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The central engine of GRBs
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Magnetars: highly magnetised 

(B~ 1012-14 G) NSs

Magnetars are competing with BHs 
as source of GRB powerUsov 1992, Duncan & Thompson 1992, Dai & Lu 

1998, Zhang & Meszaros 2001, Metzger et al. 2011



Observational imprints of the magnetar
The GRB emission


The kilonova emission 

associated to SGRBs
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Figure 2 | Models of kilonovae demonstrating the observable signatures of r-process 

abundances. All models have an ejecta mass M = 0.05M
!

 and velocity vk = 0.2c, but 

different mass fractions of lanthanides Xlan. a, Model bolometric light curves. If the ejecta 

is composed primarily of heavier r-process material (Xlan $ 10"2) the opacity is higher, 

resulting in a longer diffusion times and longer duration bolometric light curves. b, 

Model spectra as observed 4.5 d after the mergers. The higher lanthanide opacities of the 

heavy r-process materials obscure the optical bands and shift the emission primarily to 

the infrared. 
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Observational imprints of the magnetar
The GRB emission: 
• X-ray plateau

• Extended emission in SGRBs

• Pre- and post-cursors in the prompt emission


The kilonova emission associated to SGRBs
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• Plateau phase in the X-ray 
afterglow of LGRBs and 
SGRBs

➡ Energy injection into the 

afterglow lasting ~ hours 
• Correlations between the 
plateau properties and the 
prompt emission (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.
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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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First evidence for magnetars: the X-ray plateau

Dai & Lu 1998, Zhang & Meszaros 2001, Corsi & Meszaros 2009, 
Lyons et al. 2010, Dall’Osso et al. 2011, Metzger et al. 2011

Bernardini et al. 2012, 2013, Rowlinson et al. 2013, 2014, Lu & 
Zhang 2014, Lu et al. 2015, …….
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0.3-10 keV
tSD

LSD

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

First evidence for magnetars: the X-ray plateau

Dai & Lu 1998, Zhang & Meszaros 2001, Corsi & Meszaros 2009, 
Lyons et al. 2010, Dall’Osso et al. 2011, Metzger et al. 2011

Bernardini et al. 2012, 2013, Rowlinson et al. 2013, 2014, Lu & 
Zhang 2014, Lu et al. 2015, …….

Magnetar spin-down power 
provides a straightforward 
explanation of the features of 
the plateau

10 Bernardini et al.

Lsd = 1049B2
15 P

−4
−3 erg s−1 (B3)

tsd = 3× 103B−2
15 P 2

−3 s , (B4)

fine

Direct estimates of B 
and P from X-ray data

B~1015 G 
P~1 ms

➪



➡Luminosity-duration correlation implied by the model 
(Bernardini et al. 2012, Rowlinson et al. 2014)

Lp~P-2tp-1

• normalization 
and slope from 
B and P 
distributions


• scatter from P: 
0.66-35 ms

Bernardini et al. 2012

First evidence for magnetars: the X-ray plateau

Dai & Lu 1998, Zhang & Meszaros 2001, Corsi & Meszaros 2009, 
Lyons et al. 2010, Dall’Osso et al. 2011, Metzger et al. 2011

Bernardini et al. 2012, 2013, Rowlinson et al. 2013, 2014, Lu & 
Zhang 2014, Lu et al. 2015, …….6
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~15% of SGRBs show an 
extended emission (EE) in the 
prompt phase (Lazzati et al. 2001, Norris & Bonnell 2006)

Extended Emission in SGRBs

• EE + X-ray plateau: 
rotational powered wind 
(Metzger et al. 2008)


• EE: propeller mechanism 
(material ejected by 
centrifugal forces) + X-ray 
plateau: rotational powered 
wind (Gompertz et al. 2014)

SGRBEEs from protomagnetar spin-down 1539

Figure 1. Schematic diagram of the stages of the protomagnetar model for
short GRBs with EE. (A) The merger of two binary neutron stars, or the
accretion-induced collapse of a rotating white dwarf, results in the forma-
tion of a compact ∼10−3–0.1 M⊙ torus around the central protoneutron star.
(B) Accretion of the torus powers a relativistic bipolar jet, resulting in a short
GRB lasting ∼0.1–1 s, similar to the standard NS–NS merger model. Fol-
lowing accretion, however, a rapidly spinning (millisecond) protomagnetar
remains. (C) Material ejected during the merger, by the supernova following
AIC, or via outflows from the accretion disc, results in a ∼10−3–10−1 M⊙
envelope around the protomagnetar moving outwards with a velocity vej ∼
0.1–0.2c. The relativistic wind from the protomagnetar collides with the
ejecta, producing a MWN. (D) Magnetic stresses in the nebula redirect the
magnetar wind into a bipolar jet. After the jet breaks through the ejecta on
a time-scale ∼1–10 s (Fig. 3), the magnetar wind escapes and accelerates to
ultrarelativistic speeds (Fig. 2). Emission from the jet at much larger radii
powers the EE lasting ∼10–100 s, similar to the protomagnetar model for
long GRBs (see Fig. 5).

dynamically due to tidal forces during the merger process (e.g.
Rosswog 2007). Mass loss also occurs in outflows from the accre-
tion disc on time-scales !seconds, due to heating from neutrinos
(Metzger, Thompson & Quataert 2008c; Dessart et al. 2009), tur-
bulent viscosity (Metzger, Piro & Quataert 2008b; Metzger et al.
2009a) and nuclear energy released by the recombination of free
nuclei into 4He (Lee & Ramirez-Ruiz 2007; Metzger et al. 2008b;
Lee et al. 2009). During the first few seconds after forming, out-
flows from the magnetar itself are heavily mass loaded and non-
relativistic, resulting in a significant quantity of ejecta "10−3 M⊙
(Thompson et al. 2004; Bucciantini et al. 2006; Metzger et al. 2007).
All together, ∼10−3–0.1 M⊙ is ejected with a characteristic veloc-
ity vej ∼ 0.1–0.2c and kinetic energy ∼2 × 1050(vej/0.1c)2(Mej/
0.01 M⊙) erg.

A few seconds after the merger or AIC, one is left with a proto-
magnetar embedded in a confining envelope.3 This configuration is
qualitatively similar to that developed in the protomagnetar model
for LGRBs by Bucciantini et al. (2007, 2008, 2009), except that
the enshrouding envelope is much less massive. In these previous

3 In cases when the ejecta originates from the earlier (non-relativistic) stage
of the magnetar wind, the distinction between ‘wind’ and ‘ejecta’ is blurred.
In general, however, the magnetar outflow becomes ultrarelativistic rela-
tively abruptly, such that this distinction is well-defined (Metzger et al.
2011).

works it was shown that, although the power in the magnetar wind
is relatively isotropic (e.g. Bucciantini et al. 2006), its collision with
the slowly expanding ejecta produces a hot ‘protomagnetar nebula’
(Bucciantini et al. 2007). As toroidal flux accumulates in the neb-
ula, magnetic forces – and the anisotropic thermal pressure they
induce – redirect the equatorial outflow towards the poles (Begel-
man & Li 1992; Königl & Granot 2002; Bucciantini et al. 2007,
2008, 2009; Komissarov & Barkov 2007; Uzdensky & MacFadyen
2007). Stellar confinement thus produces a mildly relativistic jet,
which drills a bipolar cavity through the ejecta. Once the jet ‘breaks
out’, an ultrarelativistic jet (fed by the magnetar wind at small radii)
freely escapes. The EE is then powered as the jet dissipates its en-
ergy at much larger radii. One virtue of applying this picture to
SGRBEEs is that it naturally explains why the EE resembles long
GRBs in several properties, such as its duration and the existence
of a late-time ‘steep decay’ phase (cf. Tagliaferri et al. 2005; Perley
et al. 2009).

Although SGRBEEs resemble long GRBs in many properties,
important differences also exist. The EE is generally softer (X-rays
rather than gamma-rays), somewhat dimmer, and its variability is
generally smoother (appearing to display e.g. a higher ‘duty cycle’)
than long GRBs. Assessing the viability of the protomagetar model
for SGRBEEs therefore requires determining whether these differ-
ences may in part result from differences in the geometry of the
relativistic outflow. These in turn may result because the confin-
ing ejecta is significantly less massive and dense than in the core
collapse case.

In this paper we investigate the interaction of the relativistic
protomagnetar wind with the expanding ejecta using axisymmetric
(2D) relativistic MHD simulations. We focus in particular on the
confining role of the ejecta and its dependence on the wind power,
and on the ejecta mass and density profile. We show that collimation
(jet formation) is achieved only within a bounded range of param-
eters. If the wind is too energetic, or the mass of the shell is too
low, the ejecta is disrupted and little collimation occurs. In contrast,
if the ejecta is sufficient massive and/or the wind is sufficient weak,
the result is instead a ‘choked jet’ that may not emerge at all. We
describe the numerical set-up in Section 2 and present our results
in Section 3. We apply our results to SGRBEEs in Section 4 and
conclude in Section 5.

2 N U M E R I C A L S E T-U P

All calculations were performed using the shock-capturing central
scheme for relativistic ideal MHD ECHO (Del Zanna, Bucciantini &
Londrillo 2003; Del Zanna et al. 2007), using an ideal gas equation
of state with an adiabatic coefficient ! = 4/3, as appropriate for
relativistically hot gas. We refer the reader to these papers for a
detailed description of the equations and numerical algorithms.

We investigate the interaction of the magnetar wind with the sur-
rounding ejecta envelope using 2D axisymmetric simulations on a
spherical grid. The angular domain is θ = [0, π ] with reflecting
boundary at the polar axis to enforce axisymmetry, while the ra-
dial domain extends over the range r = (107, 1012) cm. The grid
in the radial direction is spaced logarithmically with 100 cells per
decade, while spacing is uniform in the angular direction with 200
cells [we repeated selected simulations with twice the resolution
to verify convergence; see also Camus et al. 2009 for estimates of
convergence with grid resolution, in similar simulations as applied
to pulsar wind nebulae (PWNe)]. We assume zeroth-order extrapo-
lation at the outer boundary. The code is second-order in both space
and time, with a monotonized central limiter, chosen in order to

C⃝ 2011 The Authors, MNRAS 419, 1537–1545
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Figure 2. Luminosity of internal shock emission from the protomagnetar

winds in Fig. 1; electron acceleration efficiency ϵe = 0.5 is assumed. Note

the lack of emission at early times because the outflow is non-relativistic.

The gradual onset of the emission once σLC > 10 is due to the large Thomson

optical depth, which decreases as the outflow expands. The late-time decline

in emission is the onset of curvature emission from the last shock, produced

by the shell released at tKH = 40 s. The late-time BAT light curve from

GRB060614, shown with a light solid line and scaled to the physical isotropic

luminosity, is reproduced in a time-averaged sense by the B0 = 3 × 1015 G

model.

Upon release, each shell propagates forward in radius with con-

stant velocity until it collides with another shell. From the properties

of the collision, we calculate (i) the ‘thermal’ energy released by

dissipation of the shells’ relative kinetic energy, (ii) the observed

spike of radiation (using the technique summarized in section 2 of

Genet, Daigne & Mochkovitch 2007) and (iii) the final mass and

energy of the composite shell, which then continues to propagate

forward. We assume that a fraction ϵe of the energy released by each

collision goes into relativistic electrons, which radiate their energy

through synchrotron emission. Efficient synchrotron cooling is jus-

tified if even a modest fraction of the magnetic flux at the light

cylinder is preserved to large radii. Thomson scattering of the non-

thermal radiation is taken into account, but photospheric emission

is not calculated.

Fig. 2 shows our calculation of the EE light curve for the wind

solutions given in Fig. 1. We find that the efficiency for convert-

ing the relative kinetic energy of the outflow to thermalized energy

is ∼10–20 per cent. Provided that ϵe ! 0.1, these efficiencies are

consistent with those typically inferred for short GRBs (e.g. Nakar

2007). Protomagnetar winds possess a significant reservoir of ‘free

energy’ and achieve high efficiency because #(t) increases mono-

tonically, allowing faster material ejected at later times to catch up

with the slower material ejected earlier.

To first order, our simplified model produces light curves similar

to the EE observed from SGRBEEs. The peak flux is larger for

more rapidly rotating, strongly magnetized PNSs and the time to

peak flux is smaller. In Fig. 2, we also show the late-time BAT light

curve from GRB060614 (Butler & Kocevski 2007) for comparison

with our models. We find reasonable agreement between the data

and the model with B0 = 3 × 1015 G suggesting that the progenitor of

GRB060614 possesses a surface field strength somewhat larger than

those of Galactic magnetars. If synchrotron internal shock emission

is indeed the correct model for the radiation from a protomagnetar

wind, the softening of the EE can also be qualitatively understood.

Due to the monotonic rise of #(t), the Lorentz factor of the aggregate

shell increases with time; however, the field strength in the wind

B ∼ B(RL)(r/RL)−1 declines as the internal shock radius increases.

In our model, these effects combine to decrease the synchrotron peak

energy Epeak ∝# B by a factor of ∼10 during the period of observable

emission. This predicted degree of spectral softening is stronger than

the factor of ∼2 decrease in Epeak inferred for GRB060614 by Zhang

et al. (2007); indeed, the observed constancy of Epeak is a problem

generic to most internal shock models.

4 D I S C U S S I O N

Short GRBs with extended emission challenge the paradigm that

short GRBs result exclusively from COMs. The central engine in

these systems may instead be a newly formed magnetar. The time-

line of our model is summarized as follows:

(i) AIC or WD–WD merger produces a protomagnetar and a disc

of mass ∼0.1 M⊙ (t ∼ tdyn ∼ 100 ms).

(ii) Disc accretes on to the protomagnetar, generating the prompt

emission spike (t ∼ tvisc ∼ 0.1 − 1 s; see equation 1).

(iii) Free protomagnetar wind transitions from non-relativistic to

ultrarelativistic (t ∼ 3–10 s; see Fig. 1).

(iv) Protomagnetar spins down, generating X-ray emission on

observed longer time-scale (t ∼ 10–100 s; see Fig. 2).

A model similar to the one described here was proposed by Gao

& Fan (2006); in their model, late-time flares from short GRBs are

powered by dipole spin-down of a supermassive, transiently-stable

magnetar formed by a NS–NS merger. However, current evidence

suggests that SGRBEEs form a distinct population with only mod-

est offsets from their host galaxies (Troja et al. 2008). If transiently

stable magnetars from NS–NS mergers indeed produce most SGR-

BEEs, an equal number would be expected with large offsets.

A more promising channel of isolated magnetar birth may be the

AIC of a WD, or the merger and collapse of a WD–WD binary. The

rate of these events is difficult to constrain directly because the Ni

mass synthesized in a PNS wind is less than ∼10−3 M⊙ (Metzger,

Thompson & Quataert 2007b, hereafter M07b), and is therefore

unlikely to produce a bright optical transient. There is, however,

indirect evidence that isolated magnetar birth occurs in nature. The

rapidly rotating, highly magnetic WD RE J0317−853 has a mass

M = 1.35 M⊙ and was likely produced from a WD–WD merger;

if RE J0317−853’s progenitor binary had been slightly more mas-

sive, it would probably have collapsed to a rapidly rotating mag-

netar (King et al. 2001). Isolated NS birth via AIC is also one of

the only Galactic r-process sites consistent with current observa-

tions of elemental abundances in metal-poor halo stars (Qian &

Wasserburg 2007). Although unmagnetized PNS winds fail to pro-

duce successful r-process (T01), protomagnetar winds may be suf-

ficiently neutron-rich to produce ∼0.1 M⊙ in r-process elements

(D07; M07b). For AIC or WD–WD mergers to produce the entire

Galactic r-process yield require a rate ∼10−5–10−6 yr−1, compa-

rable to the observed local short GRB rate (Nakar 2007). Finally,

Levan et al. (2006) argue that the correlation found by Tanvir et al.

(2005) between a subset of short GRBs and local large-scale struc-

ture is evidence for a channel of isolated magnetar birth, if these

bursts are produced by SGR-like flares.

A theory for SGRBEEs must explain the large burst-to-burst vari-

ation in the ratio of the flux/fluence of the prompt and EE compo-

nents (NB06). The angular momentum of AIC and WD–WD merg-

ers may vary between events, resulting in a wide distribution in

both the properties of the accretion disc formed (which influences

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 385, 1455–1460

Metzger et al. 2008
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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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(see Tables 2 and 3, respectively). We find that both the
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P = 0.26 while
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P = 0.38). A KS test gives a probability P = 0.12

that the spin period of GRBs with and without precur-
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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-
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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
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magnetic field and on the mass accretion rate (given the
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riod, being rc ∝ P 2/3. Thus, among the GRBs powered
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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.
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in the BAT6 sample displaying a plateau phase in the X–ray light
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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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GRB 200522A 11

Figure 4. The radio, NIR and X-ray observations of the counterpart of GRB200522A (circular points) and models in Scenario
I. Left: Representative afterglow model light curves representing a forward shock propagating into the circumburst medium for
a spherical outflow (solid lines) and a jetted outflow (dot-dashed lines). If a jet break exists, the observations constrain the time
of the break to �t & 3.5 days. Right: The corresponding afterglow model’s spectral energy distributions at �t = 0.2 days and
3.5 days; jetted and spherical models are the same at these times. In both panels, models and data points are scaled as denoted
for clarity. Error bars correspond to 1� and are generally smaller than the size of the symbols, and triangles correspond to
3� upper limits. The radio and X-ray afterglow temporal and spectral evolution are consistent with the forward shock model,
and the measured X-ray spectral slope (purple regions, representing 1� confidence region) is in agreement with the model.
Meanwhile, the observed F125W and F160W fluxes at �t = 3.52 and 3.66 days are in excess of the predicted fluxes (open
squares) by factors of ⇡ 5� 10.

Setting aside the NIR emission as arising from an ad-
ditional component, we now outline the available con-
straints and priors from the radio and X-ray observa-
tions, and use Markov Chain Monte Carlo (MCMC)
analysis to determine the median values and posteri-
ors in the burst explosion properties. We find that
for typical parameters, the self-absorption frequency,
⌫a ⇡ 0.8 GHzE1/5

K,ison
3/5
0

< ⌫R. In this regime (the

⌫1/3 power-law segment), the radio flux density is sen-
sitive to a combination of kinetic energy and circum-
burst density (F⌫,R / E5/6

K,ison
1/2
0

). For the X-ray band,
our inference that ⌫m < ⌫X < ⌫c provides an addi-
tional constraint on the combination of energy and den-
sity (F⌫,X / E(3+p)/4

K,iso n1/2
0

). Since the flux density in
both observing bands depend on n0 in the same way,
the density is expected to be very weakly constrained
for this burst. In this regime, the X-ray and radio ob-
servations, together with the constraint that ⌫c > ⌫X,
require ✏B . 6⇥ 10�2 for ✏e ⇡ 0.1 and p ⇡ 2.05.
We, therefore, consider two values of ✏B = 10�2 and

10�3, selected to be consistent with the above derived
constraint, and also matched to the few values of ✏B that

have been derived for short GRBs (Fong et al. 2015), to
estimate EK,iso and n0. We follow the methods out-
lined in Fong et al. (2015), which uses the afterglow
flux densities to map to an allowed parameter space for
kinetic energy and density. Using the 6.05 GHz ob-
servation at �t = 0.23 days of F⌫,R = 33.4 ± 8.2µJy,
and the first XRT detection at �t = 0.006 days of
F⌫,X = 0.33± 0.08µJy, we determine the respective so-
lutions in the allowed EK,iso-n parameter space. Since
the radio and X-ray bands are on di↵erent spectral seg-
ments, they each provide a unique solution. Taking ad-
vantage of the fact that ⌫c > ⌫X , we also include an
upper limit constraint on the location of the cooling fre-
quency assuming a minimum value at the upper edge of
the X-ray band, of ⌫c,min = 2.4 ⇥ 1018 Hz (correspond-
ing to 10 keV). We combine the probability distribu-
tions from the two solutions and constraints to obtain a
2D solution, and marginalize over the parameter space
to obtain 1D solutions: log(EK,iso/erg) = 51.09 ± 0.22
and log(n0/cm�3) = �1.6 ± 0.50 for ✏B = 10�2 and
log(EK,iso/erg) = 52.06 ± 0.24 and log(n0/cm�3) =
�2.54 ± 0.54 for ✏B = 10�3. We use these probability

GRB200522A

Fong et al. 2020

GRB130603BThe Astrophysical Journal, 780:118 (9pp), 2014 January 10 Fong et al.
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Figure 2. Radio through X-ray afterglow light curves of GRB 130603B. Error bars correspond to 1σ confidence, and triangles denote 3σ upper limits. The afterglow
model is shown as a black line while the jet break time of tj ≈ 0.47 day is marked by a vertical gray dashed line. Also shown is a model with energy injection (dark
gray dashed line) that adequately fits the X-ray excess and is consistent with most of the optical and NIR limits. However, this model is not consistent with the 3σ
upper limits in the radio band. Top left: 6.7 GHz observations with the VLA (red). Top right: H-band observations (green; Berger et al. 2013; de Ugarte Postigo et al.
2013; Tanvir et al. 2013), where JK-band observations are extrapolated to the H-band using βopt = −2. The observed values (open green squares) are corrected
for Ahost

V = 1 mag (filled green symbols). The circled asterisk at δt ≈ 9 d is the “kilonova” associated with GRB 130603B (Berger et al. 2013; Tanvir et al. 2013).
Bottom left: optical r-band observations (orange; this work, Cucchiara et al. 2013; de Ugarte Postigo et al. 2013; Tanvir et al. 2013), where giz-band observations are
extrapolated to the r-band using βopt = −2. The observed values (open orange squares) are corrected for Ahost

V = 1 mag (filled orange symbols). The displayed upper
limits (orange triangles) are also corrected for extinction. Also shown are the optical light curves of GRB-SN 1998bw (Galama et al. 1998; Clocchiatti et al. 2011)
and GRB-SN 2006aj (dot-dashed lines; Mirabal et al. 2006) corrected for extinction and redshifted to z = 0.3565. Bottom right: observations from Swift/XRT (blue
circles) and XMM-Newton(blue squares) at 1 keV.
(A color version of this figure is available in the online journal.)

temporal decay of αX = −1.88 ± 0.15. The predicted spectrum
is Fν ∝ ν−1 (Metzger et al. 2013), also consistent with the
observed spectral index βX ≈ −1.2 ± 0.1. Fitting the entire
X-ray light curve with a magnetar model characterized by the
duration and luminosity of the plateau (Zhang & Mészáros
2001), and assuming MNS = 1.4–2.5 M⊙ and RNS = 106 cm,
we find best-fit parameters of B ≈ 2×1016 G and P ≈ 15–25 ms
(where higher mass corresponds to slower spin periods).9
However, such slow spin periods are likely unphysical in the
merger context due to the substantial angular momentum of
the initial binary. Instead, assuming a more reasonable initial

9 From an independent fit of the XRT data alone, de Ugarte Postigo et al.
(2013) find P ≈ 8.4 ms and B ≈ 8.6 × 1015 G.

spin period of 1 ms, the required magnetic field strength to
produce the observed X-ray luminosity at !1 day assuming
10% radiative efficiency, is B ≈ 1015 G, but such a model
would underpredict the light curve at δt " 3000 s by a factor
of a few. We thus conclude that the magnetar scenario could
potentially explain the late-time X-ray excess for δt ! 3000 s.

To justify that we can observe the central engine directly,
as is required in either the fall-back or magnetar models, the
merger ejecta must be transparent to soft X-rays. Due to the high
bound-free X-ray opacity of neutral matter, this in turn requires
that the engine be sufficiently luminous to re-ionize the merger
ejecta (Metzger et al. 2013). The ejecta become transparent
to X-rays once two conditions are satisfied: (1) the opacity
becomes dominated by electron scattering (κbf/κes " 1, where

6

Fong et al. 2014

• The magnetar can provide an additional source 
of heating in the kilonova


• Magnetar boosting claimed in the kilonova 
associated to GRB200522A (Fong et al., 2020)


• Imprint of the magnetar in three other SGRBs 
and their associated kilonovae (Gao et al., 2017)

• Possible contribution from the 
magnetar in the X-ray emission 
also in another SGRB with 
kilonova, GRB130603B (Fong et al., 2014)



Constraints on the aftermath of BNS merger:

➡ for most EOSs the rate of magnetars produced after 
BNS mergers is sufficient to power all the SGRBs

Patricelli & MGB, 2020

See also Piro et al., 2017

• Catalog of BNS mergers by 
combining BNS merger rate and NS 
mass distribution inferred from 
measurements of Galactic BNSs


• Predict the number of BNS systems 
ending as magnetars (stable or 
Supramassive NS) or BHs (formed 
promptly or after the collapse of a 
hypermassive NS) for different EOSs 
(H4, MS1, APR4)


• Compare these outcomes with the 
observed rate of SGRBs

Can magnetars power all GRBs?

15
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Can magnetars power all GRBs?
1. Magnetars have a limited energy budget (few x 1052 erg)


➡  LGRBs often above limit. However:

•Accretion: further energy supplier

•True Eγ < Eiso due to collimation

•Sufficient to energise the accompanying SN (Mazzali et al., 2014)

•Several LGRBs too energetic 


➡  SGRBs often below limit:

•Radio upper limits in SGRBs rule out very energetic merger ejecta, thus 
excluding powerful magnetars as central engine (Ricci et al., 2020)


2. Difficult for magnetars to launch ultra-relativistic jets (e.g. Ciolfi, 2020)

3.Magnetars powering GRBs 


are inconsistent with galactic

magnetar population 

(Rea et al., 2016)

➡  population of  

“super-magnetars”  
connected with GRBs

Radio remnants of short GRBs 9

Figure 4. Constraints to the radio remnants of short GRBs. We report the observed upper limits for the sample of candidate local events (yellow symbols) as
well as cosmological short GRBs at I ⇡0.1 (black symbols) and above (grey symbols). Light curves expressed in term of the luminosity (6 GHz) for various
initial velocities for ⇢ej = 1051 (left), 1052 (middle), and 1053 erg (right) and YB = 0.1 (top) and 0.01 (bottom). The tick solid curves assume a ISM density
= = 10�2cm�3, other parameters are: ? = 2.5, Ȳe = 0.1. The dashed vertical branch describes the quenching due to a jet (with ⇢j = 1049 erg) blast-wave.

For a circumburst density = ⇡ 10�2 cm�3 and YB > 0.01 the ob-
servations imply a significant limit on the energy deposited into
the ejecta for practically all nearby (I ⇡ 0.1) mergers (black sym-
bols). Noticeably, the limits on the candidate local events (yellow
symbols) are more stringent than those found for the cosmological
sample. With similar fluxes and significantly smaller distances, nat-
urally, the corresponding luminosities are much smaller leading to
the stronger limits. Figure 5 focuses on the sample of nearby events:
the top panels show the limits for four sGRBs with I ⇡ 0.1 which
place tighter constraints than the other cosmological events; the
bottom panels show the limits for the four sGRBs that are possibly
located within 200 Mpc. We fix the ejecta energy to ⇢ej = 1052 erg
as in Figure 3 and the ISM density to = = 10�2 cm�3, which is a
consistent value for all events (see Table 3). The other parameters
are set to the same values as those in Figure 3. One can see that the
current radio limits are significant (for this ejecta energy and ISM
density) for these nearby events. With these chosen parameters, the
observations limit the ejecta velocity to less than Vin . 0.3 (or the
ejected mass to be larger than 0.1 M�).

The upper limits on the energy are summarized in Fig-
ure 6. For each event, we show how the limits change as a func-
tion of the circumburst density =. We consider a typical range
10�4 cm�3 . = .1 cm�3, and show only the values consistent with
the afterglow constraints (Table 3). The region above the solid curve
is ruled out by the observations. As the energy limits in this figure
are a function of the ejecta mass we also highlight the relevant range
of 0.01 � 0.05 M� .

When the observation time is earlier than the deceleration
time (namely, before the light curve peak), the flux upper limit im-
poses an upper limit on the velocity (see Eq. (26) for C < Cdec).
This, in turn, implies that the maximal energy depends on the
ejecta mass increasing linearly with it (the upper right part of each

curve in Figure 6). When the observation time is later than the
peak time, the light curves is determined just by the total energy
and hence directly constrains it (the flat left side of each curve in
Figure 6). The transition between the two is when the observed
time equals the peak. This is given by solving Cobs = Cdec and
�obs = �a (Cdec), where Cobs and �obs are the observation time and
flux upper limit, respectively. We find the kinetic energy and ejecta
mass at the transition point depends on the density and observables

as⇢ej / =
5?�19

2(5?+13) C
3(5?�7)
5?+13

obs �
10

5?+13

obs and "ej / =
7?�1

2(5?+13) C
3(5?+1)
5?+13

obs �
6

5?+13

obs ,

respectively. For most of our bursts, we find that "ej . 10�2 M�
for Cobs & Cdec when ⇢ej is independent of "ej. However, for some
recent events, such as GRB 150101B and GRB 160821B, the tran-
sition point is at < 10�3 M� and the allowed region is dictated by
the lines of Vin = const in Figure 6, which linearly increase with the
ejecta mass. Future monitoring of these nearby events could lead
to tighter constraints. This would be particularly interesting in the
case of GRB 160821B, whose X-ray emission displays the typical
plateau+steep decay profile, commonly interpreted as evidence for
a magnetar (Lu et al. 2017; Troja et al. 2019). Optical/nIR obser-
vations suggest that a substantial mass of neutron-rich material was
ejected from these systems (Troja et al. 2018, 2019; Lamb et al.
2019), which therefore represent promising candidates for future
radio follow-up.

For "ej . 10�2 M� and other canonical parameters we find
that for almost all events a magnetar powering the ejecta with energy
of 5⇥1052 ergs is ruled out, in agreement with past studies (Horesh
et al. 2016; Fong et al. 2016; Klose et al. 2019). An exception
is GRB 100206A provided that the surrounding ISM densities is
at the minimal allowed value. Not surprisingly this is one of the
furthest bursts (I = 0.4068) and hence the observational limit is
less constraining. In some cases the limits are even stronger and

MNRAS 000, 1–13 (2015)

Ricci et al. 2020



The GRB central engine in the MM era
Lesson learned from GW 170817/GRB 170817A:  
• The merger remnant (~2.7 M⦿) can be either a hyper massive NS or a BH

• Non-thermal emission: 

➡ The X-ray flux is too low for a long-lived NS (e.g. Pooley+18, Hajela+19), and no 
sign for long-lived central engine activity. However, if the spin-down 
losses are dominated by GW emission, the contribution to the X-ray 
luminosity from the magnetar is negligible (e.g. Dall’Osso+15, Piro+19) 

➡ The “kilonova afterglow” might be also spin down emission from a 
magnetar with an unusually low magnetic field B~109 G (Hajela et al. 2021)


• Thermal emission: 
➡ The blue component and the large mass of lanthanide-free ejecta with 

Ekin~1051 erg argue in favor of a HMNS collapsed to a BH in ~1s (Granot et al. 
2017, Margalit & Metzger 2017, Shibata et al. 2017, Metzger et al. 2018, Rezzolla et al. 2018, Gill et al. 2019b, Ciolfi 2020, 
Murguia-Berthier et al. 2020)

No final proof of the nature of the GRB central engine, 
however rapid collapse to a BH is the most probable scenario
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GRB afterglow plateaus and Gravitational Waves 7

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
+|h̃+(f, θ)|2 + F 2

×|h̃×(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 h̃ 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

Direct detection of GWs from the magnetar
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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).

Giacomazzo & Perna 2013

Direct detection of GWs from the magnetar
• Long-lasting post-merger 

signals are the best direct 
detection to distinguish 
between magnetar and BH


• Searches in the LIGO/Virgo 
data for short and intermediate 
duration signals in GW 
170817/GRB 170817A not 
conclusive (Abbott et al. 2017, 2019; see however Van 
Putten & Della Valle 2018)
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• Long-lasting post-merger 
signals are the best direct 
detection to distinguish 
between magnetar and BH


• Searches in the LIGO/Virgo 
data for short and intermediate 
duration signals in GW 
170817/GRB 170817A not 
conclusive (Abbott et al. 2017, 2019; 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

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).

Giacomazzo & Perna 2013

Andersson, 201718

Direct detection of GWs from the magnetar



✓ Observations of GRB emission, in particular of their X-ray emission, point 
towards magnetars as plausible candidates as GRB central engines


✓ Are all GRBs powered by magnetars? 

➡ There are enough magnetars to power all SGRBs

➡ Not likely (at least not GRB 170817A!), but still the majority are 

consistent with being powered by magnetars (or more in general, by 
a long-lived central engine)


✓ 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

19



 The “Space-based multi-band astronomical Variable Objects 
Monitor” (SVOM) is a Sino-French mission dedicated to  

GRBs and transient sources 
to be launched mid-2022, duration 3+2 years 
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The GRB “core" program

F. Piron – CPPM, 28/05/2015                                                                                                                                                 3

Panchromatic observations of GRBs with SVOMPanchromatic observations of GRBs with SVOM

● A broad-band and complete view of the GRB phenomenon

− From the NIR domain to MeV energies

− From the prompt phase (and possible precursors) to the late afterglow phase

● GRB prompt high-energy emission 

detection and characterization with 

the ECLAIRs and GRM instruments

● ECLAIRs 

− Coded mask + 80 x 80 CdTe detectors

− 4-150 keV, ~2 sr FoV

− GRB detection & localization

− Positions <1 min to ground

(fast loc. ~10 arcmin, 90%)

● Gamma-Ray Monitor (GRM)

− 3 units with NaI(Tl) detectors

− 15 keV - 5 MeV, ~2 sr FoV

− Non-imaging spectro-photometer

− Epeak measurement up to 500 keV

Trigger and locate GRBs, alerts 
and localization distributed in 
real-time

Optimal pointing strategy for 
ground-based follow-up

➡ Synergy with other space 

and ground based facilities 
➡Larger fraction of GRBs with 

redshift 
Synergy among 7 instruments in 
space and on ground for a multi-
wavelength follow-up

➡ Complete coverage of the 

GRB emission over 7 decades 
in energy from the trigger up 
to the late afterglow phase
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ECLAIRs/GRM	 	 Large fov, independent trigger or search in the fov

MXT/VT	 	             Slew following the alert ToO-MM (max 1/week) 

Tiling strategy if the error box is larger than 1 deg2

GWAC		 	             Rapid automatic response


Large fov, wide field search for counterpart

C-GFT/F-GFT		       Rapid response


Need accurate localization, photometric follow-up 

SVOM reaction to a MM trigger

Swift/XRT f.o.v 
SVOM/MXT f.o.v

MXT vs. XRT tiling

Typical scenario: 5 tiles/orbit 
– 15 orbits (~ 1 day)
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θ

ECLAIRs

GRM

Incidence angle θ with respect to ECLAIRs axis (°)

SN
R

Up to 35° off axis: ECLAIRs triggers + alert is sent to the ground + slew is requested


Up to 50° off-axis: GRM triggers + alert is sent to the ground (with rough localization)

Simulation of the prompt emission of GRB170817A

(Simulations by S.Schanne, MG.Bernardini and F.Piron) 

GW 170817 / GRB 170817A
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VT and GFTs have the capacity to detect the kilonova since T0+2h and 
follow it during 10 days

Simulation of the kilonova AT2017gfo as seen by 
VT in 300 s at peak magnitude

(Simulations by A.Klötz)

And the associated kilonova
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Everything will be ready 
for mid 2022 
Stay tuned!!
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