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Magnetars competing with BHs as source of GRB power
MULTIMESSENGER:


✦ gravitational waves

✦ neutrinos

RELATIVISTIC JETS: 
✦ physics of the shocks

✦ radiative mechanisms

Gamma-ray bursts: an astrophysical lab!
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0.3-10 keV

First evidence for magnetars: the GRB plateau

these are millions of years old (e.g. Kouveliotou et al.,
1998; Mereghetti, 2008; Rea and Esposito, 2011).

The improvement of the observational technologies
in the last ten years thanks to the advent of the Swift mis-
sion (Gehrels et al., 2004) revealed many unexpected
features, posing severe questions to the most popular
theoretical GRB models and to the BH central engine
scenario. The discovery by the Swift/X-Ray Telescope
(XRT, Burrows et al. 2005a) of a complex behaviour
of the afterglow emission that largely deviates from the
simple power-law decay predicted by the standard af-
terglow model (Meszaros and Rees, 1993), with the ob-
servation of a flattening in the X-ray light curve (X-
ray plateau, Nousek et al. 2006), and of flares super-
imposed to the afterglow emission in the X-rays (Chin-
carini et al., 2010), strengthened the idea that the GRB
source of energy should be active on a much longer
timescale than the prompt emission itself (⇠ 10 � 100
s).

The magnetar central engine has the merit of pro-
viding a straightforward interpretation for the X-ray
plateau during the GRB afterglow, since the newly-born
magnetar is expected to lose its rotational energy by
emitting a relativistic wind at timescales comparable
to those observed (⇠ hours; Dai and Lu 1998; Zhang
and Mészáros 2001; Corsi and Mészáros 2009; Met-
zger et al. 2011). Direct comparison with observations
(Dall’Osso et al., 2011; Bernardini et al., 2012, 2013;
Lyons et al., 2010; Rowlinson et al., 2013) showed that
this proposal is the most credible interpretation so far,
and indicated that the plateau emission can be consid-
ered as compelling evidence supporting magnetars.

A magnetar central engine has also been advocated
in SGRBs with an extended emission (EE) after the
initial spike in the prompt phase (Norris and Bonnell,
2006). Several attempts to provide a theoretical ex-
planation for the EE are related either to the magnetar
spin-down power (Metzger et al., 2008), or to fall-back
material accelerated to super-Keplerian velocities and
ejected from the magnetar by the centrifugal forces ex-
erted by its magnetosphere (Gompertz et al., 2014).

Another feature that is challenging for the standard
scenario of accretion onto a BH is the presence of pre-
cursor activity in both LGRBs (Koshut et al., 1995;
Lazzati, 2005; Burlon et al., 2008, 2009) and SGRBs
(Troja et al., 2010). Together with X-ray flares, pre-
cursors imply that the intermittent mechanism powering
the prompt emission may be suspended over timescales
comparable to the prompt emission itself. Recently, we
proposed a new scenario in the context of the magne-
tar central engine for which precursors are explained by
assuming that the GRB prompt emission is powered by

1072 A. Rowlinson et al.
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Figure 1: Examples of external (left panel) and internal (right panel)
plateaus in short GRBs (from Rowlinson et al. 2013). Both panels
show Swift/BAT and XRT rest-frame light curves fitted with the mag-
netar model. The light grey data points have been excluded from
the fit. The dashed line shows the power-law component (steep de-
cay) and the dotted line shows the magnetar component. The X-ray
light curve in the left panel shows the so-called “canonical” behaviour,
characterised by a steep-shallow-normal decays.

the accretion of matter onto the surface of the magne-
tar (Bernardini et al., 2013). The accretion process can
be halted by the centrifugal drag exerted by the rotat-
ing magnetosphere onto the in-falling matter, allowing
for multiple emission episodes and very long quiescent
times. The same mechanism can be extended to late
times, providing also an interpretation for flaring activ-
ity.

Here we review the major observational evidences for
the possible presence of a newly-born magnetar as the
central engine for both LGRBs and SGRBs, as the pres-
ence of a plateau phase in the X-ray light curve (Sec-
tion 2), the extended emission in SGRBs (Section 3)
and the precursor and flaring activity (Section 4). We
then discuss about the possibility that all GRBs are
powered by magnetars, and we propose a unification
scheme that accommodates both magnetars and BHs,
connected to the di↵erent properties and energetics of
GRBs (Section 5). Since the central engine remains
hidden from direct electromagnetic (EM) observations,
and will remain so until gravitational wave (GW) sig-
natures are detected, we review the predictions for the
GW emission from magnetars in the context of LGRBs
and SGRBs, and the observational perspectives with ad-
vanced interferometers (Section 6).
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First evidence for magnetars: the GRB plateau

Dainotti et al. 2008, 2010, 2013, 2015


GRB central engines and the LT correlation 1781

sample of GRBs analysed contains 159 events, covering the redshift
range 0.033 ≤ z ≤ 9.4. In our analysis, we adopt a flat cosmology
with H0 = 69.9 km s−1 Mpc−1, !M = 0.28 and !λ = 0.72 (see
Dainotti et al. 2013a, for a detailed discussion regarding different
cosmological models).

We note that this sample is larger than that used by Dainotti
et al. (2013a) to identify the intrinsic correlation (bint). We do not
recalculate the intrinsic correlation as the distributions of plateau
durations, fluxes and spectral indices remain the same as those uti-
lized in Dainotti et al. (2013b), so the GRB populations are directly
comparable for this purpose. Additionally, the limiting fluxes and
plateau durations are also unchanged for this sample of GRBs. As
the only significant difference is the sample size, we are confident
that this will not significantly change the intrinsic slope (within 1σ

uncertainties).
The combined Swift Burst Alert Telescope (BAT; Barthelmy et al.

2005) and XRT light curves of the GRBs were converted to rest-
frame light curves using the observed X-ray spectral index for each
GRB, a k-correction and the methods described in Bloom, Frail &
Sari (2001) and Evans et al. (2009). As we intend to compare the
observed distribution to the predictions from a bolometric model
(in contrast to Dainotti et al. 2010, 2013b, where an XRT band pass
k-correction was used), we use an approximate rest-frame bolomet-
ric energy band (1–10 000 keV). We fitted the light curves with a
two component model consisting of an initial steep decay phase for
the early X-ray emission and an afterglow component (utilizing the
methods described in Willingale et al. 2007; Dainotti et al. 2008,
2010, 2013a). We assume that the rise time of the afterglow com-
ponent is a free parameter (whereas in Willingale et al. 2007, the
rise time of the afterglow is assumed to be equal to the start time
of the initial decay phase) so that we can search for an independent
measure of the break time. We fitted the light curves for which the
break time and flux were reliably determined by the model. Previ-
ous analyses by Dainotti et al. (2008, 2010), Dainotti, Ostrowski
& Willingale (2011a) and Dainotti et al. (2013a) utilized the Avni
(1976) prescription to obtain the required parameters of the plateau
(the flux of the plateau, the plateau duration and the decay index
following the plateau phase). Avni (1976) developed a method to
estimate the uncertainty ranges for only the parameters of interest
within a fitted model. This method uses the ‘best-fitting’ value of
the parameters of interest and their corresponding χ2

best. The param-
eter values are varied until the χ2 of the fit increases by a particular
amount above χ2

best, referred to as the critical %χ2. %χ2 depends
upon the number of parameters that are estimated simultaneously
and not the total number of parameters in the model. The critical
%χ2 is dependent upon the required confidence level (68 per cent in
this analysis) and the number of parameters being varied simultane-
ously (typical values are given in table 1 of Avni 1976). In Dainotti
et al. (2008, 2010, 2011a, 2013a), the value %χ2 < 3.5 was used
as they required values for these fitted parameters: plateau flux,
plateau duration and the plateau temporal slope. However, in this
paper, we want to use the largest possible sample of GRBs and we
use %χ2 < 2.3. This is appropriate as we are only interested in two
of the parameters (plateau flux and duration) that are typically fitted
in the model and neglect to fit the plateau slope as it does not enter
into the computation of the luminosity. The χ2 distribution for some
GRBs in the sample is not parabolic out to a value of 3.5 so the Avni
(1976) prescription is not fulfilled and they are discarded because
the evaluation of their error parameters is not precise. However,
when the constraint is dropped to 2.3, the χ2 distributions of more
of the GRBs in the sample are parabolic and meet the Avni (1976)
prescription. Hence, this change increased the sample by 20 GRBs

Figure 1. The rest-frame plateau durations versus the luminosity (1–
10 000 keV) at the end of the plateaus for all the GRBs in the sample (black
= LGRBs, Blue = EE SGRBs and Red = SGRBs). Overplotted, using the
dashed black line, is the observed LT correlation for the full sample.

which were recovered from the previous sample from 2005 January
till 2013 March.3

From the fitted light curves, we computed the 1–10 000 keV
luminosity at the end of the plateau phase and the rest-frame break
time. The total sample is fitted with the LT correlation (equation 1)
and we find a slope of bobs = −1.40 ± 0.19 and a normalization
of aobs = 52.73 ± 0.52, as shown in Fig. 1. The data are scattered
around this correlation, with a standard deviation of 0.89. These
parameters represent the observed correlation, which is found to be
steeper than the intrinsic correlation (due to redshift dependences
as discussed in Dainotti et al. 2013a). The redshift dependences
are instead accounted for within the modelling used to simulate the
correlation (as described in Section 4). We note that the SGRBs and
EE SGRBs typically are offset from the observed correlation sug-
gesting that, although they appear to follow the same correlation,
they may have a different normalization. This may be associated
with different redshift distributions (and hence observational con-
straints) or different beaming/efficiencies as we describe in Section
4. By conducting a multidimensional Kolmogorov–Smirnov test
(KS test; Gosset 1987; Metchev & Grindlay 2002; Harrison et al.
2014), we can test if the SGRBs and EE SGRBs are being drawn
from the same distribution as the LGRBs. We applied a multidimen-
sional KS test for the distributions of the durations, luminosities and
their associated errors (log T ∗

a , δ log T ∗
a , log LX and δ log LX) for

the two samples, LGRBs versus SGRBs and EE SGRBs, and obtain
a p-value of ∼ 7 × 10−4. Therefore, we can confidently conclude
that the SGRBs and EE SGRBs are drawn from different distribu-
tion to the sample of LGRBs. However, as there are only a small
number of SGRBs (8) and EE SGRBs (2) in the sample, there are
currently insufficient data to be able to make significant quantitative
comparisons between the different categories of GRBs.

3 TH E M AG N E TA R M O D E L A N D LT
C O R R E L AT I O N

A newly formed magnetar, predicted to form via a range of mecha-
nisms such as accretion-induced collapse of a white dwarf, collapse

3 The fit has been performed with the package NonlinearModelFit in
MATHEMATICA 9; the data and the code are available upon request to
maria.dainotti@riken.jp.

MNRAS 443, 1779–1787 (2014)
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 Figure 3: Plateau luminosity and timescale. Left panel (from Bernardini et al. 2012): the black squares are the sample analysed by Dainotti et al.

(2010) and the colored symbols are the sample analysed in Bernardini et al. (2012). The grey dots are 100000 simulations of the luminosity at
the spin-down time and the spin-down time assuming that the magnetic field and the NS period are normally distributed around the mean values
found in Dainotti et al. (2010). The blue line marks the region that includes 99% of the simulations. Right panel (from Rowlinson et al. 2014):
sample analysed in Rowlinson et al. (2014) (black = LGRBs, Blue = EE SGRBs and Red = SGRBs). The dashed black line is the observed plateau
luminosity and timescale correlation for the full sample.

4. Switching on and o↵ a GRB

One of the most challenging features of GRBs is the
sporadic emission prior to the main prompt event ob-
served in at least ⇥ 15% of LGRBs (Koshut et al., 1995;
Lazzati, 2005; Burlon et al., 2008, 2009). These pre-
cursors have spectral and temporal properties similar to
the main prompt emission, and smaller, but compara-
ble, energetics (Burlon et al., 2008, 2009; Bernardini
et al., 2013). They are separated from the main event
by a quiescent time that may be extremely long (up to
⇥ 100 s, rest frame), especially if measured in terms
of the typical variability timescale of the prompt emis-
sion (⇥ 1 ms). In some cases, more than one precur-
sor has been observed in the same burst, separated by
several tens of seconds. Precursors have been observed
also in ⇥ 8% � 10% of SGRBs, with at least one case
showing two distinct precursors (Troja et al., 2010). As
for LGRBs, no substantial di�erences have been found
between precursor and main event emission in SGRBs
(Bernardini et al., 2013; Troja et al., 2010). Di�erent
models have been proposed to account for precursor
emission, without reproducing all the observed features.

Another intriguing and unexpected feature of GRBs
revealed by the Swift/XRT are flares superimposed on
the X-ray light curves of LGRBs (Burrows et al., 2005b;
Falcone et al., 2006; Chincarini et al., 2010). The vast
majority of flares occurs before 1000 s (Chincarini et al.,
2010), but some of them can be found up to 106 s after
the main event (Bernardini et al., 2011). Recent analy-
ses of the flare temporal and spectral properties (Chin-

carini et al., 2010) of a large sample of early time (i.e.
with peak time tpk . 1000 s) flares revealed close sim-
ilarities between them and the prompt emission pulses,
pointing to an internal origin of their emission. There-
fore, the central engine itself should remain active and
variable for long time. SGRBs show flaring activity
with similar properties than for LGRBs when the dif-
ferent energetics and timescales of the two classes are
taken into account, suggesting that: (i) flares and prompt
pulses in SGRBs likely have a common origin; (ii) simi-
lar dissipation and/or emission mechanisms are respon-
sible for the prompt and flare emission in LGRBs and
SGRBs (Margutti et al., 2011).

Among X-ray flares, there are particularly bright
events that show a dramatic flux increase (a factor 100
compared to the underlying X-ray emission) and com-
prise a substantial amount of energy compared to the
main prompt event (see e.g. Margutti et al. 2010). As
for the prompt emission, the energy density spectrum
of these events can be fitted by a Band function (Band
et al., 1993), though it peaks at lower energies (Epk ⇥ 5
keV, Margutti et al. 2010). These giant flares can be re-
garded as post-cursors, namely emission episodes that
follow the main prompt emission and share with it the
same temporal and spectral properties.

Metzger et al. (2011) proposed a self-consistent
model that directly connects the properties of the newly-
born magnetar to the observed prompt emission, that
is powered by a wind heated by neutrinos driven from
the proto-magnetar. They assume two di�erent pos-
sibilities to dissipate this power: magnetic dissipation
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2 S. Dall’Osso et al.: GRB Afterglows with Energy Injection from a spinning down NS

long-lived central engine in a very natural way. Dai & Lu (1998)
considered this idea in relation to possible observable effects on
the afterglow emission. Zhang & Meszaros (2001) argued that,
in this scenario, achromatic bumps in afterglow lightcurves are
expected for NS spin periods shorter than a few ms and magnetic
fields stronger than several times 1014 G. Interestingly, studies of
the origin of NS magnetism envisage that millisecond spin pe-
riod at birth is the key property that allows a proto-NS to amplify
a seed magnetic field to a strength far exceeding 1014 G, through
efficient conversion of its initial differential rotation energy (e.g
Duncan & Thompson 1992, Thompson & Duncan 1993). Such
highly magnetized, fast spinning NSs are expected to loose an-
gular momentum at a high rate in the first decades of their life
and later become slowly rotating magnetars whose major free
energy reservoir is in their magnetic field (Thompson & Duncan
1995, 1996, 2001, cfr. Woods & Thompson 2006, Mereghetti
2008). We term these NSs as magnetars since their birth even
though, when they spin at millisecond period, their rotational
energy is still the main free energy reservoir.

After the Swift discovery of early afterglow shallow phases,
the magnetar scenario has been invoked to interpret the X-ray
light curve of both some short and long GRBs (e.g. 051221A by
Fan and Xu 2006; 060313 by Yu and Huang 2007; GRB 050801
by De Pasquale et al. 2007; 070110 by Troja et al. 2007). For
GRB 060729 this scenario was shown to provide a good agree-
ment with the shallow and normal decay phases in the optical
and X-ray bands (Grupe et al. 2007, Xu et al. 2009).
Finally we note that, besides the interest in understanding GRB
physics, the very fast spin and huge magnetic field envisaged in
the magnetar formation scenario makes these objects very in-
teresting also for gravitational wave (GW) astronomy. Different
possibilities for this to occur have been investigated in the litera-
ture (Palomba 2001, Cutler 2002, Stella et al. 2005, Dall’Osso &
Stella 2007, Dall’Osso, Shore & Stella 2009, Corsi & Meszaros
2009) showing that, in astrophysically plausible conditions, GW
emission might efficiently extract spin energy from the NS, in
competition with magnetic dipole losses. The study presented in
this paper builds on the ansatz that millisecond spinning mag-
netars are formed in the events that give rise to long GRBs.
We investigate the evolution of energy in a relativistic blast-
wave subject to radiation losses due to shock deceleration in
the ISM and energy injection from a magnetically braking NS.
We extend previous treatments by describing the injection term
by the standard magnetic dipole formula and deriving a predic-
tion for the evolution of energy and luminosity that can inter-
pret the X-ray afterglows through their shallow and normal de-
cay phases altogether. We derive an approximate solution for the
blastwave luminosity which we compare with X-ray GRB af-
terglow lightcurves observed by Swift. We obtain a remarkably
good match to these lightcurves for the range of initial spin peri-
ods and magnetic field strengths expected for magnetars at birth.
These results illustrate the potential of this scenario in explaining
the early afterglow observations in a simple, unified picture.

2. Relativistic Blast Wave with Energy Injection:
spherically symmetric case

We assume that a GRB event is associated to the formation of a
millisecond spinning, ultramagnetized NS. In the context of the
fireball scenario, the energy released in the collapse of the pro-
genitor star produces first a fireball expanding freely at relativis-
tic speed through the ambient medium. The prompt emission is
produced at this early stage and is commonly ascribed to internal
shocks in the fireball (Rees & Meszaros 1994, Paczynski & Xu

1994, Sari & Piran 1997). A relativistic forward shock is pro-
duced at larger distances from the explosion site (∼ 1016 cm),
which initially propagates freely through the ambient medium.
At a later time, call it td, the mass swept up by the forward shock
will be enough to begin affecting the expansion dynamics of the
shock itself. This defines the decelaration radius rd ≈ ctd, at
which the kinetic energy of the shock starts being efficiently con-
verted to internal energy and then radiation. This corresponds to
the onset of the afterglow emission. We focus here only on the
deceleration phase, describing the evolution of the total energy
within the fireball as matter from the ISM is swept up. Our aim
is to interpret the shallow decay phase and subsequent achro-
matic transition to the “normal” decay phase as observed in X-
rays, within a single physical model containing a minimal set
of parameters. We do not address here a detailed study of the
multiwavelength behaviour of afterglow lightcurves. In § 3.2 we
discuss possible developments of our work in this direction, as to
closely compare model predictions with multiwavelength obser-
vations. The first few minutes after the GRB event are character-
ized by a very steep power-law decay of the flux while a marked
spectral change usually accompanies the transition to the shal-
low decay phase (this is in contrast with the lack of spectral evo-
lution across the shallow-to-normal transition). This initial steep
decay is believed to arise from a different spectral component
than the X-ray afterglow, likely the tail of the prompt emission
(cfr. Zhang 2007 for a detailed discussion); we do not consider
it in this work.

In addition to deceleration in the ISM, we study the way in
which the afterglow emission is affected by the energy injection
caused by the spindown of the newly formed magnetar. We first
introduce time t as that measured by a clock at rest in the NS
(central engine) frame. In this frame the NS loses rotational en-
ergy, likely in the form of a strongly magnetized particle wind,
with a luminosity Lsd(t) according to the usual magnetic dipole
spindown formula

Lsd(t) =
I Kω4i

(1 + 2Kω2i t)2
=

Li
(1 + at)2

=
Es,i

t2(1 + t/t2)2
, (1)

where I is the NS moment of inertia, K = B2R6/(6Ic3) with B
the (dipole) magnetic field at the NS pole, R the NS radius and
c the speed of light. In the second equality, the quantity Li =
Lsd(ti) represents the spindown luminosity at the initial time (ti)
when spindown through magnetic dipole radiation sets in, and
a = 2 Kω2i = 1/t2, where t2 represents the spindown timescale
at time ti and ωi is the initial spin frequency. Es,i is the NS spin
energy at time ti, so that Li = Es,i/t2. The energy carried by the
wind travels essentially at the speed of light, so that the energy
emitted at later times by the NS can be transferred to the shock.

To calculate the expected behavior of the lightcurve we start
from the energy balance of the relativistic blastwave subject to
the energy injection in eq. (1) along with radiative losses. The
latter are described by following the prescription of Cohen, Sari
& Piran (1998). For the time being we assume spherical sym-
metry of all processes involved, which allows us to write the
complete energy equation of the blast wave as

dE
dt
= Lin j(t) − k

E
t
= (1 − β)Lsd[t −

r(t)
c
] − k

E
t
. (2)

Here k = 4ϵe, with ϵe the fraction of the total energy that is
transferred to the electrons, r(t) is the radius of the blast wave at
time t and all quantities are expressed in the frame of the cen-
tral engine. Note that Lin j represents the rate at which energy
is injected in the shock at time t. This quantity is related to the

Not the only 
possibility. See 
e.g. Poster n.33
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these are millions of years old (e.g. Kouveliotou et al.,
1998; Mereghetti, 2008; Rea and Esposito, 2011).

The improvement of the observational technologies
in the last ten years thanks to the advent of the Swift mis-
sion (Gehrels et al., 2004) revealed many unexpected
features, posing severe questions to the most popular
theoretical GRB models and to the BH central engine
scenario. The discovery by the Swift/X-Ray Telescope
(XRT, Burrows et al. 2005a) of a complex behaviour
of the afterglow emission that largely deviates from the
simple power-law decay predicted by the standard af-
terglow model (Meszaros and Rees, 1993), with the ob-
servation of a flattening in the X-ray light curve (X-
ray plateau, Nousek et al. 2006), and of flares super-
imposed to the afterglow emission in the X-rays (Chin-
carini et al., 2010), strengthened the idea that the GRB
source of energy should be active on a much longer
timescale than the prompt emission itself (⇥ 10 � 100
s).

The magnetar central engine has the merit of pro-
viding a straightforward interpretation for the X-ray
plateau during the GRB afterglow, since the newly-born
magnetar is expected to lose its rotational energy by
emitting a relativistic wind at timescales comparable
to those observed (⇥ hours; Dai and Lu 1998; Zhang
and Mészáros 2001; Corsi and Mészáros 2009; Met-
zger et al. 2011). Direct comparison with observations
(Dall’Osso et al., 2011; Bernardini et al., 2012, 2013;
Lyons et al., 2010; Rowlinson et al., 2013) showed that
this proposal is the most credible interpretation so far,
and indicated that the plateau emission can be consid-
ered as compelling evidence supporting magnetars.

A magnetar central engine has also been advocated
in SGRBs with an extended emission (EE) after the
initial spike in the prompt phase (Norris and Bonnell,
2006). Several attempts to provide a theoretical ex-
planation for the EE are related either to the magnetar
spin-down power (Metzger et al., 2008), or to fall-back
material accelerated to super-Keplerian velocities and
ejected from the magnetar by the centrifugal forces ex-
erted by its magnetosphere (Gompertz et al., 2014).

Another feature that is challenging for the standard
scenario of accretion onto a BH is the presence of pre-
cursor activity in both LGRBs (Koshut et al., 1995;
Lazzati, 2005; Burlon et al., 2008, 2009) and SGRBs
(Troja et al., 2010). Together with X-ray flares, pre-
cursors imply that the intermittent mechanism powering
the prompt emission may be suspended over timescales
comparable to the prompt emission itself. Recently, we
proposed a new scenario in the context of the magne-
tar central engine for which precursors are explained by
assuming that the GRB prompt emission is powered by
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Figure 1: Examples of external (left panel) and internal (right panel)
plateaus in short GRBs (from Rowlinson et al. 2013). Both panels
show Swift/BAT and XRT rest-frame light curves fitted with the mag-
netar model. The light grey data points have been excluded from
the fit. The dashed line shows the power-law component (steep de-
cay) and the dotted line shows the magnetar component. The X-ray
light curve in the left panel shows the so-called “canonical” behaviour,
characterised by a steep-shallow-normal decays.

the accretion of matter onto the surface of the magne-
tar (Bernardini et al., 2013). The accretion process can
be halted by the centrifugal drag exerted by the rotat-
ing magnetosphere onto the in-falling matter, allowing
for multiple emission episodes and very long quiescent
times. The same mechanism can be extended to late
times, providing also an interpretation for flaring activ-
ity.

Here we review the major observational evidences for
the possible presence of a newly-born magnetar as the
central engine for both LGRBs and SGRBs, as the pres-
ence of a plateau phase in the X-ray light curve (Sec-
tion 2), the extended emission in SGRBs (Section 3)
and the precursor and flaring activity (Section 4). We
then discuss about the possibility that all GRBs are
powered by magnetars, and we propose a unification
scheme that accommodates both magnetars and BHs,
connected to the di�erent properties and energetics of
GRBs (Section 5). Since the central engine remains
hidden from direct electromagnetic (EM) observations,
and will remain so until gravitational wave (GW) sig-
natures are detected, we review the predictions for the
GW emission from magnetars in the context of LGRBs
and SGRBs, and the observational perspectives with ad-
vanced interferometers (Section 6).
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APPENDIX

A. LATE–TIME X–RAY EMISSION AND THE ESTIMATE
OF THE PARAMETERS OF THE MAGNETAR

The observation of a flattening in the X–ray light
curve (plateau) in a large fraction of GRBs (46% in the
BAT6 sample) can be explained as an injection of en-
ergy into the forward shock (the GRB afterglow, Zhang
et al. 2006). This fraction is even larger (80% in the
BAT6 sample) if we include also those GRBs display-
ing a shallow decay phase without the initial steep decay
(Bernardini et al. 2012; D’Avanzo et al. 2012). A natural
source for this energy is the power emitted by a spinning–
down newly born magnetar (Dai & Lu 1998; Zhang &
Mészáros 2001; Corsi & Mészáros 2009; Dall’Osso et al.
2011). This proposal has been successfully tested both
for long (Lyons et al. 2010; Dall’Osso et al. 2011; Bernar-
dini et al. 2012) and short(Rowlinson et al. 2013) GRBs.
In particular, the plateau luminosity and its temporal
duration are directly related to the spin–down luminos-
ity and timescale, and, thus, to the magnetic field (B)
and the spin period (P ) of the magnetar. The analysis
of the plateau phase in the X–ray light curves provides a
direct estimate of these parameters.
We refer to the model proposed by Dall’Osso et al.

(2011), that calculated analytically the contribution to

the forward shock of the power emitted by a millisecond
spinning, ultramagnetized neutron star at time t as:

dE(t)

dt
= Lsd(t)− k′

E(t)

t
=

Li

(1 + at)2
− k′

E(t)

t
, (A1)

where Li = IB2R6/(6Ic3P 4) ∝ B2/P 4 is the initial spin-
down luminosity (I is the moment of inertia, R the ra-
dius of the magnetar6, c the speed of light), a = 1/tb2 =
2B2R6/(6Ic3P 2) ∝ B2/P 2 is the inverse of the spin-
down timescale tb2, E the forward shock energy, and k′

is a parameter that accounts for our ignorance about the
microphysical parameters and on the density profile of
the ambient medium (in general 0 < k′ < 1). A solution
of this equation is:

E(t) =
Li

tk′

! t

t◦

tk
′

(1 + at)2
+ E◦

"

t◦
t

#k′

, (A2)

where t◦ is any time chosen as initial condition and E◦

the initial energy. The solution of the above integral can
be expressed in terms of the real valued hypergeomet-
ric function 2F1(a, b, c; (1+ at)−1). The total bolometric
luminosity is, then:

L(t) = E(t)/t . (A3)

6 Here and in what follows we assume for the mass of the mag-
netar M = 1.4M⊙ and for the radius R = 106 cm.

Dall’Osso et al. 2011
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0.3-10 keV

LSD~B2P-4 
tSD~P2B-2

tSD

2. The X-ray plateau

One of the major outcome of the Swift mission is the

discovery that the X-ray light curve of GRBs is more

complex than what previously though (Tagliaferri et al.,

2005; Nousek et al., 2006). About 40% of the well mon-

itored
1

LGRB light curves show in their X-ray emission

the so-called “canonical” behaviour (see e.g. fig. 1 and

Nousek et al. 2006), characterised by a steep-shallow-

normal decay. Up to ⇤ 80% of the LGRB X-ray emis-

sion deviates from a single power-law decay, exhibit-

ing a shallow decay phase (Evans et al., 2009; Margutti

et al., 2013; Melandri et al., 2014). The presence of

a plateau phase is a common feature also to ⇤ 50% of

SGRBs (Rowlinson et al., 2013; D’Avanzo et al., 2014).

Several empirical correlations have been found in-

volving properties of this shallow decay X-ray phase

(“plateau”) and of the prompt emission (Dainotti et al.,

2011; Bernardini et al., 2012). Among these, the most

interesting one is the anti-correlation between the end

time of the plateau phase tp and the X-ray luminosity

at the same time Lp = L(tp): Lp ⌅ t��p (Dainotti et al.,

2008, 2010, 2013). A Lp� tp anti-correlation is also fol-

lowed by SGRBs, though with a di�erent normalisation

with respect to LGRBs (Rowlinson et al., 2014).

The presence of a plateau phase has been initially at-

tributed to an injection of energy into the forward shock

(see e.g. Zhang et al., 2006, and references therein),

since the absence of significant spectral evolution dur-

ing this stage agrees with the expectations from for-

ward shock emission (Bernardini et al., 2012). How-

ever, there are several cases in both LGRBs and SGRBs

where the shallow decay is followed by a sudden drop

in the X-ray emission, that is not consistent with the for-

ward shock model (see fig. 1).

A natural source for this energy injection
2

is the

power emitted by a spinning-down newly-born magne-

tar (Dai and Lu, 1998; Zhang and Mészáros, 2001; Corsi

and Mészáros, 2009; Metzger et al., 2011). A newly

formed magnetar is expected to loose its rotational en-

ergy at a very high rate for the first few hours through

magnetic-dipole spin down, something that provides a

1
i.e. fast repointed by the Swift/XRT and for which observations

were not limited by any observing constraint.

2
Alternative explanations for the presence of a plateau phase have

been proposed, as a late time accretion (Kumar et al., 2008) in the con-

text of the collapsar scenario, or as a reverse shock powered by energy

injection from an arbitrary central engine (Leventis et al., 2014; van

Eerten, 2014). A top heavy jet produced by a collapsar would re-
produce the steep decay and the plateau phase phenomenology in
both the X-ray and the optical energy bands (Du↵ell and Mac-
Fadyen, 2014).

Figure 2: Physical range for the values of magnetic field strengths and

spin periods (from Rowlinson et al. 2014). The upper and lower limits

on the magnetic field strength and the upper limit on the spin period

are determined using the sample of GRBs fitted with the magnetar

model (overplotted as black circles; Lyons et al. 2010; Dall’Osso et al.

2011; Bernardini et al. 2012, 2013; Rowlinson et al. 2013; Gompertz

et al. 2013; de Ugarte Postigo et al. 2014; Lü and Zhang 2014; Yi

et al. 2014). The dashed black vertical line (1) at 0.66 ms represents

the minimum spin period allowed before breakup of a 2.1 M⇥ NS. The

dotted black line (2) represents a limit on spin periods and magnetic

field strengths imposed by the fastest slew time of the Swift/XRT in the

rest frame of the highest redshift GRB in the sample, as plateaus with

durations shorter than the slew time are unobservable. The black dash-

dotted lines (3-6) represent the observational cut-o�s for the faintest

plateau observable assuming the lowest redshift in the GRB sample.

These cut-o�s change depends on the beaming and e⇥ciency of the

magnetar emission.

long-lived central engine in a very natural way. Assum-

ing that the spin down is mainly due to EM dipolar radi-

ation and to GW radiation, when the EM dipolar emis-

sion dominates (the GW emission is discussed in Sec-

tion 6), the initial rotational energy loss depends on the

dipolar magnetic field strength B and on its rotational

period P as: Ėsd ⌅ B2P�4 ⇤ 10
49

(B/10
15

G)
2

(P/ms)
�4

erg s
�1

, and is expected to be fairly constant over a

timescale shorter than the spin-down timescale tsd ⌅
P2B�2

, and then it decays as Ėsd ⌅ t�2
(Dai and Lu,

1998; Zhang and Mészáros, 2001).

If the spin-down power is injected into the forward

shock, then we expect an “external” plateau. Dall’Osso

et al. (2011) proposed an analytic treatment to account

for the contribution to the forward shock emission of

the spin-down luminosity, that is successful to describe

the X-ray emission of the canonical LGRBs (Dall’Osso

et al., 2011; Bernardini et al., 2012, 2013) as well as

of light curves with a shallow decay phase (Bernardini

et al., 2012). On the other hand, if the magnetar spin-

down power dissipates internally before hitting the for-

ward shock, it generates an “internal” plateau, whose X-

3

Rowlinson et al. 2014
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P
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We selected those GRBs in the BAT6 sample with
redshift and with a well–sampled plateau in the X–ray
light curve (16 GRBs), having or not a precursor in the
prompt emission, and we assumed their 0.3 − 30 keV
common rest frame luminosity (Margutti et al. 2013)
as a proxy of the total bolometric luminosity. In order
to account for the possible collimation of the outflow θj
and of the radiative efficiency ϵr, we considered the cor-
rected luminosity LX,j = (fb/ϵr)LX,iso, with ϵr = 0.1 and
fb = (1−cos θj) = 0.01, that corresponds to θj ≃ 8◦. We
fitted these data with Eq. A3, using as free parameters
B, P and E◦. We fixed t◦ as the (rest–frame) starting
time of the plateau phase, and k′ from the decay index of
the post–plateau light curve (the solution in Eq. A3 has
an asymptotic behavior ∝ t−k′

−1, for detail see Dall’Osso
et al. 2011). Tables 2 and 3 summarize the best–fit pa-
rameters for the GRBs, grouped as GRBs with precur-
sors and without precursors, respectively, while Figure 3
shows the results of the fit for the sample of GRBs with
precursors only.

A.1. The properties of the magnetar in GRBs with and
without precursors.

Since the condition for the onset of the propeller phase
depends on B and P , we searched for a pattern that al-
lows us to discriminate between GRBs with (superscript
“p”) and without (superscript “no-p”) precursors. For
this reason we compared the distributions of B and P for
GRBs with and without precursors in the BAT6 sample
(see Tables 2 and 3, respectively). We find that both the
magnetic field and the spin period distributions are cen-
tered around lower values for GRBs with precursors than
for GRBs without precursors (⟨log[Bp/1015G]⟩ = 0.60
while ⟨log[Bno−p/1015G]⟩ = 1.00; ⟨log[P p/ms]⟩ = 0.48
while ⟨log[P no−p/ms]⟩ = 0.75, see Figure 4). The spin
period distribution is also less scattered around its cen-
tral value than in the other case (σp

P = 0.26 while
σno−p
P = 0.38). A KS test gives a probability P = 0.12

that the spin period of GRBs with and without precur-
sors are drawn from the same population, while P = 0.30
for the magnetic field distributions.
The luminosity of the shallow decay phase is related to

the spin–down luminosity, being Li ∝ B2/P 4. A lower
value of the spin period and of the magnetic field for the
GRBs with precursors would result in a higher luminos-
ity during the shallow decay phase since the luminosity
depends strongly on P . Similarly, the narrower distri-
bution of P would imply a narrower distribution of Li,
that is indeed what we found in Sect. 2.2 (see also Pisani
et al. 2013). The magnetospheric radius depends on the
magnetic field and on the mass accretion rate (given the
mass and radius of the magnetar), rm ∝ Ṁ−2/7B4/7,
while the corotation radius depends only on the spin pe-
riod, being rc ∝ P 2/3. Thus, among the GRBs powered
by a magnetar, GRBs with precursors are characterised
by specific values of the magnetic field and spin period
that favor the trigger of the propeller regime, responsible
for the observed quiescent times.

B. THE ESTIMATE OF THE CHARACTERISTIC
LUMINOSITIES OF THE PROPELLER REGIME.

We used the best–fit values of B and P in the case
of GRBs with precursor (see Table 2) to estimate in the

Fig. 3.— 0.3 − 30 keV luminosity of the GRBs in the BAT6
sample with precursors (“p”) and displaying a plateau phase in
the X–ray light curve, fitted with the model in Eq. A3 (red line)
for the best-fit values reported in Table 2.

Fig. 4.— Left panel: spin period P distribution for the GRBs
in the BAT6 sample displaying a plateau phase in the X–ray light
curve and with precursors (blue; “p”, see Table 2) or without pre-
cursors (gray; “no–p”, see Table 3). Right panel: magnetic field B
distribution for the GRBs in the BAT6 sample displaying a plateau
phase in the X–ray light curve and with precursors (red; “p”, see
Table 2) or without precursors (gray; “no–p”, see Table 3).

case of spherical accretion the bolometric accretion power
corresponding to the onset of the propeller phase:

Lmin = 4× 1050B2
15 P

−7/3
−3 erg s−1 , (B1)

and the bolometric power during the quiescent time:

L(rm) = 2× 1050B2
15 P

−3
−3 erg s−1 , (B2)

where B = 1015B15 G and P = 10−3P−3 s (for details see
Campana et al. 1998, their Eq. 4 and 6; see also Bozzo
et al. 2008 and Piro & Ott 2011). Equation B2 sets an
upper limit to the quiescent time luminosity, since only
a fraction of it will actually escape from the jet base.
The values are displayed in Table 2. In the case of GRB
050318 and GRB 061007, since it was not possible to
estimate B and P from the late X–ray emission (GRB
050318 has an incomplete light curve, while GRB 061007
has a simple power-law decay), we assumed for B and P
the median values obtained for GRBs with precursors
B = 4.00× 1015 G and P = 3.09 ms.
For a direct comparison with the prompt emission as

P B
Bernardini et al. 2013

➡Direct estimates of B and 
P form X-ray data
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First evidence for magnetars: the GRB plateauA magnetar powering the ordinary monster GRB 130427A? 3

Figure 1. X–ray and optical light curves of GRB 130427A (panel A). Luminosity lines k–corrected in the 0.3− 10 keV observed energy
band are compared to the prompt emission (black points), that is above the estimate for Lmin. The gray areas mark the 1σ region
around L(rm) and Lmin. The red solid line marks the best fit to the afterglow in the 0.3 − 10 keV energy band (green points), while
the pink dashed line is the model luminosity k-corrected in the optical band (r’ filter) compared to observations (blue points). The host
galaxy contribution has been subtracted. The three different components in the X–ray afterglow emission (panel B): the initial steep
decay (green dash–dotted line), the forward shock emission (FS, blue dashed line) and the contribution from the wind of the magnetar
(Magnetar, red solid line). The end of the accretion process corresponds to the moment when the accretion power (the green dash–dotted
line) falls below the luminosity at the light cylinder Llc. From this time on, the magnetar start to contribute to the afterglow emission
with its spin–down power (red solid line). After tb,RF = 27.6 ks the slope of the FS changes due to the jet break. Mask–weighted BAT
count rate light curve of the first peak of GRB 130427A as it would appear at z = 2 (panel C).

tic luminosity corresponding to the onset of the propeller
phase Lmin. The accretion process ends when the mass in-
flow rate decreases enough for the magnetospheric radius to
reach the light cylinder (i.e. the radius at which the field
lines co–rotate with the neutron star at the speed of light).
Beyond this radius, i.e. when the accretion power falls be-
low the luminosity at the light cylinder radius Llc, the field
becomes radiative and expels much of the in–falling matter.
For larger distances, the GRB afterglow can also be influ-
enced by the magnetar, being re–energized by its spin–down
power (Dall’Osso et al. 2011).

If during the accretion phase the magnetar accretes
enough matter (as we proposed has occurred in GRB
061007, see Bernardini et al. 2013 for a discussion), then
the compact object collapses to a black hole (Piro & Ott
2011). The large isotropic energy of GRB 130427A should
be rescaled by the beaming factor fb = (1 − cos θj), that
can be inferred from the optical and X-rays observations.
The jet break at tb ∼ 37 ks (tb,RF = 27.6 ks rest frame)
corresponds to a collimation angle θj ∼ 3.4◦ (Maselli et al.
2013). Thus, the total bolometric kinetic energy is Ej =
(fb/η)Eγ,iso ∼ 2× 1052 erg (assuming a radiative efficiency

η = 0.11). This energy corresponds to an accreted mass
Macc,j ∼ Ej/c

2
∼ 0.02 M⊙. The small amount of accreted

mass suggests that the magnetar likely did not collapse to a
black hole at the end of the prompt emission.

Consistently with the analysis of the X–ray and opti-
cal data reported in Maselli et al. (2013), we considered the
X–ray emission as the afterglow emission produced by the
forward shock with a jet break at tb,RF = 27.6 ks. The X-ray
emission is not a simple power-law but shows a curvature
that cannot be fully captured by a simple forward shock
emission (see Maselli et al. 2013 their fig. S7 and Perley
et al. 2013 their fig. 11 where the extrapolation backwards
of their forward shock model underestimates and overesti-
mates, respectively, the X-ray emission). We therefore pro-
pose that the magnetar contributes to the afterglow emis-
sion with its spin–down power. According to the scenario
outlined in Dall’Osso et al. (2011), the afterglow emission is
the sum of the forward shock emission (a power law) plus the
contribution of the wind of the magnetar, and this should

1 We adopt standard values of the cosmological parameters:
H◦ = 70 km s−1 Mpc−1, ΩM = 0.27, and ΩΛ = 0.73.

c⃝ 2013 RAS, MNRAS 000, 1–5
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Figure 1. Example fits to the X-ray and R-band light curves of the four GRBs in our sample. Top panels: temporal evolution of the three
spectral breaks. The black dashed, solid, and dotted lines are the cooling, peak, and self-absorption breaks, respectively. The horizontal
blue (red) line marks the X-ray (R-band) frequency for reference. The vertical black dotted line denotes a jet break. Bottom panels:
light curves showing the model fit line to the X-ray (blue) and R-band (red) data points. The goodness-of-fit in the X-ray band is only
assessed for the plateau data and later, i.e. all data in 060614 and 130603B, and data at times later than 5 × 10−2 d in 051221A and
070714B. The rebrightening at around 10−2 d in GRB 070714B is interpreted as an X-ray flare.

GRB Reduced ϵe ϵB n0 L Ek κ

χ2 limit (cm−3) (erg s−1) erg

051221A 2.8 0.1–1 10−4–10−1 10−4–101 1047–1048 1048–1051 –
060614 15 0.1–1 10−7–10−3 10−5–102 1048 1048–1050 10−2–10−1

070714B 10 0.1–1 10−6–10−2 10−4–102 1047–1049 1048–1052 10−2–100

130603B 8 0.1–1 10−5–100 10−4–101 1047–1049 1048–1051 –

Table 4. The range of physical parameters and energy factors found in the models that successfully matched the data (including radio
observations). No value for κ is shown for GRB 051221A and GRB 130603B because these bursts do not contain EE. The reduced χ2

thresholds are also shown.

ment, since GRB 051221A and GRB 130603B exhibit late
X-ray cooling breaks, while the other two GRBs do not. In
two bursts (060614 and 070714B), the data appear to show
the peak frequency passing through the R-band, with the
cooling break sitting well above the X-ray band. This is a
feature of all GRB 060614 models, and is very constraining
to the physical parameters because it breaks the νm – Fν,max

degeneracy.

5 MODELLING DISCUSSION

In some cases, most notably GRB 130603B, we have re-
tained models that appear to violate radio upper limits.
This is based on radio scintillation arguments (Frail et al.
1997; Goodman 1997), where isolated detections and upper
limits could be located at scintillation maxima/minima, and
therefore have larger errors than quoted. For this reason, the
handful of models that do not obey the upper limit in GRB

c⃝ ???? RAS, MNRAS 000, 1–14
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where t◦ is any time chosen as initial condition and E◦

the initial energy. The solution of the above integral can
be expressed in terms of the real valued hypergeomet-
ric function 2F1(a, b, c; (1 + at)−1). The total bolometric
luminosity is, then:

L(t) = E(t)/t . (A3)

We selected those GRBs in the BAT6 sample with
redshift and with a well–sampled plateau in the X–ray
light curve (16 GRBs), having or not a precursor in the
prompt emission, and we assumed their 0.3 − 30 keV
common rest frame luminosity (Margutti et al. 2013)
as a proxy of the total bolometric luminosity. In order
to account for the possible collimation of the outflow θj
and of the radiative efficiency ϵr, we considered the cor-
rected luminosity LX,j = (fb/ϵr)LX,iso, with ϵr = 0.1 and
fb = (1−cos θj) = 0.01, that corresponds to θj ≃ 8◦. We
fitted these data with Eq. A3, using as free parameters
B, P and E◦. We fixed t◦ as the (rest–frame) starting
time of the plateau phase, and k′ from the decay index of
the post–plateau light curve (the solution in Eq. A3 has
an asymptotic behavior∝ t−k′

−1, for detail see Dall’Osso
et al. 2011). Tables 2 and 3 summarize the best–fit pa-
rameters for the GRBs, grouped as GRBs with precur-
sors and without precursors, respectively, while Figure 3
shows the results of the fit for the sample of GRBs with
precursors only.

A.1. The properties of the magnetar in GRBs with and
without precursors.

Since the condition for the onset of the propeller phase
depends on B and P , we searched for a pattern that al-
lows us to discriminate between GRBs with (superscript
“p”) and without (superscript “no-p”) precursors. For
this reason we compared the distributions of B and P for
GRBs with and without precursors in the BAT6 sample
(see Tables 2 and 3, respectively). We find that both the
magnetic field and the spin period distributions are cen-
tered around lower values for GRBs with precursors than
for GRBs without precursors (⟨log[Bp/1015G]⟩ = 0.60
while ⟨log[Bno−p/1015G]⟩ = 1.00; ⟨log[P p/ms]⟩ = 0.48
while ⟨log[P no−p/ms]⟩ = 0.75, see Figure 4). The spin
period distribution is also less scattered around its cen-
tral value than in the other case (σp

P = 0.26 while
σno−p
P = 0.38). A KS test gives a probability P = 0.12

that the spin period of GRBs with and without precur-
sors are drawn from the same population, while P = 0.30
for the magnetic field distributions.
The luminosity of the shallow decay phase is related to

the spin–down luminosity, being Li ∝ B2/P 4. A lower
value of the spin period and of the magnetic field for the
GRBs with precursors would result in a higher luminos-
ity during the shallow decay phase since the luminosity
depends strongly on P . Similarly, the narrower distri-
bution of P would imply a narrower distribution of Li,
that is indeed what we found in Sect. 2.2 (see also Pisani
et al. 2013). The magnetospheric radius depends on the
magnetic field and on the mass accretion rate (given the
mass and radius of the magnetar), rm ∝ Ṁ−2/7B4/7,
while the corotation radius depends only on the spin pe-
riod, being rc ∝ P 2/3. Thus, among the GRBs powered
by a magnetar, GRBs with precursors are characterised
by specific values of the magnetic field and spin period

Fig. 3.— 0.3 − 30 keV luminosity of the GRBs in the BAT6
sample with precursors (“p”) and displaying a plateau phase in
the X–ray light curve, fitted with the model in Eq. A3 (red line)
for the best-fit values reported in Table 2.

Fig. 4.— Left panel: spin period P distribution for the GRBs
in the BAT6 sample displaying a plateau phase in the X–ray light
curve and with precursors (blue; “p”, see Table 2) or without pre-
cursors (gray; “no–p”, see Table 3). Right panel: magnetic field B
distribution for the GRBs in the BAT6 sample displaying a plateau
phase in the X–ray light curve and with precursors (red; “p”, see
Table 2) or without precursors (gray; “no–p”, see Table 3).

that favor the trigger of the propeller regime, responsible
for the observed quiescent times.

B. THE ESTIMATE OF THE CHARACTERISTIC
LUMINOSITIES OF THE PROPELLER REGIME.

We used the best–fit values of B and P in the case
of GRBs with precursor (see Table 2) to estimate in
the case of spherical accretion the bolometric accretion
power corresponding to the onset of the propeller phase:

Lmin = 4× 1050B2
15 P

−7/3
−3 erg s−1 , (B1)

and the bolometric power during the quiescent time:

L(rm) = 2× 1050B2
15 P

−3
−3 erg s−1 , (B2)

where B = 1015B15 G and P = 10−3P−3 s (for details see
Campana et al. 1998, their Eq. 4 and 6; see also Bozzo
et al. 2008 and Piro & Ott 2011). Equation B2 sets
an upper limit to the quiescent time luminosity, since
only a fraction of it will actually escape from the jet
base. The values are displayed in Table 2. In the case of
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period distribution is also less scattered around its cen-
tral value than in the other case (σp

P = 0.26 while
σno−p
P = 0.38). A KS test gives a probability P = 0.12

that the spin period of GRBs with and without precur-
sors are drawn from the same population, while P = 0.30
for the magnetic field distributions.
The luminosity of the shallow decay phase is related to

the spin–down luminosity, being Li ∝ B2/P 4. A lower
value of the spin period and of the magnetic field for the
GRBs with precursors would result in a higher luminos-
ity during the shallow decay phase since the luminosity
depends strongly on P . Similarly, the narrower distri-
bution of P would imply a narrower distribution of Li,
that is indeed what we found in Sect. 2.2 (see also Pisani
et al. 2013). The magnetospheric radius depends on the
magnetic field and on the mass accretion rate (given the
mass and radius of the magnetar), rm ∝ Ṁ−2/7B4/7,
while the corotation radius depends only on the spin pe-
riod, being rc ∝ P 2/3. Thus, among the GRBs powered
by a magnetar, GRBs with precursors are characterised
by specific values of the magnetic field and spin period

Fig. 3.— 0.3 − 30 keV luminosity of the GRBs in the BAT6
sample with precursors (“p”) and displaying a plateau phase in
the X–ray light curve, fitted with the model in Eq. A3 (red line)
for the best-fit values reported in Table 2.

Fig. 4.— Left panel: spin period P distribution for the GRBs
in the BAT6 sample displaying a plateau phase in the X–ray light
curve and with precursors (blue; “p”, see Table 2) or without pre-
cursors (gray; “no–p”, see Table 3). Right panel: magnetic field B
distribution for the GRBs in the BAT6 sample displaying a plateau
phase in the X–ray light curve and with precursors (red; “p”, see
Table 2) or without precursors (gray; “no–p”, see Table 3).

that favor the trigger of the propeller regime, responsible
for the observed quiescent times.

B. THE ESTIMATE OF THE CHARACTERISTIC
LUMINOSITIES OF THE PROPELLER REGIME.

We used the best–fit values of B and P in the case
of GRBs with precursor (see Table 2) to estimate in
the case of spherical accretion the bolometric accretion
power corresponding to the onset of the propeller phase:

Lmin = 4× 1050B2
15 P

−7/3
−3 erg s−1 , (B1)

and the bolometric power during the quiescent time:

L(rm) = 2× 1050B2
15 P

−3
−3 erg s−1 , (B2)

where B = 1015B15 G and P = 10−3P−3 s (for details see
Campana et al. 1998, their Eq. 4 and 6; see also Bozzo
et al. 2008 and Piro & Ott 2011). Equation B2 sets
an upper limit to the quiescent time luminosity, since
only a fraction of it will actually escape from the jet
base. The values are displayed in Table 2. In the case of
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Testing the model with Swift data
Use the B and P from X-ray 
observations to test the 
accretion scenario for GRBs 
with precursors and with 
giant flares

Swift BAT6 complete sample

Swift GRBs with “giant” flares (Eflare ≥ 10%Etot)



Magnetars have a limited 
energy budget

➡ SGRBs ok

➡ LGRBs often above limit


✦ accretion: further energy 
supplier


✦ true Eγ < Eiso due to 
collimation


✦ sufficient to energise the 
accompanying SN

Can magnetars power all GRBs?

several LGRBs intrinsically > 1053 erg
Mazzali et al., 2014

Long 
Short

Eiso

Margutti et al., 2013


1052 erg



Possible solution: magnetars & BHs

“failed prompt”: 
fallback not enough 

to start accretion

magnetar powered 
GRB
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Fig. 2.— NS evolution along a Riemann-S sequence with param-
eters (C̄, n, M, R0, Bp,0) = (−0.41, 1, 1.4 M⊙, 20 km, 1014 G). Up-
per panel: Rate of energy loss in units of 1045 ergs/s, when both
magnetic dipole losses (red-dashed line) and GW losses (black-
solid line) are taken into account in the magnetar’s spin-down
law. For reference, we also plot the rate of energy loss in the
case only GW emission is considered (black-dash-dotted line), as
in Lai & Shapiro (1995). Lower panel: absolute value of the sur-
face fluid particles angular frequency divided by a factor of π (i.e.
|Ωeff |/π), when both magnetic dipole and GW losses are consid-
ered (black-solid line). For reference, we also plot the same quan-
tity when only GW losses are taken into account in the magne-
tar’s spin-down law (black-dash-dotted line), as in Lai & Shapiro
(1995). Note that the vertical axis in the lower panel is a linear
scale: between 102 s and ∼ 103 s, Ωeff/π changes from ∼ 800 Hz
to ∼ 750 Hz, i.e. less than ∼ 10% of its initial value. Thus, be-
tween 102 s and 103 s the power-law approximation to dipole losses
is Ldip ∝ T−0.11, so that q ∼ 0 can be assumed for T ! 103 s.
(See the electronic version for colours).

The waveform of the GW signal emitted in as-
sociation with the afterglow plateau is computed as
(Lai & Shapiro 1995):

h+ = −
h(t)

2
cosΦ(1 + cos2 θ) h× = −h(t) sinΦ cos θ

(13)

where θ is the angle between the line of sight and the
rotation axis of the star, Φ = 2

! t
t0
Ωt is twice the orbital

phase, and

h(t) =

"#
2c3d2Ω2

5G

$−1

|LGW | =
4GΩ2

c4d
Iϵ (14)

where d is the distance to the source, LGW and Ω are
shown in Fig. 2 (upper panel, black-solid line) and Fig. 3
(lower panel, black solid line), respectively. The resulting
GW signal is quasi-periodic, with frequency f = Ω/π.

To estimate the GW signal detectability, we proceed
as follows. For broad-band interferometers such as LIGO
and VIRGO, the best signal-to-noise ratio is obtained by
applying a matched filtering technique to the data, when
a waveform template is available. In such a case,

ρ2 = 4

% +∞

0

(F 2
+|&h+(f, θ)|2 + F 2

×|&h×(f, θ)|2)
Sh(f)

df (15)

Fig. 3.— Upper panel: characteristic GW amplitude hc at
d = 100 Mpc, with dipole plus GW (black-solid line) and only GW
(black-dash-dotted line, see also Lai & Shapiro 1995) losses being
considered. A typical fit to the sensitivity expected for advanced
detectors (purple-dashed line, see e.g. Cutler & Flanagan 1994;
Owen et al. 1998), Virgo nominal sensitivity (blue-dotted line),
and the advanced Virgo sensitivity optimized for binary searches
(blue-dash-dot-dot-dotted line, Acernese et al. 2008), are also
shown. Lower panel: evolution of the GW signal frequency, with
dipole plus GW (black-solid line) and only GW (black-dash-dotted
line) losses being considered in the NS spin down. (See the elec-
tronic version for colours).

where &h is a Fourier transform; Sh(f) is the power
spectral density of the detector noise; F+, F× are
the beam pattern functions (0 < F 2

+, F 2
× < 1 de-

pending on the source position in the sky, see e.g.
Thorne 1987; Flanagan & Hughes 1998). For the sig-
nal in Eq. (13), in the stationary phase approximation
(Thorne 1987; Cutler & Flanagan 1994; Owen et al.
1998; Owen & Lindblom 2002),

ρ2 =

% +∞

0

h2(t)(dt/df)(F 2
+(1 + cos2 θ)2/4 + F 2

× cos2 θ)

Sh(f)
df.

(16)
Since we expect to be observing the GRB on-axis, θ ≃

0. In case of optimal orientation,

ρ2
max =

% +∞

0

f2h2(t)(dt/df)

fSh(f)
d(ln f) =

=

% +∞

0

#
hc

hrms

$2

d(ln f), (17)

being hc = fh(t)
'

dt/df the characteristic ampli-

tude, and hrms =
'

fSh(f). In the upper panel of
Fig. 3, we compare hc computed for a GRB at d =
100 Mpc, with the hrms expected for the advanced de-
tectors (Acernese et al. 2008; Cutler & Flanagan 1994;
Owen et al. 1998), for which ρmax ! 5 at d "
100 Mpc, or d " 150 Mpc if we make the assump-
tion that knowledge of the GRB trigger time reduces
the detection threshold, of a factor which as a rule-of-
thumb we take equal to 1.5 (Kochanek & Piran 1993;
Cutler & Thorne 2002). Higher confidence in an even-

✦ Magnetars source of GW if they spin fast enough to excite 
dynamical (ß=0.27) or secular instabilities (ß>0.14)


✦ onset of dynamical instabilities at magnetar birth, more likely 
thanks to spin-up induced by accretion


✦ signal from secular instabilities detectable over long timescales 
(~ hours)

Corsi & Meszaros, 2009

Piro & Ott, 2011

Probing the GRB central engine with GWs



✦ Long-lasting post-merger signals are the 
best direct detection to distinguish 
between magnetar and BH


✦ LIGO/Virgo data for GW 170817/GRB 
170817A not conclusive (see however 
Van Putten & Della Valle 2018)

MAGNETAR FORMATION FROM BNS MERGERS 5

Figure 3. The gravitational mass of an NS as a function of the central value
of its rest-mass density ⇢c. The solid and dashed lines represent equilibrium
solutions for uniformly rotating NSs. The bottom black solid line refers to
stable non-rotating NSs (i.e, TOVs), while the bottom red dashed line to grav-
itationally unstable non-rotating NSs (note that they have masses below the
maximum mass). The top black-solid and red-dashed lines refer respectively
to stable and unstable NSs rotating at the mass shedding limit. Uniformly ro-
tating NSs located in the region between the two red dashed lines are unstable
and will collapse to BH. The filled blue circle shows the position of the NSs
composing our binary, while the filled blue square indicates the NS formed
at the end of the simulation of model B0. The horizontal green dotted line
shows the maximum mass for a non-rotating NS. As one can easily see, the
NS formed after the merger has a mass lower than the maximum mass for a
non-rotating NS and it is located in the stable region.

SGRBs (Meier et al. 2001). This possibility is especially in-
teresting in light of the recent observations of extended emis-
sion following SGRBs (Metzger et al. 2008). An analysis of
Swift-detected SGRBs by Rowlinson et al. (2013) has showed
that all SGRBs with one or more breaks in their X-ray light
curves display a plateau phase, which can be interpreted as the
luminosity of a relativistic magnetar wind (Zhang & Mészáros
2001; Fan & Xu 2006; Metzger et al. 2011). Under the as-
sumption of energy loss by pure dipole radiation, and neglect-
ing, to first approximation, the enhanced angular momentum
losses due to neutrino-driven mass loss, the duration of the
plateau and its luminosity can be used to infer the magnetic
field of the magnetar and its birth period. The observed range
of values (plateau durations ⇠ 102�104 s, and [1�104 keV]
luminosities ⇠ 1046�1049 erg s�1) yielded typical periods on
the order of a few milliseconds, and magnetic field strengths
in the range B ⇠ 1015 � 1016 G. Following the initial rapidly
spinning magnetar phase, two outcomes are possible, depend-
ing on how steep the post-plateau decay phase is. If the mag-
netar is unstable and decays to a BH, then the post plateau
emission, only due to curvature radiation, fades away very
quickly. On the other hand, the ⇠ t�2 decay of the stable
magnetar emission gives a more prolonged energy injection,
and hence brighter fluxes at later times. The detailed analy-
sis by Rowlinson et al. (2013) identified a handful of SGRBs
whose late X-ray emission is consistent with that of a stable
magnetar. Moreover, X-ray and optical afterglow emitted by
a magnetar (Dall’Osso et al. 2011; Zhang 2013) may not be
collimated, and hence they may be observed even without a
SGRB detection (Gao et al. 2013).

Other numerical simulations of magnetized HMNSs have
further demonstrated the possibility of producing outflows

Figure 4. The l = 2,m = 2 mode of the GW signal for model B0 (red
dashed line) and B12 (black solid line).

with energy of ⇠ 1051erg for magnetic fields of ⇠ 1015G (Ki-
uchi et al. 2012). As already discussed before, such magnetic
fields can be naturally formed in our scenario via KH and MRI
instabilities. According to Kiuchi et al. (2012), a magnetic
field of ⇠ 1015G could give rise to an electromagnetic emis-
sion observable in the radio band and hence provide an inter-
esting electromagnetic counterpart to the GW signal even if a
SGRB is not observed.

5. SUMMARY

We have presented the first general relativistic magnetohy-
drodynamic simulations that show the possible formation of a
stable magnetar. The NS formed after the merger is found to
be differentially rotating and ultraspinning. Since our compu-
tational resources are not enough to fully resolve the MRI, the
magnetic field is amplified by about two orders of magnitude,
but further amplification is possible and indeed observed in
two and three-dimensional simulations of differentially rotat-
ing NSs (Duez et al. 2006; Siegel et al. 2013). Moreover, long
term evolution of such models has shown that the magnetic
field can impact the angular velocity profile of the NS leading
to the formation of an uniformly rotating NS surrounded by
an accretion disk and with a collimated magnetic field (Duez
et al. 2006). While it will be difficult to differentiate the GW
signal between the magnetized and the unmagnetized scenar-
ios, strong electromagnetic counterparts that would be sup-
pressed in collapsing NSs could be easily produced and ob-
served in radio (Kiuchi et al. 2012), optical (Dall’Osso et al.
2011; Zhang 2013; Gao et al. 2013), X-rays (Rowlinson et al.
2013), and gamma-rays (Gompertz et al. 2013).

While our simulations focused on equal-mass systems, the
same scenario may be produced after the merger of unequal-
mass BNSs. In this case, matter ejected during the inspiral
due to the tidal disruption of the less massive components,
may later fall back on the magnetar and trigger its collapse to
BH (Giacomazzo & Perna 2012). More detailed observations
of the early afterglow phase, as expected with the planned
future mission LOFT (Amati et al. 2013), will be especially
useful in discriminating among various formation scenarios.
Last, simultaneous detections of GWs and SGRBs will fully
unveil the mechanism behind the central engine and help con-
strain its properties (Giacomazzo et al. 2013).
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Probing the GRB central engine with GWs
Lesson learned from GW 170817/GRB 170817A:  
✦ The remnant (mass ~2.7 M⦿) can be either a hyper massive NS or a BH

✦ Rapid collapse to a BH is the most probable scenario

✦ GRB afterglow: 

➡ The X-ray flux is too low for a long-lived NS (e.g. Pooley+18). However, 
if the spin-down losses are dominated by GW emission, the contribution 
to the X-ray luminosity from the magnetar is negligible (Piro+19)


➡ Low-significance flare at 155 days: reactivation of the central engine, 
more easily explained in the magnetar scenario (Piro+19)


✦ Kilonova emission: 
➡ Energy injection from the magnetar allows to interpret both the blue and 

red kilonova components (Yu+18, Li+18, Piro+19)

No final proof of the nature of the GRB central engine



✦ Long-lasting post-merger signals are the 
best direct detection to distinguish 
between magnetar and BH


✦ LIGO/Virgo data for GW 170817/GRB 
170817A not conclusive (see however 
Van Putten & Della Valle 2018)


✦ Hard to get it any time soon, but good 
prospects with 3rd generation of 
detectors, as the ET

multi-messenger approach (GW 
detection + EM follow-up for 

source identification) will provide 
a smoking gun to unveil the 

GRB central engine
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Figure 3. The gravitational mass of an NS as a function of the central value
of its rest-mass density ⇢c. The solid and dashed lines represent equilibrium
solutions for uniformly rotating NSs. The bottom black solid line refers to
stable non-rotating NSs (i.e, TOVs), while the bottom red dashed line to grav-
itationally unstable non-rotating NSs (note that they have masses below the
maximum mass). The top black-solid and red-dashed lines refer respectively
to stable and unstable NSs rotating at the mass shedding limit. Uniformly ro-
tating NSs located in the region between the two red dashed lines are unstable
and will collapse to BH. The filled blue circle shows the position of the NSs
composing our binary, while the filled blue square indicates the NS formed
at the end of the simulation of model B0. The horizontal green dotted line
shows the maximum mass for a non-rotating NS. As one can easily see, the
NS formed after the merger has a mass lower than the maximum mass for a
non-rotating NS and it is located in the stable region.

SGRBs (Meier et al. 2001). This possibility is especially in-
teresting in light of the recent observations of extended emis-
sion following SGRBs (Metzger et al. 2008). An analysis of
Swift-detected SGRBs by Rowlinson et al. (2013) has showed
that all SGRBs with one or more breaks in their X-ray light
curves display a plateau phase, which can be interpreted as the
luminosity of a relativistic magnetar wind (Zhang & Mészáros
2001; Fan & Xu 2006; Metzger et al. 2011). Under the as-
sumption of energy loss by pure dipole radiation, and neglect-
ing, to first approximation, the enhanced angular momentum
losses due to neutrino-driven mass loss, the duration of the
plateau and its luminosity can be used to infer the magnetic
field of the magnetar and its birth period. The observed range
of values (plateau durations ⇠ 102�104 s, and [1�104 keV]
luminosities ⇠ 1046�1049 erg s�1) yielded typical periods on
the order of a few milliseconds, and magnetic field strengths
in the range B ⇠ 1015 � 1016 G. Following the initial rapidly
spinning magnetar phase, two outcomes are possible, depend-
ing on how steep the post-plateau decay phase is. If the mag-
netar is unstable and decays to a BH, then the post plateau
emission, only due to curvature radiation, fades away very
quickly. On the other hand, the ⇠ t�2 decay of the stable
magnetar emission gives a more prolonged energy injection,
and hence brighter fluxes at later times. The detailed analy-
sis by Rowlinson et al. (2013) identified a handful of SGRBs
whose late X-ray emission is consistent with that of a stable
magnetar. Moreover, X-ray and optical afterglow emitted by
a magnetar (Dall’Osso et al. 2011; Zhang 2013) may not be
collimated, and hence they may be observed even without a
SGRB detection (Gao et al. 2013).

Other numerical simulations of magnetized HMNSs have
further demonstrated the possibility of producing outflows

Figure 4. The l = 2,m = 2 mode of the GW signal for model B0 (red
dashed line) and B12 (black solid line).

with energy of ⇠ 1051erg for magnetic fields of ⇠ 1015G (Ki-
uchi et al. 2012). As already discussed before, such magnetic
fields can be naturally formed in our scenario via KH and MRI
instabilities. According to Kiuchi et al. (2012), a magnetic
field of ⇠ 1015G could give rise to an electromagnetic emis-
sion observable in the radio band and hence provide an inter-
esting electromagnetic counterpart to the GW signal even if a
SGRB is not observed.

5. SUMMARY

We have presented the first general relativistic magnetohy-
drodynamic simulations that show the possible formation of a
stable magnetar. The NS formed after the merger is found to
be differentially rotating and ultraspinning. Since our compu-
tational resources are not enough to fully resolve the MRI, the
magnetic field is amplified by about two orders of magnitude,
but further amplification is possible and indeed observed in
two and three-dimensional simulations of differentially rotat-
ing NSs (Duez et al. 2006; Siegel et al. 2013). Moreover, long
term evolution of such models has shown that the magnetic
field can impact the angular velocity profile of the NS leading
to the formation of an uniformly rotating NS surrounded by
an accretion disk and with a collimated magnetic field (Duez
et al. 2006). While it will be difficult to differentiate the GW
signal between the magnetized and the unmagnetized scenar-
ios, strong electromagnetic counterparts that would be sup-
pressed in collapsing NSs could be easily produced and ob-
served in radio (Kiuchi et al. 2012), optical (Dall’Osso et al.
2011; Zhang 2013; Gao et al. 2013), X-rays (Rowlinson et al.
2013), and gamma-rays (Gompertz et al. 2013).

While our simulations focused on equal-mass systems, the
same scenario may be produced after the merger of unequal-
mass BNSs. In this case, matter ejected during the inspiral
due to the tidal disruption of the less massive components,
may later fall back on the magnetar and trigger its collapse to
BH (Giacomazzo & Perna 2012). More detailed observations
of the early afterglow phase, as expected with the planned
future mission LOFT (Amati et al. 2013), will be especially
useful in discriminating among various formation scenarios.
Last, simultaneous detections of GWs and SGRBs will fully
unveil the mechanism behind the central engine and help con-
strain its properties (Giacomazzo et al. 2013).
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✓ Observations of GRB emission, in particular of their X-ray emission, point 
towards magnetars as plausible candidates as GRB central engines:

➡ late X-ray emission powered by the spin-down of the magnetar

➡ prompt emission by an initial phase of accretion onto the magnetar


✓ Are all GRBs powered by magnetars? Not likely, but still the majority are 
consistent with being powered by magnetars


✓ Indirect evidences from GRB observations. Direct proof possible from joint 
GW and EM detection of SGRBs:

➡ clues from GW 170817/GRB 170817A: from EM observations only, still 

inconclusive

➡ definitive answer form direct detection of GW signal from the 

remnant: one of the expected breakthrough, but hardly achievable 
with the current generation detectors 

➡ much better prospects with the 3rd generation detectors (ET, CE)

Conclusions


