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The canonical GRB picture

Daniel Siegel

What actually powers these explosions?  
Where does the energy come from?

GRB central engines

The canonical (S)GRB picture

Daniel Siegel,  AEI 1/15

(“standard” afterglow)

~1017 cm

>1012 cm

photosphere
~1012 cm

relativistic blast wave
Blandford & McKee 1976

accretion powered jet
(BH-torus system)

broken power law spectrum
peaking 10keV — 10MeV

power-law
spectrum

F⌫ / ⌫�↵t��

• What is the nature of the central engine, how is its energy tapped? Association to BNS?

• Composition of the outflow (e+e-, photons, baryons)? Collimation?

• How is the energy stored (thermal, kinetic or magnetic)?
• What are the dominant emission mechanisms (synchrotron, inverse Compton, thermal)?

But:
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What is the central engine of GRBs?

Daniel Siegel

Magnetar model for GRBsProtomagnetar model for GRBs 2035

luminous GRBs (VLGRBs) (Section 6.2), X-ray flashes (XRFs)
(Section 6.4), Galactic magnetars (Section 6.6) and magnetar for-
mation via AIC (Section 6.7). We summarize our conclusions in
Section 7.

2 PROTO M AG N E TA R W I N D S

In this section, we present calculations of the time-dependent prop-
erties of magnetized proto-NS winds (Thompson et al. 2004; Met-
zger et al. 2007). In Section 2.1, we summarize the model, which
is similar to that presented in Metzger et al. (2007) but includes
additional details not addressed in previous work. Our results are
presented in Section 2.2.

2.1 Evolutionary wind model

2.1.1 Model description

The two most important properties of the protomagnetar 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) com-
ponents: Ė = Ėkin + Ėmag. A related quantity, determined from Ṁ

and Ėmag, is the wind magnetization1

σ0 ≡ φ2#2

Ṁc3
, (2)

where # is the NS rotation rate, φ ≡ Brr2 is the magnetic flux
threading the open magnetosphere divided by 4π sr (Michel 1969)
and Br ∼ the poloidal field strength. As shown in Appendix A,
φ is directly related to the Poynting flux Ėmag (equation A3). The
magnetization is important because it delineates non-relativistic (σ 0

! 1) from relativistic (σ 0 " 1) outflows and affects the asymptotic
partition between the kinetic and magnetic energy in the wind. In
particular, in relativistic outflows most of the wind power resides in
Poynting flux (Ėmag ≫ Ėkin) at the fast magnetosonic surface. The
value of σ 0 in this case crucially affects the efficiency with which
the jet may accelerate and dissipate its energy (Section 4.1) and is
approximately equal to the outflow’s maximum achievable Lorentz
factor $max ≈Ė/Ṁc2 ≃σ0.

In Appendix A, we describe in detail how Ė, Ṁ and σ 0 are
determined in magnetized proto-NS winds. To briefly summarize,
mass-loss during the first t ∼ 30–100 s is caused by neutrino heating
in the proto-NS atmosphere. As a result, Ṁ ∝ L5/3

ν ϵ10/3
ν depends

sensitively on the neutrino luminosity, Lν , and the mean neutrino en-
ergy, ϵν , during the Kelvin–Helmholtz cooling phase (equation 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 equation 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 magnetic flux. We
assume a dipolar magnetosphere bounded by the bundle of ‘last-
closed’ field lines which intersect the ‘Y’ point radius in the mag-
netic equator (Fig. 3 is an illustration of the relevant geometry).
We determine the dependence of the Y-point radius on the wind
properties using results from the axisymmetric MHD simulations
of Bucciantini et al. (2006), which span the σ 0 < 1 to σ 0 > 1 transi-
tion. Using numerical results from Metzger, Thompson & Quataert

1 Note that this definition may differ from that used elsewhere in the liter-
ature. In particular, what we define as σ 0 is sometimes referred to as the
‘baryon loading’ parameter (e.g. Drenkhahn & Spruit 2002).

Figure 3. Geometry of magnetized proto-NS winds. The NS radius, Rns, is
initially large (!20 km) following the launch of the SN shock, but decreases
to its final value Rns ≈12 km in a few seconds (Fig. A1). The NS rotates
at an angular velocity # = 2π/P about the vertical axis, where P is the
rotational period; the light cylinder radius is RL = c/# ≃50(P/ms) km. The
magnetic dipole moment |µ| = BdipR

3
ns makes an angle χ with respect to

the rotation axis. The angle θopen defines the size of the open magnetosphere
on the NS surface. The magnetosphere is closed at angles θ > θopen/2 from
the magnetic pole, while field lines with θ < θopen/2 form an ‘open’ or
‘wind’ zone along which matter may escape to infinity. The size of the open
zone affects both the spin-down rate and the mass-loss rate from magnetized
proto-NS winds. The bundle of last closed field lines intersects the magnetic
equator at the ‘Y’ point radius RY. Ultrarelativistic, force-free winds (σ 0 ≫
1) have RY ∼ RL, while less-magnetized winds in general have RY < RL
(see Section A2 and Fig. 4).

(2008b), we further account for the enhancement in Ṁ that occurs
due to magnetocentrifugal forces in the heating region. This effect
is most important when the NS is rotating very rapidly (P ! 2 ms)
and the magnetic obliquity is large, such that the polar cap sam-
ples regions near the rotational equator. After t ≡ tν-thin ∼ 30–100
s, the proto-NS becomes transparent to neutrinos, which causes
Lν and ϵν to decrease sharply (Fig. A1). Once neutrino heating
decreases sufficiently, other processes (e.g. γ –B or γ –γ pair pro-
duction) likely take over as the dominant source of mass-loading
(Hibschman & Arons 2001; Thompson 2008) and the wind com-
position may change from baryon- to pair-dominated. Lacking a
predictive model for Ṁ at late times, we assume that Ṁ scales with
the Goldreich & Julian (1969) flux for a fixed value of the pair
multiplicity µ−+ = 106. Our conclusions are fortunately insensitive
to this choice (see Section 5). The full expression for Ṁ is given in
equation (A15).

Protomagnetar winds are magnetically driven throughout most of
their evolution. When the wind is non-relativistic, its speed at the fast
surface is v∞ ≈σ

1/3
0 c, the wind power is Ė ∝ σ

2/3
0 Ṁ ∝ Ṁ1/3 and

Ėmag = 2Ėkin (Lamers & Cassinelli 1999). For relativistic winds,
Ė ∝ σ0Ṁ is approximately independent of Ṁ , and Ėmag ≫ Ėkin at
the fast point. Indeed, in the limit that σ 0 ≫ 1 we assume that Ė

approaches the force-free spin-down rate (Spitkovsky 2006), which
depends only on φ and #. Even for relatively large (but finite)
values of σ 0, however, spin-down occurs more rapidly than in the
force-free case because the ‘Y’ point radius RY resides inside the
light cylinder (see Fig. 3). The full expression for Ė is given in
equation (A5).

C⃝ 2011 The Authors, MNRAS 413, 2031–2056
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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Rapidly rotating, highly magnetized 
neutron stars (ms-magentars?)

Metzger+ 2011
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Rapidly rotating black hole?
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Protomagnetar model for GRBs 2033

Figure 1. Schematic diagram of the regimes of NS versus BH formation in core-collapse SNe at subsolar metallicities (solid line) in the space of the
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 (equation 1) exceeds the gravitational binding energy of the progenitor envelope. The
dashed line denotes the rotational energy Erot = 1052 erg sufficient to power a ‘hypernova’. The right-hand axis shows the magnetic field strength, Bdip, that
would be generated if the magnetic energy in the dipole field is ∼0.1 per cent of Erot (equation 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 erg, based on the model presented in Section 4.

BH formation as a function of the main-sequence stellar mass, M⋆,
and the initial NS rotation period P0. The collapse of slowly rotat-
ing, low-mass stars may result in a normal SN with kinetic energy
∼1051 erg powered by neutrinos. For higher mass stars, however,
neutrino-powered explosions are less likely (or are accompanied
by significant ‘fall-back’ accretion) due to more massive, compact
iron cores and higher envelope-binding energies Ebind. For these
reasons, it has been argued that stars with M⋆ ! 25 M⊙ leave BH
remnants at the subsolar metallicities that appear to characterize
GRB progenitors (e.g. Fryer 1999; Heger et al. 2003; O’Connor &
Ott 2010).

Above the dashed line in Fig. 1, however, the rotational energy,
Erot, of the proto-NS (equation 1) exceeds the binding energy of the
stellar envelope, where

Erot ≃ (1/2)I#2

≈ 3 × 1052 erg
(

Mns

1.4 M⊙

) (
Rns

12 km

)2 (
P

ms

)−2

, (1)

with I = (2/5)MnsR
2
ns, Mns, Rns and # = 2π/P are the NS moment

of inertia, mass, radius and rotation rate, respectively. We have
defined Ebind exterior to 1.8 M⊙, as calculated by Dessart, Livne
& Waldman (2010) from the stellar profiles of Woosley, Heger &
Weaver (2002). Although the efficiency with which Erot couples
to the SN shock depends on uncertain details during the first few
hundred milliseconds after core bounce, if Erot > Ebind, then a NS
remnant could in principle result, even for very massive stars. The
hypothetical boundary between NS and BH formation based on

the above discussion is shown with a solid line in Fig. 1. We note
that there is indeed evidence that some Galactic magnetars may
have stellar progenitors with masses !40 M⊙ (Muno et al. 2006),
although (consistent with Fig. 1) this does not exclusively appear to
be the case (Davies et al. 2009).

If an MHD-powered SN does not leave a BH, then a rapidly
spinning, strongly magnetized NS (a ‘protomagnetar’) may instead
remain behind the outgoing SN shock. The rotational energy Erot

! 1052 erg of a magnetar with P0 ∼ 1 ms is more than sufficient to
power most long GRBs. However, not all of this energy is available
to produce high-energy emission; a fraction of Erot, for instance,
is expended as the jet emerges from the star or is used to power
an accompanying hypernova (dashed line; Fig. 1). The right-hand
axis in Fig. 1 shows the magnetic field strength, Beq, that would be
generated if the magnetic energy in the dipole field is ∼0.1 per cent
of Erot (equation 4). A dot–dashed line shows the minimum rotation
rate required to produce a classical GRB from a magnetar with a
field strength, Bdip, based on the model presented in Section 4. The
conditions for a hypernova and a GRB from a protomagnetar are
thus remarkably similar.

1.2 Summary of the magnetar model and this paper

In this section, we summarize the organization of this paper and
orient the reader with a brief description of the model time-line
(more details and references are provided in subsequent sections).

C⃝ 2011 The Authors, MNRAS 413, 2031–2056
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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Basic Kerr-BH anatomy
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These surfaces are called infinite redshift surfaces, because if a source
located on a point Pem near the black hole emits a light signal with
frequency νem, it will be observed at infinity with frequency

νobs =

√
gtt(Pem)

gtt(Pobs)
νem (3.73)

thus if at Pem gtt = 0, νobs = 0.
The coefficient of r2 in (3.71) is negative, so gtt < 0 outside

[rS−, rS+], and gtt > 0 inside that interval. On the other hand, being√
M2 − a2 cos2 θ ≥

√
M2 − a2, the horizons, located at

r± = M ±
√
M2 − a2 , (3.74)

fall inside the interval [rS−, rS+ ]:

rS− ≤ r− < r+ ≤ rS+ . (3.75)

They coincide at θ = 0, π, i.e. on the symmetry axis, while at the

S+
r

r+

ergosphere

horizon

Figure 3.1: The ergosphere and the outer horizon

equatorial plan rS+ = 2M and rS− = 0.
Therefore, there is a region outside the outer horizon where gtt >

0 3. This region, i.e.
r+ < r < rS+ (3.76)

is called ergoregion, and its outer boundary r = rS+ is called ergo-
sphere. Notice that, being the ergosphere outside the outer horizon,

3This does not happen in Schwarzschild spacetime, where gtt > 0 only inside the horizon
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outflow, we shall employ a relatively simple argument along the lines of Komissarov (2004,
2009).

3.2 Black hole electrodynamics

3.2.1 Kerr black hole and 3+1 split

The electrodynamics of black holes and their magnetospheres are most conveniently discussed
in the framework of a ‘3+1 split’ of spacetime (see Appendix A for a very brief overview).
This approach allows us to work with three-dimensional vector fields in very close analogy
to electrodynamics in flat spacetime, and another benefit of this approach is that results can
easily be carried over to the analysis of numerical simulations, since they are also formulated
in a 3+1 decomposition of spacetime.

In the 3+1 split, spacetime is foliated into three-dimensional spatial hypersurfaces that
are parametrized by a global time function (or coordinate) t. The general spacetime metric
in this approach reads (cf. Eq. (224))

ds2 = �(↵2
� �

2)dt2 + 2�idx
idt+ �ijdx

idxj
, (127)

where ↵ is the lapse function, � = �
i
@i is the shift vector, and �ij is the three-dimensional

metric of the spatial hypersurfaces. In this foliation of spacetime there is a special observer,
namely the observer who is at rest with respect to the spatial hypersurfaces; this observer
referred to as the Eulerian observer moves with 4-velocity n

⌫ (cf. Eqs. (217) and (218))
perpendicular to the spatial hypersurfaces of constant coordinate time t.

In the following, we shall describe the spacetime of a rotating black hole with mass M

and angular momentum J in Boyer-Lindquist coordinates {(t, r,�, ✓)},

ds2 = gttdt
2 + 2gt�dtd�+ �rrdr

2
���d�

2 + �✓✓d✓
2
, (128)

where (Boyer & Lindquist 1967)

gtt = (2Mr/⌃)� 1, (129)

gt� = �2aMr sin2 ✓/⌃, (130)

�rr = ⌃/�, (131)

��� = A sin2 ✓/⌃, (132)

�✓✓ = ⌃, (133)

and

⌃ = r
2 + a

2 cos2 ✓, (134)

� = r
2
� 2Mr + a

2
, (135)

A = (r2 + a
2)2 � a

2� sin2 ✓, (136)

a = J/M, �1 < a/M < +1. (137)

We note that the horizon of the black hole is located at r+, the largest root of � = 0,

r± = M ±

p
M2 � a2. (138)

One can easily show (see Exercise below) that the components of the inverse metric are given
by

g
tt = �A/(�⌃), (139)

g
t� = �

2aMr

⌃�
, (140)

�
rr = �/⌃, (141)

�
�� =

�� a
2 sin2 ✓

⌃� sin2 ✓
, (142)

�
✓✓ = ⌃�1

. (143)
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This approach allows us to work with three-dimensional vector fields in very close analogy
to electrodynamics in flat spacetime, and another benefit of this approach is that results can
easily be carried over to the analysis of numerical simulations, since they are also formulated
in a 3+1 decomposition of spacetime.

In the 3+1 split, spacetime is foliated into three-dimensional spatial hypersurfaces that
are parametrized by a global time function (or coordinate) t. The general spacetime metric
in this approach reads (cf. Eq. (224))

ds2 = �(↵2
� �

2)dt2 + 2�idx
idt+ �ijdx

idxj
, (127)

where ↵ is the lapse function, � = �
i
@i is the shift vector, and �ij is the three-dimensional

metric of the spatial hypersurfaces. In this foliation of spacetime there is a special observer,
namely the observer who is at rest with respect to the spatial hypersurfaces; this observer
referred to as the Eulerian observer moves with 4-velocity n

⌫ (cf. Eqs. (217) and (218))
perpendicular to the spatial hypersurfaces of constant coordinate time t.

In the following, we shall describe the spacetime of a rotating black hole with mass M

and angular momentum J in Boyer-Lindquist coordinates {(t, r,�, ✓)},

ds2 = gttdt
2 + 2gt�dtd�+ �rrdr

2
���d�

2 + �✓✓d✓
2
, (128)

where (Boyer & Lindquist 1967)

gtt = (2Mr/⌃)� 1, (129)

gt� = �2aMr sin2 ✓/⌃, (130)

�rr = ⌃/�, (131)

��� = A sin2 ✓/⌃, (132)

�✓✓ = ⌃, (133)

and

⌃ = r
2 + a

2 cos2 ✓, (134)

� = r
2
� 2Mr + a

2
, (135)

A = (r2 + a
2)2 � a

2� sin2 ✓, (136)

a = J/M, �1 < a/M < +1. (137)

We note that the horizon of the black hole is located at r+, the largest root of � = 0,

r± = M ±

p
M2 � a2. (138)

One can easily show (see Exercise below) that the components of the inverse metric are given
by

g
tt = �A/(�⌃), (139)

g
t� = �

2aMr

⌃�
, (140)

�
rr = �/⌃, (141)

�
�� =

�� a
2 sin2 ✓

⌃� sin2 ✓
, (142)

�
✓✓ = ⌃�1

. (143)
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Writing as a 3+1 split (remember from NR lecture):

outflow, we shall employ a relatively simple argument along the lines of Komissarov (2004,
2009).

3.2 Black hole electrodynamics

3.2.1 Kerr black hole and 3+1 split

The electrodynamics of black holes and their magnetospheres are most conveniently discussed
in the framework of a ‘3+1 split’ of spacetime (see Appendix A for a very brief overview).
This approach allows us to work with three-dimensional vector fields in very close analogy
to electrodynamics in flat spacetime, and another benefit of this approach is that results can
easily be carried over to the analysis of numerical simulations, since they are also formulated
in a 3+1 decomposition of spacetime.

In the 3+1 split, spacetime is foliated into three-dimensional spatial hypersurfaces that
are parametrized by a global time function (or coordinate) t. The general spacetime metric
in this approach reads (cf. Eq. (224))

ds2 = �(↵2
� �

2)dt2 + 2�idx
idt+ �ijdx

idxj
, (127)

where ↵ is the lapse function, � = �
i
@i is the shift vector, and �ij is the three-dimensional

metric of the spatial hypersurfaces. In this foliation of spacetime there is a special observer,
namely the observer who is at rest with respect to the spatial hypersurfaces; this observer
referred to as the Eulerian observer moves with 4-velocity n

⌫ (cf. Eqs. (217) and (218))
perpendicular to the spatial hypersurfaces of constant coordinate time t.

In the following, we shall describe the spacetime of a rotating black hole with mass M

and angular momentum J in Boyer-Lindquist coordinates {(t, r,�, ✓)},

ds2 = gttdt
2 + 2gt�dtd�+ �rrdr

2
���d�

2 + �✓✓d✓
2
, (128)

where (Boyer & Lindquist 1967)

gtt = (2Mr/⌃)� 1, (129)

gt� = �2aMr sin2 ✓/⌃, (130)

�rr = ⌃/�, (131)

��� = A sin2 ✓/⌃, (132)

�✓✓ = ⌃, (133)

and

⌃ = r
2 + a

2 cos2 ✓, (134)

� = r
2
� 2Mr + a

2
, (135)

A = (r2 + a
2)2 � a

2� sin2 ✓, (136)

a = J/M, �1 < a/M < +1. (137)

We note that the horizon of the black hole is located at r+, the largest root of � = 0,

r± = M ±

p
M2 � a2. (138)

One can easily show (see Exercise below) that the components of the inverse metric are given
by

g
tt = �A/(�⌃), (139)

g
t� = �

2aMr

⌃�
, (140)

�
rr = �/⌃, (141)
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2 sin2 ✓
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, (142)

�
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Exercise 3.1 Derive Eqs. (139)–(143). Hint: Make use of the fact that only the t-� block of

gµ⌫ needs to be inverted, as the inversion of the r-✓ part is trivial. Proceed by first showing

that the determinant of the t-� part is

g̃ = �� sin2 ✓ (144)

and then use Cramer’s rule. Conclude that

g = det(gµ⌫) = �⌃2 sin2 ✓. (145)

One can now compare Eqs. (139)–(143) to Eq. (224) and identify the lapse and shift of
the Boyer-Lindquist foliation of spacetime:

↵
2 = �1/gtt = �⌃/A, (146)

�
2 = ↵

2 + gtt = 4a2r2 sin2 ✓/A, (147)

�
� = ↵

2
g
t� = �2aMr/A, �

r = �
✓ = 0. (148)

Frame dragging. For an observer with timelike four-velocity u
µ, the angular velocity is

given by

⌦ ⌘
d�

dt
=

d�
d⌧
d�
d⌧

=
u
�

ut
. (149)

This shows that even zero-angular momentum observers (u� = 0), such as the Eulerian
observer (u� = n� = 0, see Eq. (218)), are dragged into co-rotation by the black hole with
angular velocity ⌦ 6= 0.

Exercise 3.2 Show that for the Eulerian observer (zero-angular momentum observer),

⌦E = ��
�
, i.e., � = �⌦E@�. (150)

Note that this result is more general than it might look; it holds for any metric of the type

(128). In particular, it is also valid for Kerr-Schild coordinates.

Ergosphere. Another interesting feature of the Kerr solution is the existence of an er-
gosphere. When gtt becomes positive at radii smaller than the largest root rS+ of gtt =
�↵

2 + �
2 = 0, where

rS± = M ±

p
M2 � a2 cos2 ✓, (151)

the otherwise timelike Killing vector tµ = @t is not timelike anymore,

gµ⌫t
µ
t
⌫ = g(tµ, t⌫) = gtt > 0. (152)

This means that there cannot be a static observer inside this region, referred to as the
ergosphere. Any timelike observer (following a timelike world line) and even light is dragged
into rotation within the ergosphere.

3.2.2 Electrodynamics in stationary spacetimes

In this section, we briefly sketch the derivation of the foundational equations of electrody-
namics in stationary spacetimes, i.e., we shall assume that

@tgµ⌫ = 0. (153)

While the equations to be derived here will generally apply to any stationary spacetime, they
are, in particular, valid for the case of a rotating black hole in Boyer-Lindquist coordinates
we are interested in (see previous section). If we define the electric
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which together with Eq. (213) immediately show that the spatial components of the 3-metric
are given by

�ij = gij . (219)

Furthermore, we note that

gtt =  µ 
µ = ↵

2
nµn

µ + �µ�
µ = �↵

2 + �k�
k
, (220)

gti =  µ@
µ
i = �µ@

µ
i = �i (221)

g
tt = rµ r

µ
 = �↵

�2 (222)

g
ti = �n

0
n
i = ↵

�2
�
i
, (223)

where the last identity follows from the fact that �µ0 = 0 as implied by Eqs. (213), (214),
and (217). In summary, we find the following coordinate representation of the 4-metric and
its inverse:

gµ⌫ =

✓
�↵

2 + �k�
k

�i

�j �ij

◆
, g

µ⌫ =

✓
�↵

�2
↵
�2
�
i

↵
�2
�
i

�
ij
� ↵

�2
�
i
�
j

◆
. (224)

Additionally, we find that
p
�g = ↵

p
�, (225)

where g ⌘ det(gµ⌫) and � ⌘ det(�ij). We note that the lapse ↵ and the three non-vanishing
components �i of the shift vector can be chosen arbitrarily. They represent four degrees of
freedom, which reflect the di↵eomorphism invariance of general relativity, i.e., the freedom
to choose (local) coordinates of the spacetime.
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Identify using general form of metric components:

outflow, we shall employ a relatively simple argument along the lines of Komissarov (2004,
2009).

3.2 Black hole electrodynamics

3.2.1 Kerr black hole and 3+1 split

The electrodynamics of black holes and their magnetospheres are most conveniently discussed
in the framework of a ‘3+1 split’ of spacetime (see Appendix A for a very brief overview).
This approach allows us to work with three-dimensional vector fields in very close analogy
to electrodynamics in flat spacetime, and another benefit of this approach is that results can
easily be carried over to the analysis of numerical simulations, since they are also formulated
in a 3+1 decomposition of spacetime.

In the 3+1 split, spacetime is foliated into three-dimensional spatial hypersurfaces that
are parametrized by a global time function (or coordinate) t. The general spacetime metric
in this approach reads (cf. Eq. (224))

ds2 = �(↵2
� �

2)dt2 + 2�idx
idt+ �ijdx

idxj
, (127)

where ↵ is the lapse function, � = �
i
@i is the shift vector, and �ij is the three-dimensional

metric of the spatial hypersurfaces. In this foliation of spacetime there is a special observer,
namely the observer who is at rest with respect to the spatial hypersurfaces; this observer
referred to as the Eulerian observer moves with 4-velocity n

⌫ (cf. Eqs. (217) and (218))
perpendicular to the spatial hypersurfaces of constant coordinate time t.

In the following, we shall describe the spacetime of a rotating black hole with mass M

and angular momentum J in Boyer-Lindquist coordinates {(t, r,�, ✓)},

ds2 = gttdt
2 + 2gt�dtd�+ �rrdr

2
���d�

2 + �✓✓d✓
2
, (128)

where (Boyer & Lindquist 1967)

gtt = (2Mr/⌃)� 1, (129)

gt� = �2aMr sin2 ✓/⌃, (130)

�rr = ⌃/�, (131)

��� = A sin2 ✓/⌃, (132)

�✓✓ = ⌃, (133)

and
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2 + a
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2
, (135)

A = (r2 + a
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a = J/M, �1 < a/M < +1. (137)

We note that the horizon of the black hole is located at r+, the largest root of � = 0,

r± = M ±

p
M2 � a2. (138)

One can easily show (see Exercise below) that the components of the inverse metric are given
by

g
tt = �A/(�⌃), (139)
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Horizon location: � = 0
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Exercise 3.1 Derive Eqs. (139)–(143). Hint: Make use of the fact that only the t-� block of

gµ⌫ needs to be inverted, as the inversion of the r-✓ part is trivial. Proceed by first showing

that the determinant of the t-� part is

g̃ = �� sin2 ✓ (144)

and then use Cramer’s rule. Conclude that

g = det(gµ⌫) = �⌃2 sin2 ✓. (145)

One can now compare Eqs. (139)–(143) to Eq. (224) and identify the lapse and shift of
the Boyer-Lindquist foliation of spacetime:

↵
2 = �1/gtt = �⌃/A, (146)

�
2 = ↵

2 + gtt = 4a2r2 sin2 ✓/A, (147)

�
� = ↵

2
g
t� = �2aMr/A, �

r = �
✓ = 0. (148)

Frame dragging. For an observer with timelike four-velocity u
µ, the angular velocity is

given by

⌦ ⌘
d�

dt
=

d�
d⌧
d�
d⌧

=
u
�

ut
. (149)

This shows that even zero-angular momentum observers (u� = 0), such as the Eulerian
observer (u� = n� = 0, see Eq. (218)), are dragged into co-rotation by the black hole with
angular velocity ⌦ 6= 0.

Exercise 3.2 Show that for the Eulerian observer (zero-angular momentum observer),

⌦E = ��
�
, i.e., � = �⌦E@�. (150)

Note that this result is more general than it might look; it holds for any metric of the type

(128). In particular, it is also valid for Kerr-Schild coordinates.

Ergosphere. Another interesting feature of the Kerr solution is the existence of an er-
gosphere. When gtt becomes positive at radii smaller than the largest root rS+ of gtt =
�↵

2 + �
2 = 0, where

rS± = M ±

p
M2 � a2 cos2 ✓, (151)

the otherwise timelike Killing vector tµ = @t is not timelike anymore,

gµ⌫t
µ
t
⌫ = g(tµ, t⌫) = gtt > 0. (152)

This means that there cannot be a static observer inside this region, referred to as the
ergosphere. Any timelike observer (following a timelike world line) and even light is dragged
into rotation within the ergosphere.

3.2.2 Electrodynamics in stationary spacetimes

In this section, we briefly sketch the derivation of the foundational equations of electrody-
namics in stationary spacetimes, i.e., we shall assume that
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Exercise 3.1 Derive Eqs. (139)–(143). Hint: Make use of the fact that only the t-� block of

gµ⌫ needs to be inverted, as the inversion of the r-✓ part is trivial. Proceed by first showing

that the determinant of the t-� part is

g̃ = �� sin2 ✓ (144)

and then use Cramer’s rule. Conclude that

g = det(gµ⌫) = �⌃2 sin2 ✓. (145)

One can now compare Eqs. (139)–(143) to Eq. (224) and identify the lapse and shift of
the Boyer-Lindquist foliation of spacetime:

↵
2 = �1/gtt = �⌃/A, (146)

�
2 = ↵

2 + gtt = 4a2r2 sin2 ✓/A, (147)

�
� = ↵

2
g
t� = �2aMr/A, �

r = �
✓ = 0. (148)

Frame dragging. For an observer with timelike four-velocity u
µ, the angular velocity is

given by

⌦ ⌘
d�

dt
=

d�
d⌧
d�
d⌧

=
u
�

ut
. (149)

This shows that even zero-angular momentum observers (u� = 0), such as the Eulerian
observer (u� = n� = 0, see Eq. (218)), are dragged into co-rotation by the black hole with
angular velocity ⌦ 6= 0.

Exercise 3.2 Show that for the Eulerian observer (zero-angular momentum observer),

⌦E = ��
�
, i.e., � = �⌦E@�. (150)

Note that this result is more general than it might look; it holds for any metric of the type

(128). In particular, it is also valid for Kerr-Schild coordinates.

Ergosphere. Another interesting feature of the Kerr solution is the existence of an er-
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�↵

2 + �
2 = 0, where

rS± = M ±

p
M2 � a2 cos2 ✓, (151)
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This means that there cannot be a static observer inside this region, referred to as the
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In this section, we briefly sketch the derivation of the foundational equations of electrody-
namics in stationary spacetimes, i.e., we shall assume that
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While the equations to be derived here will generally apply to any stationary spacetime, they
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21

GRB central engines



Black hole electrodynamics

Daniel Siegel GRB central engines

Electrodynamics is governed by Maxwell’s equations, which, in general relativity, can be
expressed as

r⌫F
⇤µ⌫ = 0, (154)

r⌫F
µ⌫ = I

µ
. (155)

Here, Fµ⌫ is the Maxwell tensor, F ⇤µ⌫ is the Faraday tensor, and I
µ is the electric 4-current

(see below). Let us define the magnetic and electric field as seen by the Eulerian observer
(projection of the Maxwell and Faraday tensors onto the four-velocity of the observer),

D
µ = �F

µ⌫
n⌫ , (156)

B
µ = �F

⇤µ⌫
n⌫ , (157)

as well as the auxiliary fields

E
µ = �

1

2
�
µ⌫
⌘⌫↵��k

↵
F

⇤��
, (158)

H
µ = �

1

2
�
µ⌫
⌘⌫↵��k

↵
F

��
, (159)

J
µ = 2I [⌫kµ]n⌫ , (160)

⇢q = �I
⌫
n⌫ . (161)

Here, k↵ = @t,

⌘
µ⌫�� =

1
p
�g

✏
µ⌫�� (162)

is the Levi-Civita alternating pseudo-tensor of spacetime, and ✏
µ⌫�� is the four-dimensional

Levi-Civita symbol. Note that
⌘µ⌫�� =

p
�g✏µ⌫��. (163)

Exercise 3.3 Show that the fields (158)–(160) are purely spatial, i.e., that they only live in

the spatial hypersurfaces

X
µ
nµ = 0, X

µ = D
µ
, B

µ
, E

µ
, H

µ
, J

µ
. (164)

Due to the property (164), we can think of Dµ
, B

µ
, E

µ
, H

µ
, J

µ simply as three-dimensional
vectors on the spatial hypersurfaces, D, B, D, H, J whose indices can be raised and lowered
with the spatial metric �ij . Using the definitions (156)–(161), we obtain from the time and
spatial components of Eq. (154)

r ·B = 0 (165)

and
@tB +r⇥E = 0, (166)

respectively. Similarly, Eq. (155) yields

r ·D = ⇢q (167)

and
� @tD +r⇥H = J . (168)

Exercise 3.4 Derive Eqs. (165)–(168).

In vacuum or in highly ionised plasma the electric and magnetic susceptibilities vanish and
the Faraday tensor is dual to the Maxwell tensor,

F
⇤µ⌫ =

1

2
⌘
µ⌫↵�

F↵� , F
µ⌫ =

1

2
⌘
µ⌫↵�

F
⇤
↵� . (169)

and we can write Eqs. (158) and (159) as

E = ↵D + � ⇥B, (170)

H = ↵B � � ⇥D. (171)
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Covariant Maxwell equations:

Define electric and magnetic field as seen by normal (Eulerian) observer in 3+1 split:

Define auxiliary fields (only physical meaning at infinity):

electric charge

electric current

Faraday tensor

Exercise: all these fields are purely spatial:
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(i.e., they live on the spatial hyper-surfaces of the 3+1 split) 

Maxwell tensor



Activation of the BZ mechanism



Daniel Siegel

core collapse

BH formation

accretion disk
Formation

jet punches through infalling 
material, generates GRB

GRB central engines

Long GRBs: collapsars
No. 1, 1999 COLLAPSARS 271

FIG. 7.ÈDensity in the central regions of model 14A 7.598 s after core collapse. A dense disk (red ; 109 g cm~3) of gas is accreting into the black hole. The
centrifugally supported torus has a radius of 200 km. Still higher densities exist in the disk inside the inner boundary of our calculation (50 km). Gas is
accreting much more readily along the polar axis because of the lack of centrifugal support and has left behind a channel with relatively low density (blue ; 106
g cm~3). Should energy be deposited near the black hole, this geometry will naturally focus jets along the rotational axis.

cosity was calculated using where r is the sphericall\ acs r,
distance from the origin and a was 0.1. Another calculation,
which assumed that with H the density scalel\ acs H,
height and a \ 0.1, gave about one-half as much energy to
the plumes. In practice the plumes shown in Figure 16
would result from using a larger value of a B 0.2 in the
latter expression.

The plumes (or wind) are thus artiÐcial in the sense that
they are generated by an ““ alpha viscosity.ÏÏ However, the
dissipation modeled by a may have a real physical originÈ
magnetic energy dissipation in and above the disk. Very

roughly, the MHD Ñux from the disk is a small fraction, say
1%È10% , of the magnetic energy density in the disk, B2/8n,
times the speed, about the speed of light in the innerAlfve" n
disk. The Ðeld itself might have an energy density 10% of
ov2. Then for density D1010 g cm~3, v D 1010 cm s~1 and a
disk area of 1013 cm, the MHD energy input is D1051 ergs
s~1.

The matter that is ejected has mostly been at high tem-
perature, and is initially composed of nucleons. AsT9 Z 10
these nucleons reassemble in nuclear statistical equilibrium,
and provided remains near 0.5, the freezeout composi-Y

e

MacFadyen & Woosley 1999

BH-accretion disk from collapse of rapidly rotating massive 
stars (M > 20 Msun)



Daniel Siegel GRB central engines

Long GRBs: collapsars

Komissarov & Barkov 2009

• Initial conditions: free-fall material with angular 
momentum, roughly approximating collapse of 
massive, rapidly rotating star

• Initial dipole B-field superimposed on infalling 
material
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the spin of the accretion disc, this energy reserve is continuously
replenished via accretion. Thus, as far as the availability of energy
is concerned, the black hole model looks very promising indeed.

The energy release rate is usually estimated using the BZ power
for the case of a force-free monopole magnetosphere:

ĖBZ = 1
6c

(
!h"h

8π

)2

, (2)

where !h is the angular velocity of the BH and "h is the mag-
netic flux threading one hemisphere of the BH horizon. (Here
it is assumed that the angular velocity of the BH magnetosphere
! = 0.5!h.) This formula is quite accurate, not only for the slowly
rotating black holes considered in Blandford & Znajek (1977) but
also for rapidly rotating BHs (Komissarov 2001). In application to
the collapsar problem it gives us the following estimate:

ĖBZ = 1.4 × 1051f2(a)"2
h,27

(
Mh

M⊙

)−2

erg s−1, (3)

where

f2(a) = a2(1 +
√

1 − a2)−2

and "h,27 = "h/1027 G cm2. One can see that the power of the BZ
mechanism is rather sensitive to the black hole mass and magnetic
flux. Since the black hole mass is likely to be ≥3 M⊙, the observed
energetics of hypernovae and long GRBs requires "h,27 ≃ 1. This
value is comparable with the maximal surface flux observed in
magnetic stars, Ap stars, magnetic white dwarfs and magnetars
(e.g. Ferrario & Wickramasinghe 2005). Thus, the magnetic field of
a GRB central engine may well be the original field of the progenitor
star.

The estimates (1) and (3) show that the braking of black holes
alone can explain the energetics of GRBs, and this is why this
mechanism is often mentioned in the literature on GRBs. However,
there is another issue to take into consideration. Equation (2) is
obtained in the limit where the inertia of the magnetospheric plasma
and, to a large degree, its gravitational attraction towards the black
hole are ignored. In contrast, the mass density of the plasma in
the collapsing star may be rather high and has to be taken into
account. For example, magnetohydrodynamic waves may become
trapped in the accretion flow and unable to propagate outwards. In
such a case, it would not be possible to extract any of the black
hole rotational energy magnetically to drive the stellar explosion,
irrespective of how high this energy is. Since the BZ mechanism can
only operate within the black hole ergosphere (Komissarov 2004a,
2009), the magnetohydrodynamic waves must at least be able to
cross the ergosphere in the outward direction for its activation. This
agrees with the conclusion reached in Takahashi et al. (1990) that
the Alfven surface of a steady-state ingoing wind must be located
inside the ergosphere to have the outgoing direction of the total
energy flux. Thus we should consider the following condition for
activation of the BZ mechanism in accretion flows: the Alfven speed
has to exceed the local free-fall speed at the ergosphere,

va > vf .

In order to simplify calculations, let us apply the Newtonian expres-
sions for both speeds. The Alfven speed is

v2
a = B2

4πρ
,

where B is the magnetic field strength and ρ is the plasma mass
density, whereas the free-fall speed is

v2
f = 2GMh

r
.

At r = 2rg = 2GM/c2 the local criticality condition reads

βρ = 4πρc2

B2
< 1. (4)

That is, the energy density of the magnetic field has to exceed that
of the plasma in the vicinity the black hole.

For spherically symmetric flows the condition va > vf can be
written as a constraint on the mass accretion rate, Ṁ , and the flux
of the radial magnetic field, ",

"

2πr
√

Ṁvf (r)
> 1.

Since vf ∝ r−1/2, this condition is bound not to be satisfied at large
r, but we only need to apply it at the ergosphere. Using r ≃ 2rg we
then obtain

κ > κc, (5)

where

κ = "h

4πrg

√
Ṁc

(6)

and κc = 1. In fact, the critical value of κ must depend on the black
hole spin and tend to infinity for small a. Newtonian analysis cannot
capture this effect. The relativistic one, on the other hand, appears
rather complicated (Camenzind 1989; Takahashi et al. 1990). Fortu-
nately, nowadays this issue can be investigated via numerical simu-
lations. Another interesting and important issue for time-dependent
simulations is whether there is only one bifurcation separating so-
lutions with switched-on and switched-off BZ mechanism or the
transition is richer and allows more complicated time-dependent
solutions, e.g. quasi-periodic or chaotic ones.

3 T E S T SI M U L AT I O N S

The first type of simulation presented in this paper is designed to
test the validity of our arguments behind the criterion for activa-
tion of the BZ mechanism, which we derived in Section 2 using a
combination of Newtonian and relativistic physics. For this purpose
we consider a more-or-less spherical accretion of cold magnetized
plasma with vanishing angular momentum on to a rotating black
hole. In order to focus on the MHD aspects of the problem, we
ignore the microphysics important in the collapsar problem and
consider a plasma with a simplified polytropic EOS.

The main details of our numerical method and various test simu-
lations are described in Komissarov (1999, 2004b, 2006). The only
really new feature here is the introduction of a Harten–Lax–van
Leer (HLL) solver, which is activated when our linear Riemann
solver fails. This usually occurs in regions of relativistically high
magnetization where the magnetic energy density exceeds that of
matter by more than one order of magnitude, or in strong rarefac-
tions. This makes the scheme a little bit more robust although we
are still forced to use a ‘density floor’, i.e. a lower limit on the value
of mass–energy density of matter.2

Both in the numerical scheme and throughout this section of the
paper, we utilize geometric units where G = c = Mh = 1. The Kerr

2 We have found that a total switch to the HLL solver noticeably degrades
the numerical solutions via increasing numerical diffusion and dissipation.
This is particularly noticeable for slowly evolving flow components, like
accretion discs (see also Mignone & Bodo 2006).
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stellar center the same as in the P case. In contrast to BHNS
systems, we find that interior-only initial B-fields also lead to
jet formation in NSNSs. Throughout this work, geometrized
units (G = c = 1) are adopted unless otherwise specified.

2. METHODS

We use the Illinois GRMHD code, which is built on the
Cactus6 infrastructure and uses the Carpet7 code for
adaptive mesh refinement. We use the AHFinderDirect
thorn (Thornburg 2004) to locate apparent horizons. This code
has been thoroughly tested and used in the past in different
scenarios involving magnetized compact binaries (see, e.g.,
Etienne et al. 2008, 2012b; Liu et al. 2008; Gold et al. 2014a,
2014b). For implementation details, see Etienne et al.
(2010, 2012a) and Farris et al. (2012).

In all simulations we use seven levels of refinement with two
sets of nested refinement boxes (one for each NS) differing in
size and resolution by factors of two. The finest box around
each NS has a half-side length of ~ R1.3 NS, where RNS is the
initial NS radius. For the I model, we run simulations at two
different resolutions: a “normal” resolution (model IN), in
which the finest refinement level has grid spacing 0.05
M = 227(MNS/1.625Me)m, and a “high” resolution (model
IH), in which the finest level has spacing 0.03 M = 152(MNS/
1.625Me) m. For the P model, we always use the high
resolution. These choices resolve the initial NS equatorial
diameter by ∼120 and ∼180 points, respectively. In terms of
grid points per NS diameter, our high resolution is close to the
medium resolution used in Kiuchi et al. (2014), which covered
the initial stellar diameters by ∼205 points. We set the outer
boundary at ( ):»M M M245 1088 1.625NS km and impose
reflection symmetry across the orbital plane.

The quasi-equilibrium NSNS initial data were generated
with the LORENE libraries.8 Specifically, we use the n= 1,
irrotational case listed in Taniguchi & Gourgoulhon (2002),
Table III, =M R 0.14 versus 0.14, row 3, for which the rest

mass of each NS is ( ):M k1.625 269.6 km2 1 2, with k the
polytropic constant. This same case was used in Rezzolla et al.
(2011). As in PRS we evolve the initial data up to the final two
orbits prior to merger ( =t tB), at which point each NS is seeded
with a dynamically unimportant B-field following one of two
prescriptions:
(1) The P case (Figure 1, upper left), for which we use a dipole

B-field corresponding to Equation (2) in Paschalidis et al. (2013).
We choose the parameters I0 and r0 such that the magnetic-to-
gas-pressure ratio at the stellar center is b =- 0.0031251 . The
resulting B-field strength at the NS pole measured by a normal
observer is ( )� :´B M M1.75 10 1.625pole

15
NS G. While this

B-field is astrophysically large, we choose it so that following
merger, the rms value of the field strength in the hypermassive
neutron star (HMNS) remnant is close to the values found in
recent very-high-resolution simulations (Kiuchi et al. 2015)
which showed that the Kelvin–Helmholtz instability (KHI)
during merger can boost the rms B-field to 1015.5 G with local
values reaching even 1017 G. Our choice of the B-field strength
thus provides an “existence proof” for jet launching following
NSNS mergers with the finite computational resources at our
disposal. To capture the evolution of the exterior B-field in this
case and simultaneously mimic force-free conditions that likely
characterize the exterior, we follow PRS and set a variable-
density atmosphere at t = tB such that the exterior plasma
parameter βext = 0.01. This variable-density prescription,
imposed at t = tB only, is expected to have no impact on the
outcome (cf. PRS). With our choice of βext, the amount of total
rest mass does not increase by more than ∼0.5%.
(2) The I case, which also uses a dipole field but confines it

to the interior. We generate the vector potential through
Equations (11), (12) in Etienne et al. (2012a), choosing Pcut to
be 1% of the maximum pressure, nb = 2, and Ab such that the
strength of the B-field at the stellar center coincides with that in
the P case. Unlike the P case, a variable-density atmosphere is
not necessary, so we use a standard constant-density atmo-
sphere with rest-mass density 10−10ρ0,max, where ρ0,max is the
initial maximum value of the rest-mass density.
In both the P and I cases, the magnetic dipole moments are

aligned with the orbital angular momentum. During the

Figure 1. Snapshots of the rest-mass density, normalized to its initial maximum value ρ0,max = 5.9 × 1014 ( ):
-M M1.625 g cmNS

2 3 (log scale) at selected times for
the P case. The arrows indicate plasma velocities, and the white lines show the B-field structure. The bottom middle and right panels highlight the system after an
incipient jet is launched. Here ( ):= ´ -M M M1.47 10 1.6252

NS ms = ( ):M M4.43 1.625NS km.

6 http://www.cactuscode.org
7 http://www.carpetcode.org
8 http://www.lorene.obspm.fr
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Figure 2 plots the magnetic-field energy as a function
of time for H4B15 runs, H4B14d70, and H4B16d70. Soon
after the onset of the merger, the magnetic-field energy is
steeply amplified because the KH vortices develop in

the shear layer. The growth rate is higher for the higher-
resolution runs, because the growth rate of the KH
instability is proportional to the wave number and hence
the smaller-scale vortices have the larger growth rate. We
analyze the maximum magnetic-field strength and plot the
amplification factor in the merger as a function of Δx7 in
the lower panel of Fig. 2. This clearly shows that the
amplification factor depends on the grid resolution but not
on the initial magnetic-field strength. This is consistent
with the amplification mechanism due to the KH vortices
and qualitatively consistent with the local shearing-box
simulation in Ref. [22]. The magnetic-field energy at
t− tmrg ≈ 5 ms in the high-resolution run is 40–50 times
as large as that of the low-resolution run.
In the HMNS stage, the magnetic-field strength grows

significantly in the high- and middle-resolution runs but not
in the low-resolution run. We analyze the field amplifica-
tion by foliating the HMNS in terms of the rest-mass
density, i.e., calculating the magnetic-field energy for ρ1 ≤
ρ ≤ ρ2 varying ρ1 and ρ2. The left panel of Fig. 3 plots
magnetic-field energy of a radial component for H4B15
runs with ρ1 ¼ 1011 g=cm3 and ρ2 ¼ 1012 g=cm3. We find
that it grows in the middle- and high-resolution runs but
not significantly in the low-resolution run. We also find
the high- and middle-resolution runs satisfy the criterion
λφMRI=Δx7 ≥ 10 where λφMRI is the MRI wavelength of the
fastest growing mode for the toroidal magnetic field,
whereas the low-resolution run does not satisfy this
criterion.
We fit the growth rate of the magnetic-field energy by

∝ e2σðt−tmrgÞ for 8≲ t− tmrg ≲ 14ms for the high-resolution
run and find that σ ≈ 140 Hz (for the middle-resolution run,
it is ≈130 Hz for 8≲ t− tmrg ≲ 16 ms) which is several
percents of the rotational frequency. This frequency agrees
approximately with that of the nonaxisymmetric MRI [23].
The right panel of Fig. 3 plots the magnetic-field energy

FIG. 1 (color online). Snapshots of the density, magnetic-field strength and magnetic-field lines for H4B15d70 at t− tmrg ≈ 0.0 ms
(left panel), at t− tmrg ≈ 5.5 ms (middle panel), and at t− tmrg ≈ 38.8 ms (right panel). tmrg is a time when the amplitude of the
gravitational waves becomes maximum. The left, middle, and right panels show the configuration just after the onset of the merger, for
the HMNS phase, and for a BH surrounded by an accretion torus, respectively. In each panel, the white curves are the magnetic-field
lines. In the left panel, the cyan represents the magnetic fields stronger than 1015.6 G. In the middle panel, the yellow, green, and dark
blue represent the density iso-surface of 1014, 1012, and 1010 g=cm3, respectively. In the right panel, the light and dark blue are the
density iso-surface of 1010.5 and 1010 g=cm3, respectively.
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FIG. 2 (color online). (Top) The total magnetic-field energies as
a function of time for H4B15 runs with three grid resolutions
(B15-70m, B15-110m, B15-150m), for H4B14d70 (B14-70m),
and for H4B16d70 (B16-70m). The thin vertical lines denote the
formation time of the BH. EB is calculated by a volume integral
only outside the BH horizon. (Bottom) The dependence of the
amplification factor of the maximum toroidal magnetic field in
the merger on the grid resolution for all the models.
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and almost 1016 G in the equatorial region (70°–110°).
Finally, the MS1 unequal-mass model has a rather
flat value of B90 ≈ 1016 G at all angles. These results show
that there is no unique behavior at this stage of the
evolution. In order to assess whether a common ordered
structure would emerge at a later time (e.g., a structure
favorable for jet formation), long-term simulations extend-
ing far beyond the timescales covered in this work are
needed.

VI. SHORT GAMMA-RAY BURSTS

In what follows, we discuss the results of our simulations
in the context of SGRBs. BNS and NS-BH mergers
represent primary candidates as progenitors of these events
[19–29]. One main reason is that a common product of such
mergers is a compact object (a massive NS or a BH)
surrounded by an accretion disk of mass ≳0.1 M⊙, and the
corresponding accretion timescale (∼1 s) matches the
duration of the SGRB prompt emission (< 2 s). In addi-
tion, the lack of supernova associations, the diverse types of
host galaxies (which include also early-type galaxies), and
the large offsets from the center of the host galaxy, are all in
favor of a binary compact object origin [15].
The most commonly discussed scenario is the one in

which a compact binary merger leads to the prompt
formation of a BH surrounded by a massive accretion disk
[107]. The accretion onto the BH is what provides the
source of power. Since the gamma-ray emission is believed
to be generated within a relativistic outflow, an additional
key ingredient is the ability of the system to drive a jet. Two
main mechanisms have been proposed as energy sources
capable of launching a jet: (i) the deposition of thermal
energy at the poles of the BH via the annihilation of
neutrinos and antineutrinos copiously emitted by the hot
accretion disk [20,108], and (ii) the action of large scale
magnetic fields threading the accretion disk and tapping the
rotational energy of the BH via the Blandford-Znajek
mechanism [109] (analogous to the well established case
of AGNs/blazars [110]). Recent simulations indicate that
the neutrino mechanism, while potentially important,
seems to be too weak to drive a powerful enough jet on

FIG. 19. Structure of magnetic field 45 ms after merger for the equal-mass MS1 (left) and APR4 (right) models. The coloring indicates
the magnetic field strength (log10ðB½G#Þ, same color scale for both models). For more quantitative results see Fig. 20. The black bars
provide a length scale of 20 km.

FIG. 20. Distribution of magnetic field with respect to θ-
coordinate, for APR4 and MS1 models 45 ms after merger.
Top: histogram of magnetic energy employing bins regularly
spaced in cosðθÞ, where θ ¼ 0 on the positive z-axis and θ ¼ 90°
at the equator. Each curve is normalized to the total magnetic
energy. Bottom: characteristic field strength B90 defined as the
value for which 90% of the magnetic energy inside a given cosðθÞ
bin is contributed by regions with field strengths below B90.
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FIG. 21. Meridional view of the fluid velocity perpendicular to the orbital plane (i.e. the z-component) and of the magnetic-to-fluid pressure
ratio (on the top and bottom half of each panel, respectively), towards the end of our simulations. Left: APR4 models with equal mass (top)
and unequal mass (bottom). Right: the same for H4 models (region in black is inside the apparent horizon).

hints into the viability of the magnetar model. As shown in
Section III and Fig. 9, towards the end of the simulations we
find rest-mass densities along the orbital/spin axis of the order
of 10

10 g/cm3 and slowly increasing (computed at z ⇠50 km
almost 50 ms after merger). At the same time, the system is
characterized by a quasi-stationary evolution showing no clear
flow structure in the surrounding of the merger site, and in
particular no net outflow along the axis (cf. Figs. 6, 7 and left
panels of Fig. 21). Moreover, we observe magnetic-to-fluid
pressure ratios approaching unity inside a spherical region
of radius ⇠ 100 km, but no magnetically dominated funnel
(Fig. 21). Finally, the magnetic field does not show a strong
poloidal component along the axis (see Figs. 19, 20), which
is necessary in order to launch a magnetically driven jet. We
conclude that the systems studied in this work are unlikely to
produce a jet on timescales of ⇠ 0.1 s; either they do so on
much longer timescales (�0.1 s) or they are simply unable to
generate a collimated outflow.

We stress, however, that our simulations cannot provide
the final answer. First, we do not include neutrino radiation,
which might provide support to the production of a jet. Sec-
ond, we start with purely poloidal magnetic fields confined in-
side the NSs and we do not properly resolve all magnetic field
amplification mechanisms, in particular the KH instability and
MRI inside the remnant. We also note that while further in-
creasing the strength of the initial magnetic fields (⇠ 10

15 G)
would be difficult to motivate, simply changing the geomet-
rical structure might still completely change the outcome. In
[29], for instance, it is shown that initial (pre-merger) poloidal
magnetic fields extending also outside the two NSs can help
jet formation in the post-merger evolution. Third, the emer-
gence of an incipient jet probably requires simulations lasting

&0.1 s, i.e. much longer than ours. All of the above elements
will have to be reconsidered in future studies.

As a final note on SGRB models, we recall that an alter-
native “time-reversal” scenario [40, 114] was proposed most
recently to overcome the problems of the BH-disk and mag-
netar scenarios. This model envisages the formation of a long-
lived supramassive NS as the end product of a BNS merger,
which eventually collapses to a BH on timescales of up to
⇠minutes of even longer. During its lifetime, the strongly
magnetized NS remnant injects energy into the surrounding
environment via EM spindown. Then, it collapses to a BH
and generates the necessary conditions to launch a jet. At that
point, the merger site is surrounded by a photon-pair plasma
nebula inflated by the EM spindown and by an external layer
of nearly isotropic baryon-loaded ejecta (expelled in the early
post-merger phase, but now diluted to much lower densities).
While the jet easily drills through this optically thick environ-
ment and escapes to finally produce the collimated gamma-
ray emission, spindown energy remains trapped and diffuses
outwards on much longer timescales. As a result, spindown
energy given off by the NS prior to collapse powers an EM
transient (in particular in the X-rays) that can still be observed
for a long time after the prompt SGRB. This offers a possi-
ble way to simultaneously explain both the prompt emission
and the long-lasting X-ray afterglows. Such a scenario covers
timescales that extend far beyond the reach of present BNS
merger simulations and thus it cannot be validated in this con-
text. We do however note that the roughly isotropic matter
outflows observed in our simulations would provide the re-
quired baryon-rich environment. On the other hand, the com-
plicated field structures found in the remnants highlight that
modeling the spindown radiation with a simple dipolar field
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properties of the host galaxy for the first localized short burst,
GRB 050509B (ref. 1). One difference is that the host of
GRB 050509B was located in a moderately rich cluster of galaxies,
while the optical and X-ray observations of GRB 050724 suggest that
this host elliptical is located in a lower-density region. The spectrum
of the host shows no emission lines18 or evidence for recent star
formation, and is consistent with a population of very old stars. This
is true of most large elliptical galaxies in the present-day Universe,
including the host galaxy of GRB 050509B. The elliptical hosts of
these two short GRBs are very different from those for long bursts,
which are typically sub-luminous, blue galaxies with strong star
formation21.

Thus the properties of these two short GRB hosts suggest that the
parent populations and consequently the mechanisms for short and
long GRBs are different in significant ways. Their non-star-forming
elliptical hosts indicate that short GRBs could not have resulted from
any mechanism involving massive star core collapse22 or recent star
formation (for example, a young magnetar giant flare23,24). As we
previously noted1, large elliptical galaxies are very advantageous sites
for old, compact binary star systems, and thus good locations for
neutron star–neutron star or neutron star–black hole mergers.
Luminous elliptical galaxies are known to contain large populations
of low-mass X-ray binaries containing neutron stars or black holes,
and have large numbers of globular clusters within which compact
binary stars can be formed dynamically with amuch higher efficiency
than in the field. Note, however, that mergers of compact objects are
also expected to occur with a significant rate in star-forming galaxies;
even if such mergers are the mechanism behind all short GRBs, one
would not expect them all to occur in elliptical galaxies. In fact, the
second short GRB with fine localization (GRB 050709)2–4 was in a
star-forming galaxy at z ¼ 0.16 and may be such a case.
Taking into account the host distance, we compare the energetics

of short and long GRBs. The fluence in the first 3 s of emission is
6 £ 1027 erg cm22 in the 15–350 keVrange, which translates roughly
to a total 10 keV–1MeV g-ray fluence of ,1026 erg cm22. The
fluences in the 30 to 200 s soft g-ray peak and the X-ray afterglow
are comparable at 7 £ 1027 erg cm22 and ,1026 erg cm22, respect-
ively. These fluences are similar to those seen by BATand other g-ray
detectors for long bursts. However, at a redshift of z ¼ 0.285, the total

Figure 1 | BAT lightcurves for GRB050724 showing the short duration of
this GRB and the long softer emission. a, The prompt emission in the
15–150 keV energy band with a short-duration main spike of 0.25 s. T90 is
3.0 ^ 1.0 s (T90 is the time during which 90% of the GRB photons are
emitted10; the fluence is (3.9 ^ 1.0) £ 1027 erg cm22 and the peak flux is
3.5 ^ 0.3 photons cm22 s21 (15–150 keV, 90% confidence level). b, Soft
emission in the 15–25 keVenergy band lasting .100 s (peak flux is
,2 £ 1029 erg cm22 s21). The error bars in both panels are one-sigma
standard deviation. The BAT energy spectrum in the prompt portion
(T 2 0.03 to T þ 0.29 s; where T equals BAT trigger time of 12:34:09.32 UT)
is well fitted with a simple power-law model of photon index 1.38 ^ 0.13
and normalization at 50 keVof 0.063 ^ 0.005 photons cm22 s21 keV21

(15–150 keV, 90% confidence level). Count rate is normalized to a single
detector of the 32,768 detectors in the full array of the BAT instrument.

Figure 2 | VLT optical image17 showing the association of GRB050724
with the galaxy. The blue cross is the position of the optical transient16,17.
The XRT (red circle) and Chandra (green circle) burst positions are
superimposed on a bright red galaxy at redshift z ¼ 0.258 (ref. 5), implying a
low-redshift elliptical galaxy as the host. The XRT position has been further
revised from the position of ref. 15 by astrometric comparison with objects
in the field. The projected offset from the centre of the galaxy corresponds to
,4 kpc assuming the standard cosmology with H0 ¼ 71 km s21Mpc21 and
(QM, QL) ¼ (0.27, 0.73).

Table 1 | Position determinations for GRB 050724

Observatory RA (J2000) Dec. (J2000) Error circle radius* Notes Ref.

Swift/BAT 16 h 24min 43 s 2278 31 0 30 00 3 0 1 0 from Chandra position 6
Swift/XRT 16 h 24min 44.41 s 2278 32 0 28.4 00 6 00 Corrected astrometry relative to position in GCN Circular 3678 15
VLT 16 h 24min 44.37 s 2278 32 0 27 00 0.5 00

VLA 16 h 24min 44.37 s 2278 32 0 27.5 00 0.2 00 One-sigma error 7
Chandra/ACIS 16 h 24min 44.36 s 2278 32 0 27.5 00 0.5 00 8

All the positions are consistent with each other to within the errors quoted for each. See Fig. 2. *90% confidence limit except for VLA. VLT, Very Large Telescope. VLA, Very Large Array. RA,
right ascension; Dec., declination.
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VI. CONCLUSION

We have studied BNS mergers in numerical relativity
with a realistic prescription for the spin. Consistent initial
data have been produced with the CRV approach and
evolved for the first time.
We have considered moderate star rotations correspond-

ing to dimensionless spin magnitudes of χ ¼ 0.025, 0.05,
and direction-aligned or antialigned with the orbital angular
momentum. The dimensionless spins χ are estimated by
considering the angular momentum and masses of stars in
isolation with the same rotational state as in the binary. We

have investigated the orbital dynamics of the system by
means of gauge-invariant EðlÞ curves [38].
Our simple proposal for the estimation of χ proved to be

robust and allows us to show consistency with PN and EOB
energy curves at early times. Using energy curves, we have
also compared, for the first time to our knowledge, BNS
and BBH dynamics (see Ref. [90] for a waveform-based
comparison of the case BBH–mixed binary). We extracted
and isolated different contributions to the binding energy,
namely the point-mass nonspinning leading term, the spin-
orbit and spin-spin terms, and the tidal term. The analysis
indicates that the spin-orbit contribution to the binding
energy dominates over tidal contributions up to contact
(GW frequenciesMω22 ∼ 0.07) for χ ∼ 0.05. The spin-spin
term, on the other hand, is so small that it is not well
resolved in the simulations. No significant couplings
between tidal and spin-orbit terms are found, even at a
stage in which the simulation is in the hydrodynamical
regime (at this point, however, the interpretation of “spin-
orbit” probably breaks down).
The spin-orbit interactions significantly change the GW

signal emitted. During the three-orbit evolution, we
observe accumulated phase differences up to 0.7 GW
cycles (over three orbits) between the irrotational configu-
ration and the spinning ones (χ ¼ 0.05)—that is, we obtain
first quantitative results for orbital “hang-up” and “speed-
up” effects. A precise modeling of the late-inspiral-merger
waveforms, as in Ref. [17], needs to include spin effects
even for moderate magnitudes. Long-term (several orbits)
simulations are planned for a thorough investigation of this
aspect, together with detailed waveform phasing analysis
and comparison with analytical models. Extensive simu-
lations with different EOSs will also be important to check
the universal relations recently proposed in Ref. [91].

FIG. 9 (color online). Fourier analysis of the l ¼ 2
postmerger waveform multipoles and matter projection ρ2 for
model Γþþ

050 . The waveform frequencies strongly correlate with the
fluid’s modes.

FIG. 8 (color online). Gravitational wave signal for models Γ−−
050, Γ000, and Γþþ

050 . Left: Inspiral waveforms ℜðrh22Þ and rjh22j, and
frequency Mω22. Right: Full signal ℜðrh22Þ.
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