 100
0.0

0.1

0.2

0.3070714B
SEE/Sspike = 0.477

   t (sec)

co
un

t r
at

e

Figure 2. BAT 25–100 keV light curves of several different Swift short bursts with high signal-to-noise ratio extended emission, including GRB 080503 (top left),
showing the similar morphology of these events. The 1 s binned curve is plotted as a black line; a 5 s binning is plotted in solid gray to more clearly show the
longer-duration extended emission which for most events is near the detection threshold. Possible short GRB 060614 is also shown; it appears very similar to GRB
080503 except that the initial pulse is significantly longer.
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Figure 3. Duration-hardness plot for bursts detected by the Swift BAT. Long
bursts are shown in gray. Short bursts (T90 < 2 s) are colored based on the
presence or absence of extended emission: bursts without extended emission
are shown in red, faint bursts for which the presence of extended emission
is poorly constrained are orange, and short bursts with observed extended-
emission (including GRBs 050911, 060614, and 051227, whose classifications
are controversial) are plotted with the short spike (green) shown separately
from the extended emission (blue). The T90s and hardness ratios measured
for short-hard spikes in this population, including GRB 080503, are generally
consistent with those measured for short bursts without extended emission.
GRBs 060614 and 051227 may be consistent with both classes, but are unusually
long compared with any short burst without extended emission. The extended-
emission components of all three events display similar hardness and duration as
the extended components of more traditional extended-emission events, which
form a tight cluster (GRB 050911 is an outlier). In general, however, the hardness
in the Swift channels is not a strong criterion for classification (Sakamoto et al.
2006; Ohno et al. 2008).
(A color version of this figure is available in the online journal.)

low afterglow flux is more reminiscent of SGRBs than LGRBs,
relative to the gamma-rays the afterglow is so faint that this
event appears quite unlike any other well studied member of
either population to date.

2.2. UVOT Observations

The Swift UV-Optical Telescope (UVOT) began observations
of the field of GRB 080503 at 83 s after the trigger, starting
with a finding chart exposure in the White filter at t =
85–184 s. No source is detected within the XRT position to a
limiting magnitude of >20.0 (Brown & Mao 2008). A sequence
of filtered observations followed, and then additional White-
band exposures. The transient is not detected in any exposure.
Because of the deep Gemini data shortly thereafter, these
additional limits do not constrain the behavior of the optical
counterpart and are not reported or reanalyzed here. A summary
of the subsequent UVOT observations is given by Brown & Mao
(2008).

2.3. Keck Observations

Shortly after the GRB trigger we slewed with the 10 m
Keck-I telescope (equipped with LRIS) to the GRB position.
After a spectroscopic integration on a point source near the
XRT position that turned out in later analysis to be a faint
star, we acquired (between 13:38:37 and 13:57:02) imaging
in the B and R filters simultaneously. Unfortunately, because
the instrument had not been focused in imaging mode prior to
the target of opportunity, these images are of poorer quality
and less constraining than Gemini images (see below) taken
at similar times. The optical transient (OT) is not detected in
either filter. Magnitudes (calibrated using the Gemini-based
calibration, Section 2.4) are reported in Table 2.
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SGRBEEs from proto-magnetar spin-down 3
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Figure 1. Schematic diagram of the stages of the proto-magnetar
model for Short GRBs with Extended Emission. (A) The merger
of two binary neutron stars, or the accretion-induced collapse
of a rotating white dwarf, results in the formation of a compact
∼ 10−3−0.1M# torus around the central proto-neutron star. (B)
Accretion of the torus powers a relativistic bipolar jet, resulting
in a short GRB lasting ∼ 0.1−1 s, similar to the standard NS-NS
merger model. Following accretion, however, a rapidly spinning
(millisecond) proto-magnetar remains. (C) Material ejected dur-
ing the merger, by the supernova following AIC, or via outflows
from the accretion disk, results in a ∼ 10−3 − 10−1M# enve-
lope around the proto-magnetar moving outwards with a velocity
vej ∼ 0.1 − 0.2 c. The relativistic wind from the proto-magnetar
collides with the ejecta, producing a magnetar wind nebula. (D)
Magnetic stresses in the nebula redirect the magnetar wind into a
bipolar jet. After the jet breaks through the ejecta on a timescale
∼ 1 − 10 s (Fig. 3), the magnetar wind escapes and accelerates
to ultrarelativistic speeds (Fig. 2). Emission from the jet at much
larger radii powers the extended emission lasting ∼ 10 − 100 s,
similar to the proto-magnetar model for long GRBS (see Fig. 5).

is disrupted. Although a NS remnant is guaranteed in the
case of AIC, the merger of a double NS binary could also
leave a stable NS remnant, provided that either (1) the total
mass of the binary is low and/or the NS equation of state is
stiff (Shibata & Taniguchi 2006); (2) the proto-NS forms in a
meta-stable state supported by differential rotation (Baum-
garte, Shapiro & Shibata 2000), but it then loses sufficient
mass via magneto-centrifugal outflows (Thompson, Chang
& Quataert 2004; Metzger, Thompson, & Quataert 2007)
to reach stability. The likelihood of this possibility has in-
creased recently due to the discovery of a ≈ 2M" NS (De-
morest et al. 2010), which suggests that the nuclear EOS is
indeed stiff (see also Özel et al. 2010). Given that rapid ro-
tation is expected in both NS-NS merger and AIC scenarios,
it is plausible that the proto-NS will generate a magnetar-
strength field by, for instance, an α−Ω dynamo (Duncan &
Thompson 1992), shear instabilities at the merger interface
(Price & Rosswog 2006), or the magneto-rotational instabil-
ity (MRI; e.g. Akiyama et al. 2003; Thompson, Quataert &
Burrows 2005).

Though not surrounded by the envelope of a massive
star, magnetars formed from NS-NS mergers or AIC do
not form in vacuum. In the AIC case ∼ 10−3 − 10−2M"

is ejected during the SN explosion on a timescale ∼< 1 s
(e.g. Woosley & Baron 1992; Dessart et al. 2006), while in
NS-NS mergers a similar mass may be ejected dynamically
due to tidal forces during the merger process (e.g. Rosswog
2007). Mass loss also occurs in outflows from the accretion
disk on timescales ∼< seconds, due to heating from neutri-
nos (Metzger, Thompson, & Quataert 2008; Dessart et al.
2009), turbulent viscosity (Metzger, Piro, & Quataert 2008;
Metzger, Piro, & Quataert 2009a), and nuclear energy re-
leased by the recombination of free nuclei into 4He (Lee &
Ramirez-Ruiz 2007; Metzger, Piro, & Quataert 2008; Lee,
Ramirez-Ruiz & López-Cámara 2009). During the first few
seconds after forming, outflows from the magnetar itself are
heavily mass-loaded and non-relativistic, resulting in a sig-
nificant quantity of ejecta ∼> 10−3M" (Thompson, Chang &
Quataert 2004; Bucciantini et al. 2006; Metzger, Thompson
& Quataert 2007). All together, ∼ 10−3 − 0.1M" is ejected
with a characteristic velocity vej ∼ 0.1 − 0.2 c and kinetic
energy ∼ 2 × 1050(vej/0.1c)2(Mej/0.01M") ergs.

A few seconds after the merger or AIC, one is left with
a proto-magnetar embedded in a confining envelope.3 This
configuration is qualitatively similar to that developed in
the proto-magnetar model for LGRBs by Bucciantini et al.
(2007, 2008, 2009), except that the enshrouding envelope is
much less massive. In these previous works it was shown
that, although the power in the magnetar wind is relatively
isotropic (e.g. Bucciantini et al. 2006), its collision with
the slowly-expanding ejecta produces a hot ‘proto-magnetar
nebula’ (Bucciantini et al. 2007). As toroidal flux accumu-
lates in the nebula, magnetic forces – and the anisotropic
thermal pressure they induce – redirect the equatorial out-
flow towards the poles (Begelman & Li 1992; Königl & Gra-
not 2002; Uzdensky & MacFadyen 2007; Bucciantini et al.
2007, 2008, 2009; Komissarov & Barkov 2007). Stellar con-
finement thus produces a mildly-relativistic jet, which drills
a bipolar cavity through the ejecta. Once the jet ‘breaks
out’, an ultra-relativistic jet (fed by the magnetar wind at
small radii) freely escapes. The EE is then powered as the jet
dissipates its energy at much larger radii. One virtue of ap-
plying this picture to SGRBEEs is that it naturally explains
why the EE resembles long GRBs in several properties, such
as its duration and the existence of a late-time ‘steep decay’
phase (cf. Tagliaferri et al. 2005; Perley et al. 2009).

Although SGRBEEs resemble long GRBs in many prop-
erties, important differences also exist. The EE is gener-
ally softer (X-rays rather than gamma-rays), somewhat dim-
mer, and its variability is generally smoother (appearing to
display e.g. a higher ‘duty cycle’), than long GRBs. As-
sessing the viability of the proto-magetar model for SGR-
BEEs therefore requires determining whether these differ-
ences may in part result from differences in the geometry
of the relativistic outflow. These in turn may result because
the confining ejecta is significantly less massive and dense
than in the core collapse case.

In this paper we investigate the interaction of the rela-

3 In cases when the ejecta originates from the earlier [non-
relativistic] stage of the magnetar wind, the distinction between
‘wind’ and ‘ejecta’ is blurred. In general, however, the magnetar
outflow becomes ultra-relativistic relatively abruptly, such that
this distinction is well-defined (Metzger et al. 2011).
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Figure 2. Snapshots of the interaction of the proto-magnetar wind with the confining shell of ejecta at t = 35 seconds. The upper panel
shows the density structure (cgs units), while the lower panel shows the magnitude of the velocity in units of the speed of light. The left,
centre, and right columns show, respectively, cases corresponding to a low (Ė/Mej = 1050 erg s−1 M−1

" ; case A), ‘average’ (Ė/Mej = 1051

erg s−1 M−1
" ; case B) and high (Ė/Mej = 1052 erg s−1 M−1

" ; case C) power wind. Axis are in units of 1011 cm.

outflow and the overall dynamics of the MWN-ejecta inter-
action between the three cases. In both the low power (A)
and ‘average’ (B) cases the MWN is confined within the
ejecta. A well-collimated bipolar relativistic outflow devel-
ops, qualitatively similar to that found in the core collapse
context as applied to LGRB (e.g. Bucciantini et al. 2008). In
contrast, in the high power case (C) the MWN has almost
completely blown the shell apart.

Quantifying the geometry of the jet, in order to measure
e.g. the jet opening angle, is nontrivial because its shape is
not simply conical. In case A the jet shape is parabolic, while
in case C the jet ‘flares out’ into a diverging flow. In the high
power case C, it is unclear whether the ejecta will provide
any confinement at all. Although Rayleigh-Taylor instability
is fundamentally a three-dimensional process, and in princi-
ple axisymmetric simulations might fail to reproduce prop-
erly its detailed growth and geometrical properties, 2D sim-
ulations in the context of Pulsar Wind Nebulae (Jun 1998;
Bucciantini et al. 2004) agree with observations in term of
the size and average properties of the unstable mixing layer.
This might be due partly to the presence of a strong toroidal
field which can suppress the growth in the azimuthal direc-
tion. We note, moreover, that the jet propagates through
the ejecta approximately an order of magnitude faster than

the time required for the shell to fragment. Thus, even in the
case of an energetic wind, a collimated outflow may form ini-
tially in the polar region (albeit with a wide opening angle).
In principle limited confinement could be hence maintained
for a short time ∼ 10−30 s, before shell fragmentation com-
pletes and the outflow becomes more isotropic.

Figure 3 shows the ‘break-out’ time and characteris-
tic opening angle of the jet as a function of Ė/Mej, cal-
culated from several simulations including those shown in
Figure 2. The break-out time scales approximatively as
∝ (Ė/Mej)

−1/2. Although, given the self-similar nature of
the ejecta, we expect that quantities should depend primar-
ily on the ratio Ė/Mej, the precise functional dependence
is non-trivial to derive. Although we find that the basic jet
properties are relatively robust to our assumed value for C,
more substantial changes could in principle result for dif-
ferent values of Ė/Mj, re and rin. Nevertheless, we do not
expect large variations in the latter quantities, with respect
to the fiducial values adopted in this paper.

Extrapolating Figure 3 to low values Ė/Mej ∼< 1049 erg

s−1 M−1
" , we find that the jet requires ∼> 20 s to break out.

This timescale is comparable to both the delay observed
before the onset of the EE in SGRBEEs, and to the time
that the proto-magnetar wind spends at its highest spin-
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culated from several simulations including those shown in
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ily on the ratio Ė/Mej, the precise functional dependence
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properties are relatively robust to our assumed value for C,
more substantial changes could in principle result for dif-
ferent values of Ė/Mj, re and rin. Nevertheless, we do not
expect large variations in the latter quantities, with respect
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Figure 4. Isotropic jet luminosity Ėiso ≡ Ėf−1
b , where fb =

Ω/4π ≈ θ2
j /2 is the jet beaming fraction and Ω is the opening solid

angle of the jet, after it has relaxed on a timescale t # 35 s (Fig. 2).
Diamonds show calculations performed assuming uniform ejecta,
while triangles show cases with a lower polar density.

nosity in the proto-magnetar model depends primarily on
Mej. If, by contrast, Ė/Mej > 1052 erg s−1 M−1

" then the
shell may be entirely disrupted (in which case the isotropic
luminosity is instead directly ∝ Ė), while if Ė/Mej < 1049

erg s−1 M−1
" the jet is probably choked and no emission is

expected on timescales of relevance.
The geometry of the magnetar jet also has consequences

for the ubiquity of EE associated with short GRBs. As noted
by Metzger, Quataert & Thompson (2008), without con-
finement the magnetar outflow (responsible for the EE) is
mostly equatorial, while the accretion-powered jet (respon-
sible for the initial short GRB) is probably polar. An impor-
tant question is thus whether a typical observer will see both
components. Our results show that, except perhaps in the
most energetic cases, the magnetar wind is diverted into a
polar outflow. Unfortunately, the opening angles of SGRBs
are poorly constrained4 observationally, with measured val-
ues ranging from a few to > 25 degrees (Burrows et al. 2006;
Grupe et al. 2006). It is thus possible that events could exist
for which the extended emission is not observable because
it is more collimated than the initial SGRB, in which case
the event would be classified as a ‘normal’ short burst (see
Barkov & Pozanenko 2011 for a similar idea). Such events
cannot be too common because the fraction of short GRBs
with observed EE is already rather large (Norris & Bonnell
2006). This implies that the magnetar wind cannot be too
collimating, which suggests that the average shell mass is
low (we provide additional evidence for a wide-angle mag-
netar jet below).

Alternatively, events may exist for which only the EE
is observable, because the initial short burst is more nar-
rowly collimated. These events would probably be classified
as regular long duration GRBs or X-ray Flashes, but would
not be accompanied by a bright associated supernova. It is
difficult to place definitive constaints on the rate of such
events, although we note that at least one X-ray Flash with
an EE-like light curve was not in fact accompanied by a
bright supernova (XRF 040701; Soderberg et al. 2005).

4 In such a ‘two jet’ scenario it is also unclear which jet to as-
sociate a putative opening angle measurement with (e.g. Granot
2005).

Figure 5. Average bolometric luminosity of GRB emission from
the proto-magnetar jet as a function of time after formation,
calculated using the models described in Metzger et al. (2011).
Emission predicted by the internal shock and magnetic dissipa-
tion models are shown with solid and dashed lines, respectively.
The calculation assumes that the magnetar has an aligned dipole
field of strength Bdip = 2 × 1015 G and an initial spin period
P0 = 1.5 ms. We adopt a value for the electron radiative efficiency
εe = 0.2 and a beaming fraction fb = 0.3 (see text). For compar-
ison we also plot the 15 − 350 keV Swift BAT extended emission
light curves for GRBs 060614 (dotted), 080503 (dot-dashed), and
061005 (triple-dot-dashed) (Butler & Kocevski 2007).

We now attempt to constrain the properties of the
ejecta using the measured luminosity of the EE. The sam-
ple of SGRBEEs with known redshifts and measured EE
fluences is unfortunately small and incomplete. The sample
may furthermore be biased against less luminous events, in
which case the lower limits are not constraining. Neverthe-
less, when measured, the isotropic luminosity of the EE is
typically in the range LEE ∼ 2 × 1048 − 2 × 1049 erg s−1

(Figure 5 shows some examples). Since we found that dur-
ing the early jet-formation phase the isotropic luminosity is
(Fig. 4)

Ėiso,j ∼ 1 − 3 × 1051(Mej/0.1M")erg s−1, (2)

we can relate the observed EE luminosity LEE to the ejecta
mass:

Mej ∼ 0.01 − 0.03

„
LEE

1049 erg s−1

« “ ηp

0.1

”−1 “ηrad

0.3

”−1
M%,

(3)
where ηrad ≡ LEE/Ėiso,EE is the radiative efficiency of the
jet, and ηp ≡ Ėiso,EE/Ėiso,j ∼ 0.1 − 0.3 is the ratio between
the isotropic power of the magnetar wind during the EE
phase Ėiso,EE at late times (t ∼ 10 − 100 s) and that at
early times Ėiso,j (t ∼< 10 s), when the opening angle of the
jet is determined. Detailed evolutionary models of proto-
magnetar spin-down (Metzger et al. 2011) show that ηp is
typically ∼ 0.1 − 0.3.

Equation (3) shows that for typical values of ηrad, ηEE,
and the measured EE luminosity, the inferred ejecta masses
are in the range Mej ∼ 10−3 − 10−1M%, consistent with the
range of predicted ejecta masses in both the NS-NS merger
and AIC scenarios (Sec. 1). This represents an important
consistency check on the proto-magnetar model.

Adopting a typical value of the ejecta mass Mej =
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