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Multiepisodic emission: literature & our sample 3.2 Our sample

Figure 3.11: Light curves, extracted in the 15–350 keV range of Swift-BAT at 1 s, of the
GRBs studied in this work. Rate is units per seconds per illuminated detector. Vertical dashed
lines correspond to the precursors and main event T90 limits This interval is where the time
integrated spectrum was accumulated. Time is observed time.
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Several proposals developed:
✦ Two steps collapse 
!
!
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!
!

✦ Photospheric 
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!
!
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!
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So, how to switch on and off a GRB? 
With a millisecond Magnetar 

powered by Accretion
Usov 1992


Duncan & Thompson 1992

Dai & Lu 1998


Zhang & Meszaros 2001

Metzger et al. 2011

Why?? Precursors in GRBs
Emission episodes prior to the main prompt emission in 
~15% of Long GRBs: 
✦ quiescent time ~ T90  
✦ multiple precursors 
✦ negligible or comparable energies 
✦ also in short GRBs

Koshut et al. 1995

Lazzati 2005


Ramirez-Ruiz & Merloni 01

Burlon et al. 2008, 2009


Troja et al., 2010

7



How?? Accretion-powered Magnetar
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Quiescent times?? A propeller phase

precursor

rc

rm

10



rc

quiescent

time

Quiescent times?? A propeller phase

rc

rm

rm

11



rc

rm

main

event

Quiescent times?? A propeller phase

rc

rm

rc

rm

12



precursor

The Prompt Emission Luminosity
rc

rm

main

event

quiescent

time

Ac
cr

et
ion

Pr
op

ell
er

8 Bernardini et al.

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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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:
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and the bolometric power during the quiescent time:

L(rm) = 2× 1050B2
15 P

−3
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ABSTRACT

We present a carefully selected sub-sample of Swift long gamma-ray bursts (GRBs) that is complete in redshift. The
sample is constructed by considering only bursts with favorable observing conditions for ground-based follow-up
searches, which are bright in the 15–150 keV Swift/BAT band, i.e., with 1-s peak photon fluxes in excess to
2.6 photons s−1 cm−2. The sample is composed of 58 bursts, 52 of them with redshift for a completeness level of
90%, while another two have a redshift constraint, reaching a completeness level of 95%. For only three bursts we
have no constraint on the redshift. The high level of redshift completeness allows us for the first time to constrain
the GRB luminosity function and its evolution with cosmic times in an unbiased way. We find that strong evolution
in luminosity (δl = 2.3±0.6) or in density (δd = 1.7±0.5) is required in order to account for the observations. The
derived redshift distributions in the two scenarios are consistent with each other, in spite of their different intrinsic
redshift distributions. This calls for other indicators to distinguish among different evolution models. Complete
samples are at the base of any population studies. In future works we will use this unique sample of Swift bright
GRBs to study the properties of the population of long GRBs.

Key words: gamma-ray burst: general – stars: formation – cosmology: observations

Online-only material: color figures

1. INTRODUCTION

Gamma-ray bursts (GRBs) are powerful flashes of high-
energy photons occurring at an average rate of a few per day
throughout the universe. They are detected at all redshifts, from
the local universe up to the extreme high redshifts (Salvaterra
et al. 2009a; Tanvir et al. 2009; Cucchiara et al. 2011b). Our
knowledge of the distribution of long GRBs through cosmic
times is still hampered by the fact that most of the observed
Swift GRBs are without redshift. Indeed, the measure of the
distance has been secured for only ∼1/3 of the cases. Given
the low completeness level in redshift determination, the effect
of possible observational biases could be important in shaping
redshift distribution (Fiore et al. 2007). This fact strongly limits
the possibility of well-grounded statistical studies of the rest-
frame properties of long GRBs and their evolution with cosmic
time. Therefore, it is of paramount importance to obtain an
unbiased complete sample of GRBs that is capable of fully
representing this class of object.

To this end, we present in this paper a well-selected sub-
sample of the full Swift database. We select bursts that
have favorable observing conditions for redshift determina-
tion from the ground and that are bright in the 15–150 keV
Swift/BAT band. We find 58 bursts matching our selection cri-
teria with a completeness level in redshift determination of 90%.
The completeness level increases to ∼95% by considering the
redshift constraints imposed by the detection of the afterglow
or host galaxy in some optical filters. Therefore, our selection
criteria allow us to construct a sizable sample of long bursts
that is (almost) complete in redshift, providing a solid basis for
the study of the long-GRB population in an unbiased way. In
particular, since our selection is based on the brightness in the
Swift/BAT band, our sample is not biased against the detection

of dark bursts; thus, it provides a complete description of the
whole long-GRB population.

In the present paper, we will take advantage of the high com-
pleteness level of our sample to constrain the GRB luminosity
function (LF) and its evolution with cosmic time. In the past
few years, this problem has been faced by many different au-
thors (e.g., Porciani & Madau 2001; Firmani et al. 2004; Guetta
et al. 2005; Natarajan et al. 2005; Daigne et al. 2006; Salvaterra
& Chincarini 2007; Salvaterra et al. 2009b; Butler et al. 2010;
Wanderman & Piran 2010; Campisi et al. 2010; Qin et al. 2010;
Virgili et al. 2011; Robertson & Ellis 2012). There is general
agreement about the fact that GRBs must have experienced some
sort of evolution through cosmic time, whereas the nature and
the level of such evolution are still matter of debate. Most of
the previous works relied on the assumption that bursts lacking
redshift measurements closely follow the redshift distribution
of bursts with known z. In the past, we tried to overcome this
assumption by deriving a conservative lower limit for the level
of evolution on the basis of the number of bursts detected at
z > 2.5 (Salvaterra & Chincarini 2007) and of bursts with peak
luminosity L > 1053 erg s−1 (Salvaterra et al. 2009b). For the
first time, thanks to our well-selected, complete sub-sample of
Swift GRBs, we can tackle this issue in an unbiased way. In
future works we will use this sample to study the correlation
between physical parameters of the bursts and the properties
of the burst light curves and the environment in which they
explode.

This paper is organized as follows: In Section 2, we describe
our selection criteria and present our sample. We present our
models of the GRB LF and redshift distribution in Section 3,
while the results are presented in Section 4. We extrapolate our
findings to the detection limit of Swift in Section 5. Finally, in
Section 6 we draw our conclusions.

1

✦ bright long GRBs observed by BAT 
✦ almost complete in redshift 

ideal to search for precursors!!!!
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17% of GRBs with precursors in the BAT6 (3% multiple) 

Precursors vs. Main Event: 
✦ non-thermal spectrum, with similar spectral indices 
✦ precursor comprises a substantial amount of energy 

(~20%) 
✦ moderate correlation bw peak luminosity (energy) of precursor 

and main event 
✦ correlation bw quiescent time and duration of the following 

emission episode <- accumulation mechanism into play!

Precursors in the BAT6 sample
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TABLE 2
Best–fitting values of the plateau phase for the GRBs with precursors (superscript “p”) in the BAT6

sample.

Name z Bp P p k′p tp◦ Ep
◦ Lp

min Lp(rm) Mp
acc

(1015 G) (ms) (s) (1050 erg) (1050 erg s−1) (1050 erg s−1) (M⊙)

050318a 1.44 4.00 3.06 − − − 4.7 1.1 0.004
050401 2.90 5.67± 0.27 2.61± 0.04 0.8 31.6 5.57± 0.18 13.7 3.6 0.101
060210 3.91 2.34± 0.07 1.83± 0.02 0.9 15.8 1.00b 5.4 1.8 0.088
061007a 1.26 4.00 3.06 − − − 4.7 1.1 0.252
061121 1.31 6.03± 0.12 4.40± 0.03 0.9 63.1 0.70± 0.04 4.6 0.9 0.068
061222A 2.09 2.79± 0.04 2.25± 0.01 0.9 31.7 5.06± 0.37 4.7 1.4 0.056
070306 1.50 2.33± 0.10 3.60± 0.05 0.9 15.8 0.32b 1.1 0.2 > 0.022
091208B 1.06 18.6± 1.1 9.70± 0.21 0.5 19.9 0.36± 0.07 6.9 0.8 0.005

Note. — Name and redshift (z); magnetic field (B) and spin period (P ) of the magnetar, parameter that accounts
for our ignorance about the microphysical parameters and on the density profile of the ambient medium (k′), shallow
decay onset rest-frame time (t◦), initial energy of the forward shock (E◦); minimum bolometric accretion luminosity
necessary to penetrate the centrifugal barrier (Lmin) and bolometric accretion luminosity just after the onset of the
centrifugal barrier (L(rm)), calculated with the best-fitting parameters B and P , mass accreted during the prompt
emission (Macc).
a These GRBs do not allow to perform the fit of the late-time X–ray emission with the model in Eq. A3. We therefore
assumed as B and P the median values of their distributions, and calculated the luminosities accordingly.
b Not a free parameter.

TABLE 3
Best–fitting values of the plateau phase for the GRBs without

precursors (superscript “no-p”) in the BAT6 sample.

Name z Bno−p P no−p k′no−p tno−p
◦ Eno−p

◦

(1015 G) (ms) (s) (1050 erg)

060306 1.55 9.40± 0.90 7.30 ± 0.20 0.9 31.6 0.63± 0.09
060814 1.92 2.87± 0.10 3.79 ± 0.04 0.9 316.2 2.22± 0.27
061021 0.35 16.97 ± 0.48 32.21± 2.90 0.5 316.2 0.02± 0.01
080430 0.77 5.06± 0.21 13.42± 0.21 0.9 3.2 0.04± 0.01
080607 3.04 10.59 ± 0.57 3.61 ± 0.10 0.9 100.0 5.71± 0.22
081007 0.53 12.72 ± 0.77 23.58± 0.50 0.9 100.0 0.06± 0.01
081203A 2.10 19.16 ± 0.69 5.21 ± 0.10 0.9 31.6 5.75± 0.30
081221 2.26 7.68± 0.25 2.20 ± 0.01 0.9 19.9 30.13 ± 1.73
091020 1.71 12.54 ± 0.36 6.64 ± 0.07 0.7 31.7 2.18± 0.05
100621A 0.54 2.95± 0.11 6.92 ± 0.01 0.7 100.0 0.74± 0.03

Note. — Name and redshift (z); magnetic field (B) and spin period (P ) of
the magnetar, parameter that accounts for our ignorance about the microphysical
parameters and on the density profile of the ambient medium (k′), shallow decay
onset rest-frame time (t◦), initial energy of the forward shock (E◦).

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

observed by BAT (see Sect. 2), we computed the corre-
sponding observed flux from Lmin: fmin = KLmin

(fb/ϵr)4πD2
L
(z)

,

where DL(z) is the luminosity distance at redshift z and
K is a K–correction to account for the limited energy
band observed by BAT7. The results are displayed in
Table 1: the main event peak flux is always well above
fmin, as well as most of the precursor(s) peak flux(es).
In the worst cases, the precursor peak flux is compara-

7 for those GRBs with measured Epk we calculated the fraction
of energy emitted in the observed 15 − 150 keV with respect to
the bolometric rest-frame 1−104 keV, while for the other cases we
assumed this fraction to be 0.5.

ble to fmin. Indeed, the smallest Lmin is found for GRB
070306, that has two well separated precursors. In this
case, weaker centrifugal forces allow for multiple onsets
of accretion episodes.
We estimated also the total amount of mass accreted

during the prompt emission (precursor(s) plus main
emission) from the total bolometric prompt emission en-
ergy, corrected for the same collimation factor: Eγ,j =
(GMNS/RNS)Macc (see Table 2; for Eγ,iso we refer to Ta-
ble 1 in Nava et al. 2012). The largest amount of mass
accreted corresponds to GRB 061007, that indeed has
one among the largest Eγ,iso in the BAT6 sample (Nava
et al. 2012).
The values we derived depend on our assup-

tion for the ratio (fb/ϵr). However, a simple scaling
exists that allows to derive all the parameters for differ-
ent collimation angles and efficiencies, up to the isotropic
case. In fact, the isotropic spindown luminosity is Li,j =
(fb/ϵr)Li,iso, which implies B2

j /P
4
j = (fb/ϵr)B2

iso/P
4
iso.

At the same time, the spindown timescale is not in-

B and P from the late X-ray Emission
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Wang, X.-Y. & Mészáros, P. 2007, Astrophys. J., 670, 1247
Zhang, B., Fan, Y. Z., Dyks, J., et al. 2006, Astrophys. J., 642,

354
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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)

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.
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TABLE 2
Best–fitting values of the plateau phase for the GRBs with precursors (superscript “p”) in the BAT6

sample.

Name z Bp P p k′p tp◦ Ep
◦ Lp

min Lp(rm) Mp
acc

(1015 G) (ms) (s) (1050 erg) (1050 erg s−1) (1050 erg s−1) (M⊙)

050318a 1.44 4.00 3.06 − − − 4.7 1.1 0.004
050401 2.90 5.67± 0.27 2.61± 0.04 0.8 31.6 5.57± 0.18 13.7 3.6 0.101
060210 3.91 2.34± 0.07 1.83± 0.02 0.9 15.8 1.00b 5.4 1.8 0.088
061007a 1.26 4.00 3.06 − − − 4.7 1.1 0.252
061121 1.31 6.03± 0.12 4.40± 0.03 0.9 63.1 0.70± 0.04 4.6 0.9 0.068
061222A 2.09 2.79± 0.04 2.25± 0.01 0.9 31.7 5.06± 0.37 4.7 1.4 0.056
070306 1.50 2.33± 0.10 3.60± 0.05 0.9 15.8 0.32b 1.1 0.2 > 0.022
091208B 1.06 18.6± 1.1 9.70± 0.21 0.5 19.9 0.36± 0.07 6.9 0.8 0.005

Note. — Name and redshift (z); magnetic field (B) and spin period (P ) of the magnetar, parameter that accounts
for our ignorance about the microphysical parameters and on the density profile of the ambient medium (k′), shallow
decay onset rest-frame time (t◦), initial energy of the forward shock (E◦); minimum bolometric accretion luminosity
necessary to penetrate the centrifugal barrier (Lmin) and bolometric accretion luminosity just after the onset of the
centrifugal barrier (L(rm)), calculated with the best-fitting parameters B and P , mass accreted during the prompt
emission (Macc).
a These GRBs do not allow to perform the fit of the late-time X–ray emission with the model in Eq. A3. We therefore
assumed as B and P the median values of their distributions, and calculated the luminosities accordingly.
b Not a free parameter.

TABLE 3
Best–fitting values of the plateau phase for the GRBs without

precursors (superscript “no-p”) in the BAT6 sample.

Name z Bno−p P no−p k′no−p tno−p
◦ Eno−p

◦

(1015 G) (ms) (s) (1050 erg)

060306 1.55 9.40± 0.90 7.30 ± 0.20 0.9 31.6 0.63± 0.09
060814 1.92 2.87± 0.10 3.79 ± 0.04 0.9 316.2 2.22± 0.27
061021 0.35 16.97 ± 0.48 32.21± 2.90 0.5 316.2 0.02± 0.01
080430 0.77 5.06± 0.21 13.42± 0.21 0.9 3.2 0.04± 0.01
080607 3.04 10.59 ± 0.57 3.61 ± 0.10 0.9 100.0 5.71± 0.22
081007 0.53 12.72 ± 0.77 23.58± 0.50 0.9 100.0 0.06± 0.01
081203A 2.10 19.16 ± 0.69 5.21 ± 0.10 0.9 31.6 5.75± 0.30
081221 2.26 7.68± 0.25 2.20 ± 0.01 0.9 19.9 30.13 ± 1.73
091020 1.71 12.54 ± 0.36 6.64 ± 0.07 0.7 31.7 2.18± 0.05
100621A 0.54 2.95± 0.11 6.92 ± 0.01 0.7 100.0 0.74± 0.03

Note. — Name and redshift (z); magnetic field (B) and spin period (P ) of
the magnetar, parameter that accounts for our ignorance about the microphysical
parameters and on the density profile of the ambient medium (k′), shallow decay
onset rest-frame time (t◦), initial energy of the forward shock (E◦).

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

observed by BAT (see Sect. 2), we computed the corre-
sponding observed flux from Lmin: fmin = KLmin

(fb/ϵr)4πD2
L
(z)

,

where DL(z) is the luminosity distance at redshift z and
K is a K–correction to account for the limited energy
band observed by BAT7. The results are displayed in
Table 1: the main event peak flux is always well above
fmin, as well as most of the precursor(s) peak flux(es).
In the worst cases, the precursor peak flux is compara-

7 for those GRBs with measured Epk we calculated the fraction
of energy emitted in the observed 15 − 150 keV with respect to
the bolometric rest-frame 1−104 keV, while for the other cases we
assumed this fraction to be 0.5.

ble to fmin. Indeed, the smallest Lmin is found for GRB
070306, that has two well separated precursors. In this
case, weaker centrifugal forces allow for multiple onsets
of accretion episodes.
We estimated also the total amount of mass accreted

during the prompt emission (precursor(s) plus main
emission) from the total bolometric prompt emission en-
ergy, corrected for the same collimation factor: Eγ,j =
(GMNS/RNS)Macc (see Table 2; for Eγ,iso we refer to Ta-
ble 1 in Nava et al. 2012). The largest amount of mass
accreted corresponds to GRB 061007, that indeed has
one among the largest Eγ,iso in the BAT6 sample (Nava
et al. 2012).
The values we derived depend on our assup-

tion for the ratio (fb/ϵr). However, a simple scaling
exists that allows to derive all the parameters for differ-
ent collimation angles and efficiencies, up to the isotropic
case. In fact, the isotropic spindown luminosity is Li,j =
(fb/ϵr)Li,iso, which implies B2

j /P
4
j = (fb/ϵr)B2

iso/P
4
iso.

At the same time, the spindown timescale is not in-

➪
a ~ B2/P2 
Li ~ B2/P4
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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)

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.
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TABLE 1
Summary of the prompt emission properties of GRBs with precursors in the BAT6 sample as observed by BAT (15− 150

keV).

Name z F p fp Tp
90 tp

pk
Γp Fme fme Tme

90 tme
pk Γme fmin

050318 1.44 2.5 12.6± 1.5 6.65 0.82 2.11± 0.24 10.7 22.9± 1.6 −a 29.13 1.90± 0.08 15.9
050401 2.90 74.1 62.0± 18.0 9.14 0.49 1.51± 0.09 37.8 99.9± 7.8 8.00 24.00 1.38± 0.08 6.6
060210 3.91 4.6 7.7± 2.8 9.65 −224.00 1.55± 0.26 63.9 23.4± 2.2 167.16 0.44 1.46± 0.06 1.6

060904A-1 − 12.9 5.9± 1.1 35.90 5.08 1.46± 0.08 57.4 43.6± 2.0 37.90 55.80 1.52± 0.03 −

060904A-2 − 7.9 7.9± 1.1 18.50 30.60 1.64± 0.08 − − − − − −

061007 1.26 58.7 56.2± 5.2 12.79 6.82 1.12± 0.05 380.7 154.9± 3.6 54.40 45.19 1.04± 0.01 5.8
061121 1.31 6.6 12.5± 1.3 7.83 2.04 1.63± 0.08 133.1 199.5± 3.7 29.45 74.48 1.31± 0.03b 5.9

061222A-1 2.09 2.8 6.1± 1.4 14.3 1.99 1.41± 0.14 67.1 79.4± 1.8 47.20 87.00 1.22± 0.02 1.3
061222A-2 2.09 6.8 18.6± 1.7 20.00 26.30 1.76± 0.10 − − − − − −

070306-1 1.50 3.1 6.5± 2.0 7.70 −115.60 1.29± 0.28 38.7 29.5± 1.4 67.60 98.27 1.64± 0.03 3.3
070306-2 1.50 10.2 6.9± 2.0 26.00 2.03 1.54± 0.20 − − − − − −

080602 ∼ 1.4c 15.2 19.1± 3.6 17.66 0.73 1.34± 0.14 13.1 28.2± 2.0 9.96 60.10 1.06± 0.07 −

091208B 1.06 7.9 37.1± 6.0 3.95 0.48 1.97± 0.20 22.9 104.7± 7.2 5.78 8.79 1.75± 0.12 40.2

Note. — Name and redshift (z), fluence (F ), 1−s peak flux (f), duration (T90), peak time (tpk), photon index (Γ) of the spectrum
assuming a power-law model of the precursor(s) (superscript “p”) and main event (superscript “me”); minimum accretion flux necessary
to penetrate the centrifugal barrier (fmin; see Appendix A). Fluences are given in units 10−7 erg cm−2, fluxes in 10−8 erg cm−2 s−1,
times in s.
a The event data of part of the main emission are not available.
b Spectrum fitted with a cutoff power-law model. Cutoff energy is Ecpl = 499± 66 keV.
c Photometric redshift on the bases of the most probable host galaxy association in the XRT error circle (Rossi et al. 2012).

2.2. The multiwavelength properties of GRBs with and
without precursors in BAT6

We compared the multiwavelength properties of GRBs
with precursors (superscript “p”) with those of GRBs
without precursors in the BAT6 sample (superscript “no-
p”) in order to single out differences that may discrimi-
nate between the two groups, if any3.
We first compared the prompt emission properties of

GRBs with and without precursors in the BAT6 sample.
No sharp distinction exists in the distributions of the
peak energy Epk (a KS test gives a probability P = 1
that the two samples are drawn from the same parent
population), total isotropic energy Eγ,iso (P = 0.41) or
peak luminosity Lγ,pk (P = 0.92) (see Nava et al. 2012
for the definition of these quantities). We conclude that
it is not possible to predict the presence of a precursor
from the prompt emission properties only.
Comparing the redshift distribution of GRBs with and

without precursors in the BAT6 sample with a KS test,
we found a probability P = 0.40 that they are drawn
from the same population. This suggests that the pro-
genitors of GRBs with and without precursors may be-
long to the same population.
We then turn to the properties of the X–ray emission.

We restrict our analysis to those GRBs with a plateau
in the X–ray light curve (the “canonical” light curves,
Nousek et al. 2006) of GRBs with and without precur-
sor in the BAT6. In particular, for those GRBs with
redshift, we compared the plateau rest frame properties.
The X–ray luminosity is calculated in a common rest
frame 0.3 − 30 keV energy band (Margutti et al. 2013),
representative of the bolometric luminosity. The central
value (median) of the luminosity at the end of the plateau
is larger for the GRBs with precursors than that for the
ones without precursors in the BAT6 (⟨log[Lp

end]⟩ = 47.7

3 The multiwavelength properties of GRBs in the BAT6 sample
can can be retrieved in Salvaterra et al. (2012); Campana et al.
(2012); Covino et al. (2013); D’Avanzo et al. (2012); Melandri et al.
(2012); Nava et al. (2012).

while ⟨log[Lno−p
end ]⟩ = 46.2), while the dispersion is much

smaller (σp = 0.3 while σno−p = 1.5). A KS test gives
a probability P = 0.02 that the two distributions are
drawn from the same population. No clear differences
emerge in the distributions of the temporal decay indices
or the break times (a KS test gives a probability P = 0.97
and P = 0.50 that they are drawn from the same popu-
lation, respectively).

3. QUIESCENT TIMES: A PROPELLER PHASE?

All the observed properties of GRBs with pre-
cursors that we reported in our analysis can be
explained if the central GRB engine is a newly born
magnetar. This proposal is based on the assump-
tion that the GRB prompt emission originates from a
newly born magnetar accreting material from an accre-
tion disk, and the observed power is proportional to the
mass accretion rate. Close to the surface of the mag-
netar, the behavior of the in–falling material is domi-
nated by the large magnetic field of the neutron star, so
that matter is channelled along the field lines onto the
magnetic polar caps. We considered a pure dipolar
magnetic field. Higher order multipoles have a
lower influence on the in–falling matter motion
due to their steeper radial dependence. The mag-
netic field begins to dominate the motion of matter at
the magnetospheric radius rm, defined by the pressure
balance between the magnetic dipole of the magnetar
and the in–falling material. Accretion onto the surface
of the magnetar proceeds as long as the material in the
disk rotates faster than the magnetosphere (see Fig. 1,
right upper panel). In the opposite case, accretion can be
substantially reduced due to centrifugal forces exerted by
the super-Keplerian magnetosphere: the source is said to
enter the “propeller” phase (Illarionov & Sunyaev 1975;
Campana et al. 1998) (see Fig. 1, right lower panel).
In this scenario, during the collapse of the progeni-

tor, a proto–magnetar is formed and the confining pres-
sure and inertia of the in–falling stellar envelope act to
collimate the outflow into a jet (Uzdensky & MacFadyen

✦ peak luminosities of both precursor and main event are above Lmin 

✦ simple FRED precursors when LPpk ~Lmin  
✦ complex multi-peaked structure when LPpk >Lmin 
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Predictions about the Prompt Emission 
Luminosity
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✦ Precursor properties (17% of GRBs) explained if central 
engine is an accretion-powered Magnetar: 
➡ emission <-> accretion power 
➡ quiescence <-> propeller phase 

✦ Late X-ray emission powered by the spin-down of the 
Magnetar: 
➡ direct and independent estimate of B and P 
➡ prompt luminosity above Lmin 

✦ Potentially larger fraction of GRBs originates from 
accretion-powered Magnetars
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Figure 1. Top panel: the Swift BAT light curve in the 15–350 keV band with a binning time of 64 ms. Inset: the

Swift-BAT light curve up to 300 s, plotted on a log intensity scale, showing a fast rise/exponential decay feature

starting at t � 120 s. Bottom panel: the photon index values of a power-law model fit to the BAT spectrum in the

15–150 keV energy range.

9

Figure 2: Light curves for GRB 130427A in different wavebands. Swift UV and visible filters (w2, m2, w1, u,

b, v); B, V , r�, and i� filters correspond to Faulkes Telescope North; r�, and i� to the Liverpool Telescope; g�, r�,

and i� to the MITSuME telescopes (see the SOM for further details). The scaling factors for the flux density in

different filters is shown in the inset. The X–ray light curve from Swift-XRT includes two MAXI data points at

t = 3257 s and t = 8821 s (empty squares). The fit was performed over all the light curves: for the common X–ray

and optical part (from 390 s onward) a broken power law fit shows a common break at tbreak � 37 ks (see text).

The fit required 24 free parameters (curve normalizations, host galaxy optical flux in each band, three temporal

slopes and two breaks). Due to short-term low-level variability superposed to the long-term behavior and possibly

residual inhomogeneity of optical data taken from different telescopes, we added in quadrature a 9% systematic

error in the optical and 5% in the X-rays. Final fit yielded �2 = 543.02 / 565 d.o.f. A contribution from the host

galaxy has been taken into account in the optical bands by fitting a constant flux of � 0.01 mJy for the reddest

bands, corresponding to rHG = 21.26 mag as tabulated in the SDSS catalogue.

10

GRB 130427A at a glance: 
✦ super-bright (detected by 

several high-energy satellites) 
✦ well monitored afterglow (GeV,   

X-rays, OT, radio) 
✦ nearby (z=0.34) 
✦ associated with Type Ic SN 

➡ first powerful GRB 
associated to SN 

➡ benchmark to test 
standard modelsMaselli et al. 2013


Fermi LAT & GBM collaborations 2013

Golenetskiiet al. 2013

Verstrand et al. 2013

Levan et al. 2013

Xu et al. 2013

Melandri et al. 2014
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Figure 3. Radio (from (27): all measurements are taken at 6.8 GHz but the later one, at 7.3 GHz), optical, X-

ray (see Figure 2) and LAT �-ray (from (2)) light curves of GRB 130427A and corresponding model predictions

adopting a description in terms of the van Eerten et al. model (23). Note that the model underestimates the

GeV flux, which is probably due to inverse Compton emission, and the early X-ray emission which is probably

dominated by an additional component. To properly fit the radio data, only a fraction of the electrons must be

accelerated after � 70 ks (see discussion and Supplementary Table 10 in the SOM).

11

Afterglow after 26 ks is 
forward shock emission 
in homogeneous 
medium with a jet break

Maselli et al. 2013



25

GRB 130427A: the “ordinary monster”

Figure 3. Radio (from (27): all measurements are taken at 6.8 GHz but the later one, at 7.3 GHz), optical, X-

ray (see Figure 2) and LAT �-ray (from (2)) light curves of GRB 130427A and corresponding model predictions

adopting a description in terms of the van Eerten et al. model (23). Note that the model underestimates the

GeV flux, which is probably due to inverse Compton emission, and the early X-ray emission which is probably

dominated by an additional component. To properly fit the radio data, only a fraction of the electrons must be

accelerated after � 70 ks (see discussion and Supplementary Table 10 in the SOM).
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Fig. 11.— Observed and analytic light curves of the afterglow of GRB130427A at specific frequencies: radio, millimeter, NIR, optical,
UV, soft X-ray (XRT), hard X-ray (BAT), and extreme gamma-ray (LAT). All of the major features at all frequencies are reproduced by
our model (black lines), except at the earliest times. The dotted lines show a naive extension of the model back in time, which generally
overpredicts the fluxes at all frequencies (except during the final prompt-emission flare), perhaps due to the end of deceleration of the ejecta
at these earliest epochs. The numbers at the top indicate the times of the SED epochs shown in Figure 10.

ties are particularly unusual among the GRB population.
It has been noted in the past (Schulze et al. 2011) that
relatively few GRBs show evidence of a wind-swept en-
vironment expected for a massive-star progenitor. Our
result for GRB130427A may show that this is, in part, a
selection effect: robust constraints on the density profile
require observations at radio wavelengths to track the
evolution of Fν,peak, but a wind-swept medium naturally
suppresses this peak at late times and prevents detection
of the afterglow. The nonstandard evolution of the cool-
ing break may also provide insight into this situation, as
it would in particular negate the use of standard closure
relations based solely on optical/X-ray data if ν > νc.
Among the parameters derived, the most remarkable is

the very low wind density. This requires a very low mass-
loss rate; for a standard wind velocity of 103 km s−1,
our derived A∗ would indicate a mass-loss rate of only
a few ×10−8 M⊙ yr−1. Mass-loss rates of this mag-
nitude are a natural prediction for radiatively driven
winds from massive, low-metallicity stars; for example,
the modeling of Vink et al. (2001) produces mass-loss
rates below 10−7.5 M⊙ yr−1 only for Z < 0.05Z⊙.
Low mass-loss rates may also explain why density pro-
files typical of the interstellar medium are often pre-
ferred over wind-like ones; in a sufficiently dense envi-
ronment this weak wind would clear out only a relatively
small wind bubble (van Marle et al. 2006). Low densities
are not unprecedented, especially among very luminous
GRBs: Cenko et al. (2011) found similar, low values for

a sample of four LAT-detected events from 2009. With
GRB130427A included, these results show clearly that
low density is not rare and is no obstacle to the produc-
tion of very high-energy gamma-rays, in contrast to some
recent claims in the literature (e.g., Beloborodov et al.
2013). The apparent rarity of low-density, wind-driven
environments among other GRB samples may be a se-
lection effect; had more sensitive radio follow-up obser-
vations been more widely available in the past, similar
signatures might have been observed more commonly,
including among less luminous and more distant bursts.
The greatly improved sensitivity now available with the
upgraded VLA and ALMA will soon test this prediction.
Our results also illustrate the value of early multi-

frequency radio observations, especially at t < 1 day.
Had the GRB been observed somewhat earlier (t ≈ 0.1
d), even more dramatic evolution would have been ob-
served; we predict that the millimeter light curve should
have shown a rapid rise to a bright flare with a peak of
50 mJy between 15 min and 2 hr post-GRB. The ob-
servation of such a signature would have presented even
stronger verification of the reverse-shock interpretation
for this GRB. While such observations were not possi-
ble in this case, such a flare would be easily detectable
even at significantly higher redshifts: owing to the steep
slope below the self-absorption break, the K-correction
during the flare rise is relatively favorable; it would be
detectable to CARMA and the VLA to at least z ≈ 1.2
and to ALMA at almost any redshift. A similar signa-

Afterglow is forward + 
reverse shock emission 
in wind-like medium

Laskar et al. 2013

Perley et al. 2013

Verstrand et al. 2013

Panaitescu et al. 2013

Afterglow after 26 ks is 
forward shock emission 
in homogeneous 
medium with a jet break
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ray (see Figure 2) and LAT �-ray (from (2)) light curves of GRB 130427A and corresponding model predictions

adopting a description in terms of the van Eerten et al. model (23). Note that the model underestimates the

GeV flux, which is probably due to inverse Compton emission, and the early X-ray emission which is probably

dominated by an additional component. To properly fit the radio data, only a fraction of the electrons must be

accelerated after � 70 ks (see discussion and Supplementary Table 10 in the SOM).
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Fig. 11.— Observed and analytic light curves of the afterglow of GRB130427A at specific frequencies: radio, millimeter, NIR, optical,
UV, soft X-ray (XRT), hard X-ray (BAT), and extreme gamma-ray (LAT). All of the major features at all frequencies are reproduced by
our model (black lines), except at the earliest times. The dotted lines show a naive extension of the model back in time, which generally
overpredicts the fluxes at all frequencies (except during the final prompt-emission flare), perhaps due to the end of deceleration of the ejecta
at these earliest epochs. The numbers at the top indicate the times of the SED epochs shown in Figure 10.

ties are particularly unusual among the GRB population.
It has been noted in the past (Schulze et al. 2011) that
relatively few GRBs show evidence of a wind-swept en-
vironment expected for a massive-star progenitor. Our
result for GRB130427A may show that this is, in part, a
selection effect: robust constraints on the density profile
require observations at radio wavelengths to track the
evolution of Fν,peak, but a wind-swept medium naturally
suppresses this peak at late times and prevents detection
of the afterglow. The nonstandard evolution of the cool-
ing break may also provide insight into this situation, as
it would in particular negate the use of standard closure
relations based solely on optical/X-ray data if ν > νc.
Among the parameters derived, the most remarkable is

the very low wind density. This requires a very low mass-
loss rate; for a standard wind velocity of 103 km s−1,
our derived A∗ would indicate a mass-loss rate of only
a few ×10−8 M⊙ yr−1. Mass-loss rates of this mag-
nitude are a natural prediction for radiatively driven
winds from massive, low-metallicity stars; for example,
the modeling of Vink et al. (2001) produces mass-loss
rates below 10−7.5 M⊙ yr−1 only for Z < 0.05Z⊙.
Low mass-loss rates may also explain why density pro-
files typical of the interstellar medium are often pre-
ferred over wind-like ones; in a sufficiently dense envi-
ronment this weak wind would clear out only a relatively
small wind bubble (van Marle et al. 2006). Low densities
are not unprecedented, especially among very luminous
GRBs: Cenko et al. (2011) found similar, low values for

a sample of four LAT-detected events from 2009. With
GRB130427A included, these results show clearly that
low density is not rare and is no obstacle to the produc-
tion of very high-energy gamma-rays, in contrast to some
recent claims in the literature (e.g., Beloborodov et al.
2013). The apparent rarity of low-density, wind-driven
environments among other GRB samples may be a se-
lection effect; had more sensitive radio follow-up obser-
vations been more widely available in the past, similar
signatures might have been observed more commonly,
including among less luminous and more distant bursts.
The greatly improved sensitivity now available with the
upgraded VLA and ALMA will soon test this prediction.
Our results also illustrate the value of early multi-

frequency radio observations, especially at t < 1 day.
Had the GRB been observed somewhat earlier (t ≈ 0.1
d), even more dramatic evolution would have been ob-
served; we predict that the millimeter light curve should
have shown a rapid rise to a bright flare with a peak of
50 mJy between 15 min and 2 hr post-GRB. The ob-
servation of such a signature would have presented even
stronger verification of the reverse-shock interpretation
for this GRB. While such observations were not possi-
ble in this case, such a flare would be easily detectable
even at significantly higher redshifts: owing to the steep
slope below the self-absorption break, the K-correction
during the flare rise is relatively favorable; it would be
detectable to CARMA and the VLA to at least z ≈ 1.2
and to ALMA at almost any redshift. A similar signa-
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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

Bernardini et al. 2014

Recipe for X-ray emission: 
✦ forward shock emission + jet break 
✦ steep decay (prompt emission) 
✦ wind of the magnetar
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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

Bernardini et al. 2014

Recipe for X-ray emission: 
✦ forward shock emission + jet break 
✦ steep decay (prompt emission) 
✦ wind of the magnetar
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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

Bernardini et al. 2014

B= 1016 G 
P= 24.2 ms

Recipe for X-ray emission: 
✦ forward shock emission + jet break 
✦ steep decay (prompt emission) 
✦ wind of the magnetar
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✦ Precursor properties (17% of GRBs) explained if central 
engine is an accretion-powered Magnetar 

✦ Late X-ray emission powered by the spin-down of the 
Magnetar 

✦ Potentially larger fraction of GRBs originates from 
accretion-powered Magnetars 

✦ Still many open issues... However accretion-powered 
magnetars may be regarded as a plausible central engine 
for long GRBs (also for short GRBs, see Gompertz et al. 
2014)
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explore the physics of neutrino-cooled accretion columns onto
magnetars.

2. FALLBACK VERSUS OUTFLOW

Before we investigate the effects of fallback accretion, it is
pertinent to discuss when fallback is expected. Although these
arguments are strictly applicable for only one dimension, and we
expect a multi-dimensional flow to provide more opportunities
for fallback, this gives some intuition about how fallback
depends on the accretion rate, spin, and magnetic field strength.

As the rapidly rotating, newly born magnetar spins down, it
goes through stages in which it emits energy in dipole spin-down
radiation and a neutrino-driven, magnetically dominated wind
(Thompson et al. 2004), both of which may hinder accretion.
For a magnetar with a dipole magnetic moment µ and spin Ω,
the spin-down luminosity is

Ldip = µ2Ω4

6c3
= 9.6 × 1048µ2

33P
−4
1 erg s−1, (1)

where µ33 = µ/1033 G cm3, as is appropriate for a neutron
star with a 1015 G magnetic field, and P = 2π/Ω = 1P1 ms.
Assuming this luminosity is carried by a relativistic wind, the
associated pressure at a radius r is pdip = Ldip/4πcr2. Fallback
accretion exerts an inward ram pressure, and for the case of
spherically symmetric accretion at a rate Ṁ onto a mass M, this
is given by

pram = Ṁ

8π

(
2GM
r5

)1/2

. (2)

Since pdip ∝ r−2 and pram ∝ r−5/2, the spin-down luminosity
always wins at sufficiently large radii. If the fallback accretion
is already proceeding and then the spin-down luminosity is
to disrupt this accretion flow, we can ask what is the critical
accretion rate above which the fallback ram pressure dominates
at the magnetar radius R. This gives

Ṁdip,crit = µ2Ω4

3c4

(
R

2GM

)1/2

= 1.8 × 10−5µ2
33P

−4
1 M

−1/2
1.4 R

1/2
12 M⊙ s−1, (3)

where M1.4 = M/1.4 M⊙ and R12 = R/12 km. This accretion
rate is well exceeded in all cases we consider.

During the Kelvin–Helmholtz cooling epoch for the newly
born magnetar, deleptonization and thermal neutrino losses
create a neutrino-driven wind that is magnetically flung by the
magnetar’s dipole field. For a mass-loss rate Ṁν , the luminosity
that goes into this process is (Thompson et al. 2004)

Lν =
(

µ2Ω4

Ṁν

)2/5

Ṁν

= 4.5 × 1050µ4/5P
−8/5
1 Ṁ

3/5
ν,−3 erg s−1, (4)

where Ṁν,−3 = Ṁν/10−3 M⊙ s−1. Repeating the above analysis
of assuming this is a relativistic wind and comparing to the ram
pressure at the magnetar surface, we derive a critical accretion
rate

Ṁν,crit = 2Ṁν

c

(
R

2GM

)1/2 (
µ2Ω4

Ṁν

)2/5

= 8.6 × 10−4µ
4/5
33 P

−8/5
1 Ṁ

3/5
ν,−3M

−1/2
1.4 R

1/2
12 M⊙ s−1.

(5)

Figure 1. Critical accretion rate, above which fallback dominates, as a function
of the spin period. We consider two physical processes for inhibiting the fallback:
dipole spin-down radiation (denoted by Mdip,crit and given by Equation (3)) and
a neutrino-driven wind (denoted by Mν,crit and given by Equation (5)). In each
case, we vary the radius by a factor of 100 (as shown by the shaded regions) to
represent uncertainty in the radius at which the accretion flow first comes into
contact with this outgoing energy.

This limit is a little more stringent than the one derived for dipole
spin down (Equation (3)). Indeed, some of the lower fallback
rates we consider are exceeded by this. When Thompson et al.
(2004) follow the spin-down from a neutrino-driven wind, they
find modest amounts of spin-down (an increase in the spin period
of ∼5 ms) even for the most extreme conditions. If there is a
phase of spin-down from this, it just amounts to different initial
conditions from the perspective of our study. Thus, we neglect
these effects in our time-dependent spin calculations.

In Figure 1, we summarize the parameter space in which
we expect fallback to be important. This shows that the
fallback ram pressure dominates for accretion rates above
∼10−5 to 10−2 M⊙ s−1, depending on the process that is inhibit-
ing the fallback. Comparing with the fallback found in numerical
studies by MacFadyen et al. (2001) or Zhang et al. (2008), this
implies a massive progenitor (in the range of ∼20–40 M⊙ for
solar metallicity and the progenitor models of Woosley et al.
2002) and a low explosion energy (higher explosion energies
lead to weaker fallback; Dessart et al. 2010). Although it is not
well known how progenitor mass and explosion energy corre-
late with magnetar creation, even with these limitations, there is
a wide parameter space where fallback onto a magnetar seems
inevitable.

Even in cases where these scalings appear to argue that
fallback is inhibited, it is still worthwhile to investigate fallback
on account that (1) the neutrino-driven wind only lasts ∼10 s
while the fallback occurs on a !1000 s timescale (reflecting the
dynamical time of the progenitor) and (2) the neutrino-driven
wind is highly asymmetric. Therefore, even if the wind excavates
some region of the progenitor, there is ample opportunity
for fallback at other angles. We thus expect that in higher
dimensions the strength of fallback is typically greater than
what we assume for our one-dimensional arguments.

2

Critical accretion rate for fallback
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where µ33 = µ/1033 G cm3, as is appropriate for a neutron
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Assuming this luminosity is carried by a relativistic wind, the
associated pressure at a radius r is pdip = Ldip/4πcr2. Fallback
accretion exerts an inward ram pressure, and for the case of
spherically symmetric accretion at a rate Ṁ onto a mass M, this
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where M1.4 = M/1.4 M⊙ and R12 = R/12 km. This accretion
rate is well exceeded in all cases we consider.

During the Kelvin–Helmholtz cooling epoch for the newly
born magnetar, deleptonization and thermal neutrino losses
create a neutrino-driven wind that is magnetically flung by the
magnetar’s dipole field. For a mass-loss rate Ṁν , the luminosity
that goes into this process is (Thompson et al. 2004)

Lν =
(

µ2Ω4

Ṁν
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of assuming this is a relativistic wind and comparing to the ram
pressure at the magnetar surface, we derive a critical accretion
rate
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Figure 1. Critical accretion rate, above which fallback dominates, as a function
of the spin period. We consider two physical processes for inhibiting the fallback:
dipole spin-down radiation (denoted by Mdip,crit and given by Equation (3)) and
a neutrino-driven wind (denoted by Mν,crit and given by Equation (5)). In each
case, we vary the radius by a factor of 100 (as shown by the shaded regions) to
represent uncertainty in the radius at which the accretion flow first comes into
contact with this outgoing energy.

This limit is a little more stringent than the one derived for dipole
spin down (Equation (3)). Indeed, some of the lower fallback
rates we consider are exceeded by this. When Thompson et al.
(2004) follow the spin-down from a neutrino-driven wind, they
find modest amounts of spin-down (an increase in the spin period
of ∼5 ms) even for the most extreme conditions. If there is a
phase of spin-down from this, it just amounts to different initial
conditions from the perspective of our study. Thus, we neglect
these effects in our time-dependent spin calculations.

In Figure 1, we summarize the parameter space in which
we expect fallback to be important. This shows that the
fallback ram pressure dominates for accretion rates above
∼10−5 to 10−2 M⊙ s−1, depending on the process that is inhibit-
ing the fallback. Comparing with the fallback found in numerical
studies by MacFadyen et al. (2001) or Zhang et al. (2008), this
implies a massive progenitor (in the range of ∼20–40 M⊙ for
solar metallicity and the progenitor models of Woosley et al.
2002) and a low explosion energy (higher explosion energies
lead to weaker fallback; Dessart et al. 2010). Although it is not
well known how progenitor mass and explosion energy corre-
late with magnetar creation, even with these limitations, there is
a wide parameter space where fallback onto a magnetar seems
inevitable.

Even in cases where these scalings appear to argue that
fallback is inhibited, it is still worthwhile to investigate fallback
on account that (1) the neutrino-driven wind only lasts ∼10 s
while the fallback occurs on a !1000 s timescale (reflecting the
dynamical time of the progenitor) and (2) the neutrino-driven
wind is highly asymmetric. Therefore, even if the wind excavates
some region of the progenitor, there is ample opportunity
for fallback at other angles. We thus expect that in higher
dimensions the strength of fallback is typically greater than
what we assume for our one-dimensional arguments.
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is already proceeding and then the spin-down luminosity is
to disrupt this accretion flow, we can ask what is the critical
accretion rate above which the fallback ram pressure dominates
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During the Kelvin–Helmholtz cooling epoch for the newly
born magnetar, deleptonization and thermal neutrino losses
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Figure 1. Critical accretion rate, above which fallback dominates, as a function
of the spin period. We consider two physical processes for inhibiting the fallback:
dipole spin-down radiation (denoted by Mdip,crit and given by Equation (3)) and
a neutrino-driven wind (denoted by Mν,crit and given by Equation (5)). In each
case, we vary the radius by a factor of 100 (as shown by the shaded regions) to
represent uncertainty in the radius at which the accretion flow first comes into
contact with this outgoing energy.

This limit is a little more stringent than the one derived for dipole
spin down (Equation (3)). Indeed, some of the lower fallback
rates we consider are exceeded by this. When Thompson et al.
(2004) follow the spin-down from a neutrino-driven wind, they
find modest amounts of spin-down (an increase in the spin period
of ∼5 ms) even for the most extreme conditions. If there is a
phase of spin-down from this, it just amounts to different initial
conditions from the perspective of our study. Thus, we neglect
these effects in our time-dependent spin calculations.

In Figure 1, we summarize the parameter space in which
we expect fallback to be important. This shows that the
fallback ram pressure dominates for accretion rates above
∼10−5 to 10−2 M⊙ s−1, depending on the process that is inhibit-
ing the fallback. Comparing with the fallback found in numerical
studies by MacFadyen et al. (2001) or Zhang et al. (2008), this
implies a massive progenitor (in the range of ∼20–40 M⊙ for
solar metallicity and the progenitor models of Woosley et al.
2002) and a low explosion energy (higher explosion energies
lead to weaker fallback; Dessart et al. 2010). Although it is not
well known how progenitor mass and explosion energy corre-
late with magnetar creation, even with these limitations, there is
a wide parameter space where fallback onto a magnetar seems
inevitable.

Even in cases where these scalings appear to argue that
fallback is inhibited, it is still worthwhile to investigate fallback
on account that (1) the neutrino-driven wind only lasts ∼10 s
while the fallback occurs on a !1000 s timescale (reflecting the
dynamical time of the progenitor) and (2) the neutrino-driven
wind is highly asymmetric. Therefore, even if the wind excavates
some region of the progenitor, there is ample opportunity
for fallback at other angles. We thus expect that in higher
dimensions the strength of fallback is typically greater than
what we assume for our one-dimensional arguments.
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Figure 1. Critical accretion rate, above which fallback dominates, as a function
of the spin period. We consider two physical processes for inhibiting the fallback:
dipole spin-down radiation (denoted by Mdip,crit and given by Equation (3)) and
a neutrino-driven wind (denoted by Mν,crit and given by Equation (5)). In each
case, we vary the radius by a factor of 100 (as shown by the shaded regions) to
represent uncertainty in the radius at which the accretion flow first comes into
contact with this outgoing energy.

This limit is a little more stringent than the one derived for dipole
spin down (Equation (3)). Indeed, some of the lower fallback
rates we consider are exceeded by this. When Thompson et al.
(2004) follow the spin-down from a neutrino-driven wind, they
find modest amounts of spin-down (an increase in the spin period
of ∼5 ms) even for the most extreme conditions. If there is a
phase of spin-down from this, it just amounts to different initial
conditions from the perspective of our study. Thus, we neglect
these effects in our time-dependent spin calculations.

In Figure 1, we summarize the parameter space in which
we expect fallback to be important. This shows that the
fallback ram pressure dominates for accretion rates above
∼10−5 to 10−2 M⊙ s−1, depending on the process that is inhibit-
ing the fallback. Comparing with the fallback found in numerical
studies by MacFadyen et al. (2001) or Zhang et al. (2008), this
implies a massive progenitor (in the range of ∼20–40 M⊙ for
solar metallicity and the progenitor models of Woosley et al.
2002) and a low explosion energy (higher explosion energies
lead to weaker fallback; Dessart et al. 2010). Although it is not
well known how progenitor mass and explosion energy corre-
late with magnetar creation, even with these limitations, there is
a wide parameter space where fallback onto a magnetar seems
inevitable.

Even in cases where these scalings appear to argue that
fallback is inhibited, it is still worthwhile to investigate fallback
on account that (1) the neutrino-driven wind only lasts ∼10 s
while the fallback occurs on a !1000 s timescale (reflecting the
dynamical time of the progenitor) and (2) the neutrino-driven
wind is highly asymmetric. Therefore, even if the wind excavates
some region of the progenitor, there is ample opportunity
for fallback at other angles. We thus expect that in higher
dimensions the strength of fallback is typically greater than
what we assume for our one-dimensional arguments.

2



33

Production of ultrarelativistic jet
✦ a heavily thermally driven outflow from the surface prevents 

the outflow to be accelerated to high Lorentz factor  
However:  
✦ role of strong magnetic field: 

➡ mass-loss rate along the polar region is only a 
fraction of the total 

➡ switch to magnetically driven neutrino wind 
!

Correct determination of mass-accretion rates and magnetic 
fields involved is needed to assess this issue!!!!

Dessart+2009

Zhang & Dai, 2010
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3. SPIN EVOLUTION DUE TO FALLBACK ACCRETION

3.1. Accretion versus Expulsion

The initial spin period of newly born neutron stars depends
on both the spin profile of the progenitor star and subsequent
processes that add, subtract, and redistribute angular momen-
tum. Fryer & Heger (2000) performed smoothed particle hydro-
dynamics simulations using a rotating progenitor model from
Heger et al. (2000) and estimated an initial protoneutron star
(PNS) spin period on the order of 100 ms. It is, however, not
clear how they defined the extent of the PNS (see discussion
in Ott et al. 2006). The subsequent cooling and contraction to
a radius of ∼12 km resulted in P0 ∼ 2 ms. Fryer & Warren
(2004) subsequently estimated neutron star spin periods by as-
suming that the angular momentum of the inner 1 M⊙ is con-
served as the PNS cools and contracts to a neutron star, find-
ing periods of ∼1–17 ms depending on the progenitor model.
Thompson et al. (2005) studied the action of viscous processes
in dissipating the strong rotational shear profile produced by
core collapse in a range of progenitors and for different ini-
tial iron core periods. They showed that for rapidly rotating
cores with postbounce periods of !4 ms, viscosity (presumably
due to magnetic torques via the magnetorotational instability or
magnetoconvection) spins down the rapidly rotating PNSs by a
factor of ∼2–3 in the early postbounce epoch. Ott et al. (2006)
systematically studied the connection between progenitors and
final neutron star spin, generally finding P0 ∼ 0.5–10 ms and
solid body rotation in the PNS core for progenitors with pre-
collapse periods !50 s. We therefore consider initial magnetar
spin periods in this range for our present study.

Subsequent to the initial spin period being set as described
above, the neutron star may be subject to fallback accretion.
Accretion comes under the strong influence of the star’s dipole
field at the nominal Alfvén radius rm = µ4/7(GM)−1/7Ṁ−2/7,
where µ is the dipole magnetic moment of the magnetar. For
typical magnetar parameters,

rm = 14µ
4/7
33 M

−1/7
1.4 Ṁ

−2/7
−2 km, (6)

where Ṁ−2 = Ṁ/10−2 M⊙ s−1, and the prefactor to rm can vary
depending on the details of the interaction between the flow
and magnetic field (Ghosh & Lamb 1979; Arons 1986, 1993).
The other critical radius, set by the magnetar’s spin Ω, is the
corotation radius rc = (GM/Ω2)1/3,

rc = 17M
1/3
1.4 P

2/3
1 km. (7)

Roughly speaking, one expects that for rm < rc, material is
funneled by the magnetar’s dipole field before accreting onto
the magnetar’s surface, while when rm > rc, material must
spin at a super-Keplerian rate to come into corotation with the
magnetar and is thus expelled (the “propeller regime”; Illarionov
& Sunyaev 1975). Setting rm > rc gives a critical accretion rate

Ṁ < 6.0 × 10−3µ2
33M

−5/3
1.4 P

−7/3
1 M⊙ s−1. (8)

Comparing to the 25 M⊙ collapsar models of MacFadyen
et al. (2001), they find early-time accretion rates of
10−4 to 10−2 M⊙ s−1 by just varying the injected explosion en-
ergy by (0.255–1.2) × 1051 erg. Whether a magnetar is in the
propeller regime or not is therefore very sensitive to how ener-
getic the supernova is.

This simplistic picture is not the complete story, as has been
detailed by a great many theoretical studies of accretion onto

magnetic stars (see, for example, Pringle & Rees 1972; Lynden-
Bell & Pringle 1974; Ghosh & Lamb 1979; Aly 1980; Wang
1987; Shu et al. 1994; Lovelace et al. 1995, 1999; Ikhsanov
2002; Rappaport et al. 2004; Ekşi et al. 2005; Kluzniak &
Rappaport 2007; D’Angelo & Spruit 2010). More recently,
numerical simulations have also been used to investigate this
problem (Hayashi et al. 1996; Goodson et al. 1997; Miller &
Stone 1997; Fendt & Elstner 2000; Matt et al. 2002; Romanova
et al. 2003, 2004, 2009). For our present work, we implement a
simple model largely based on that used by Ekşi et al. (2005), as
described below. Their prescription has the advantage of being
applicable and continuous over a wide range of parameters,
while capturing the main expected features of the propeller
regime.

In cases where rc > rm > R, the inflowing material is chan-
neled onto the magnetar poles where it shocks and neutrino
cools. We save a more detailed treatment of the physics of this
process for the Appendix, since it does not have a direct bearing
on our results for the time-dependent spin, which we consider
next.

3.2. Time-dependent Spin from Fallback Accretion

Given this picture of accretion and expulsion described above,
we solve for spin evolution under the influence of fallback
accretion by integrating the differential equation

I
dΩ
dt

= Ndip + Nacc, (9)

where I = 0.35MR2 is the moment of inertia (Lattimer &
Prakash 2001), and Ndip and Nacc are the torques from dipole
emission and accretion, respectively. As discussed in Section 2,
we ignore spin-down from neutrino-driven winds in
Equation (9). The dipole spin-down torque is given by

Ndip = −µ2Ω3

6c3
= −1.5 × 1045µ2

33P
−3
1 erg. (10)

We assume that the magnetar is rotating as a solid body, as is
likely the case within ∼1 s of collapse since the magnetorota-
tional instability (MRI; Thompson et al. 2005; Ott et al. 2006) or
low-T/|W | instabilities (Watts et al. 2005; Ott et al. 2005) will
limit differential rotation. When rm > R, material leaves the disk
with the specific angular momentum at a radius rm. Depending
on the relative positions of the Alfvén and corotation radii, this
can either spin up or spin down the magnetar, so we write the
torque as

Nacc = n(ω)(GMrm)1/2Ṁ if rm > R, (11)

where n(ω) is the dimensionless torque which depends on the
fastness parameter ω = Ω/(GM/r3

m)1/2 = (rm/rc)3/2. Ekşi et al.
(2005) discuss different ways in which n(ω) can be set, but for
simplicity we take n = 1 − ω. This has the advantage that the
torque goes to zero at the corotation radius, is continuous for all
ω, and goes negative when rm > rc, corresponding to the spin-
down which occurs during the propeller regime. As ω gets larger,
this prescription gives increasingly strong spin-down, consistent
with the more detailed simulations of Romanova et al. (2004).
When rm < R, we set the torque to

Nacc = (1 − Ω/ΩK) (GMR)1/2Ṁ if rm < R, (12)

where ΩK = (GM/R3)1/2. The prefactor is included to ensure
that torque is continuous for all values of rm. The disadvantage
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3. SPIN EVOLUTION DUE TO FALLBACK ACCRETION

3.1. Accretion versus Expulsion

The initial spin period of newly born neutron stars depends
on both the spin profile of the progenitor star and subsequent
processes that add, subtract, and redistribute angular momen-
tum. Fryer & Heger (2000) performed smoothed particle hydro-
dynamics simulations using a rotating progenitor model from
Heger et al. (2000) and estimated an initial protoneutron star
(PNS) spin period on the order of 100 ms. It is, however, not
clear how they defined the extent of the PNS (see discussion
in Ott et al. 2006). The subsequent cooling and contraction to
a radius of ∼12 km resulted in P0 ∼ 2 ms. Fryer & Warren
(2004) subsequently estimated neutron star spin periods by as-
suming that the angular momentum of the inner 1 M⊙ is con-
served as the PNS cools and contracts to a neutron star, find-
ing periods of ∼1–17 ms depending on the progenitor model.
Thompson et al. (2005) studied the action of viscous processes
in dissipating the strong rotational shear profile produced by
core collapse in a range of progenitors and for different ini-
tial iron core periods. They showed that for rapidly rotating
cores with postbounce periods of !4 ms, viscosity (presumably
due to magnetic torques via the magnetorotational instability or
magnetoconvection) spins down the rapidly rotating PNSs by a
factor of ∼2–3 in the early postbounce epoch. Ott et al. (2006)
systematically studied the connection between progenitors and
final neutron star spin, generally finding P0 ∼ 0.5–10 ms and
solid body rotation in the PNS core for progenitors with pre-
collapse periods !50 s. We therefore consider initial magnetar
spin periods in this range for our present study.

Subsequent to the initial spin period being set as described
above, the neutron star may be subject to fallback accretion.
Accretion comes under the strong influence of the star’s dipole
field at the nominal Alfvén radius rm = µ4/7(GM)−1/7Ṁ−2/7,
where µ is the dipole magnetic moment of the magnetar. For
typical magnetar parameters,

rm = 14µ
4/7
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−2/7
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Ṁ < 6.0 × 10−3µ2
33M

−5/3
1.4 P

−7/3
1 M⊙ s−1. (8)

Comparing to the 25 M⊙ collapsar models of MacFadyen
et al. (2001), they find early-time accretion rates of
10−4 to 10−2 M⊙ s−1 by just varying the injected explosion en-
ergy by (0.255–1.2) × 1051 erg. Whether a magnetar is in the
propeller regime or not is therefore very sensitive to how ener-
getic the supernova is.

This simplistic picture is not the complete story, as has been
detailed by a great many theoretical studies of accretion onto

magnetic stars (see, for example, Pringle & Rees 1972; Lynden-
Bell & Pringle 1974; Ghosh & Lamb 1979; Aly 1980; Wang
1987; Shu et al. 1994; Lovelace et al. 1995, 1999; Ikhsanov
2002; Rappaport et al. 2004; Ekşi et al. 2005; Kluzniak &
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simplicity we take n = 1 − ω. This has the advantage that the
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down which occurs during the propeller regime. As ω gets larger,
this prescription gives increasingly strong spin-down, consistent
with the more detailed simulations of Romanova et al. (2004).
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Rappaport 2007; D’Angelo & Spruit 2010). More recently,
numerical simulations have also been used to investigate this
problem (Hayashi et al. 1996; Goodson et al. 1997; Miller &
Stone 1997; Fendt & Elstner 2000; Matt et al. 2002; Romanova
et al. 2003, 2004, 2009). For our present work, we implement a
simple model largely based on that used by Ekşi et al. (2005), as
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ω, and goes negative when rm > rc, corresponding to the spin-
down which occurs during the propeller regime. As ω gets larger,
this prescription gives increasingly strong spin-down, consistent
with the more detailed simulations of Romanova et al. (2004).
When rm < R, we set the torque to
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is that since the prefactor is !1, it will underpredict the amount
of torque, but this does not change our main conclusions, as we
discuss in Section 4.2.

As we integrate the spin in time, we keep track of the
magnetar’s rotation parameter, β ≡ T/|W |, where T = IΩ2/2.
We use the prescription given in Lattimer & Prakash (2001)
for |W |,

|W | ≈ 0.6Mc2 GM/Rc2

1 − 0.5(GM/Rc2)
. (13)

We keep R fixed even as M changes, which is roughly consistent
with most equations of state, except when M gets near its
maximum value (Lattimer & Prakash 2001). When β =
0.5, the neutron star is at breakup and cannot accept further
angular momentum. Even prior to this, dynamical bar-mode
instabilities occur for β > 0.27 (Chandrasekhar 1969), and
secular instabilities for β " 0.14, driven by gravitational
radiation reaction or viscosity (Lai & Shapiro 1995). Since the
dynamical bar-mode instability is guaranteed to radiate and/or
hydrodynamically readjust angular momentum, we set Nacc = 0
when β > 0.27. We ignore changes in spin due to the secular
instabilities since growth timescales are uncertain and may be
suppressed by competition between viscosity and gravitational
radiation reaction (Lai & Shapiro 1995).

We parameterize the fallback accretion rate to mimic the
results of MacFadyen et al. (2001) and Zhang et al. (2008). This
can roughly be broken into two parts. At early times it scales as

Ṁearly = η10−3t1/2 M⊙ s−1, (14)

where η ≈ 0.1–10 is a factor that accounts for different explosion
energies (a smaller η corresponds to a larger explosion energy),
and t is measured in seconds. The late-time accretion is roughly
independent of the explosion energy and is set to be

Ṁlate = 50t−5/3 M⊙ s−1. (15)

The accretion rate at any given time is found from combining
these two expressions,

Ṁ =
(
Ṁ−1

early + Ṁ−1
late

)−1
. (16)

The mass of the neutron star increases at a rate Ṁ when rm < rc

and is set fixed when rm > rc. For comparison, we also integrate
Ṁ for all values of rm to follow how much matter the magnetar
would have accreted if not for the propeller mechanism.

Equation (16) reflects fallback of the envelope, but most likely
this material must pass through a disk before finally accreting
onto the magnetar. To test this hypothesis and explore whether
this leads to a quantitative change of the accretion rate, we
built one-zone, α-disk models (similar to Metzger et al. 2008)
using the angular momentum profiles of the massive, rotating
progenitors of Woosley & Heger (2006) simulated with GR1D
(O’Connor & Ott 2010). Our general finding was that (1) there
is sufficient angular momentum to form a disk and (2) the disk is
nearly steady state, where the accretion rate onto the star differs
from the infall rate by no more than a factor of ∼5 (and this scales
with the α-viscosity, with a larger α resulting in higher accretion
rates), and (3) the radius of the disk is typically well outside of
the Alfvén radius. We therefore consider the mediation of the
disk to be degenerate with η and use the direct infall rates as
described above.

Figure 2. Spin evolution of a magnetar with B = 1015 G and an initial spin
period of P0 = 1 ms. We compare values of η = 0.1, 1, and 10, demonstrating
the strong effect early-time accretion can have. The top panel shows the time-
dependent accretion rate, the center panel shows the spin period, and the bottom
panel shows the fastness parameter ω, where ω > 1 corresponds to the propeller
regime and ω ! 1 corresponds to accretion.

In Figure 2, we compare integrations of Equation (9) for
values of η = 0.1, 1, and 10. The top panel shows the accretion
rate given by Equation (16). The middle panel plots the time-
dependent spin period. The bottom panel plots the fastness
parameter, which reflects whether or not the magnetar is in
the propeller regime. For η = 0.1, only 0.25 M⊙ is accreted out
of a potential amount of accretion of 1.55 M⊙, and for η = 1,
only 1.03 M⊙ is accreted out of a potential amount of 3.15 M⊙.
Therefore, both these cases are able to avoid becoming a black
hole via the propeller mechanism (assuming a maximum neutron
star mass of 2.5 M⊙). In contrast, the η = 10 case (which
corresponds to a lower-energy explosion) accretes 3.45 M⊙
out of 6.41 M⊙, which means it likely becomes a black hole.
Since the accretion rate is highest at early times, black hole
formation happens rather quickly during the runs, at ≈34 s and
≈46 s for maximum neutron star masses of 2.5 M⊙ and 3 M⊙,
respectively.

In each of these cases, the spin eventually reaches an
equilibrium value that simply tracks Ṁ with ω ≈ 1. Setting
rm = rc, we calculate an equilibrium spin period,

Peq = 2πµ6/7(GM)−5/7Ṁ−3/7

= 5.8µ
6/7
33 M

−5/7
1.4 Ṁ

−3/7
−4 ms, (17)

where Ṁ−4 = Ṁ/10−4 M⊙ s−1.

4. MAGNETAR VERSUS BLACK HOLE FORMATION

4.1. The Amount of Mass Accreted

The example models in the previous section demonstrate that
the amount of mass accreted by the magnetar depends strongly
on whether the propeller regime is reached. Therefore, whether
or not a magnetar eventually becomes a black hole depends on
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