
we use the magnetic dipole spin-down time as
an order of magnitude estimate and insert
typical numbers from the simulation, we find

t 0 0:14 s
B

1017 G

! "j2
P

1:5 ms

! "2

! 15 km

RCO

! "4
MCO

2:5 MR

! "
"2#

where P is the rotational period and Mco is the
mass of the central object. This time scale is
close to the typical duration of a short GRB.
Note also that the high-field strength matter is
transported by the fluid motion to the remnant
surface. The sudden appearance of 1017-G
material at the surface of the neutron star–like
central object will very plausibly launch magne-
tized blasts similar to those described in (27).
Similar processes involving buoyant magnetic
fields, although at lower field strengths (È1014

to 1016 G), may also be at work in the accretion
torus. It is also worth pointing out the somewhat
speculative possibility that such a merger could
produce magnetars.

Recent calculations (28, 29) in the GRB con-
text have shown that the deposition of thermal

energy above accretion disks, for example, from
neutrino annihilation, can drive relativistic out-
flows. Such outflows can be narrowly colli-
mated, but in general a large spread in energies
and opening angles depending on the spe-
cifics of the merging system is expected. In
the light of the above-presented results, it is
hard to see how a signal from the strong mag-
netic fields—on top of the neutrino-annihilation
driven outflows—can be avoided.

At the neutrino luminosities produced in the
merger (91052 erg/s), neutrinos will, as in the
case of newborn neutron stars, drive a strong
baryonic wind (30). This material poses a po-
tential threat to the emergence of the required
ultrarelativistic outflow. The central object is
rather hot (20 to 25 MeV, where 1 MeV 0
1.16 ! 1011 K ) but very opaque to neutrinos. It
therefore only contributes moderately to the total
neutrino luminosity, which is dominated by the
inner shock-heated torus regions from which we
expect most of the wind material to come. Di-
rectly after the merger, the environment is of
very low density and rising magnetic bubbles
will, through magnetic pressure, help to keep the
region above the central object relatively clean
of baryons. However, as the neutrino luminosity

rises and the continuously braked central object
takes longer and longer to reach buoyancy field
strength, it will become increasingly difficult to
launch relativistic outflows. The interaction be-
tween such magnetic bubbles and a baryonic
wind will be very complicated, and whether
relativistic outflow develops may depend on the
details of the merging system. The estimated
double neutron star merger rate ranges from
about 4 to 220 ! 10j6 per year and galaxy (31)
and is thus comfortably two orders of magni-
tude larger than the rate required to explain
short GRBs. Thus, even allowing for beaming
and for a fraction of systems that could possibly
fail to provide the right conditions (instead
producing baryon-loaded x-ray or ultraviolet
flashes), the merger rate is still large enough to
explain the observed short GRBs.

The two mechanisms—neutrino annihilation
and magnetic processes—will show a different
temporal evolution, and they will also differ in
the energies they can provide to the burst. The
torus that dominates the neutrino emission takes a
few dynamical time scales to form (in our sim-
ulations, the neutrino luminosity peaks about 30
ms after the stars have come in contact). The ini-
tial amplification of the magnetic field occurs on
a much shorter time scale. Therefore, we expect
the very early prompt emission to come from the
magnetic field alone. The outflows driven by
neutrino annihilation contain typically 1048 ergs
(19); magnetic mechanisms could easily provide
1051 ergs or more (8, 19). Very energetic short
bursts would therefore have to be attributed to
magnetic mechanisms. In any case, short GRBs
that arise from the merger of magnetized neu-
tron stars will exhibit a large intrinsic diversity
and a very complex temporal behavior, and their
observed properties will drastically depend on
their orientation relative to the line of sight.
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Fig. 3. Close-up of the
central regions at t 0 2.65
ms. The color coding shows
strength of the magnetic
field, and the arrows show
the fluid velocity in the
corotating frame (that is, with
the dominant orbital velocity
component removed). The
shear interface shown in
Fig. 2 can be seen to have
curled up into vortex rolls.
In these vortices, the field is
strongly amplified to strengths
exceeding 1015 G. High-field
material that has passed
through these vortex rolls is
subsequently spread across
the surface of the central
merger remnant (see first
three panels of Fig. 1).

Fig. 4. Maximum magnetic field
strength as a function of the
number of fluid particles. All three
runs are identical apart from the
numerical resolution. The maximum
field strength of the best resolved
run, 2 ! 1015 G, is a strict lower
limit on the magnetic field that can
be reached in a neutron star
merger.

www.sciencemag.org SCIENCE VOL 312 5 MAY 2006 721

REPORTS

 o
n 

Au
gu

st
 2

, 2
01

0 
ww

w.
sc

ie
nc

em
ag

.o
rg

Do
wn

lo
ad

ed
 fr

om
 

http://www.sciencemag.org

