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RADIAL ANGULAR MOMENTUM TRANSFER AND MAGNETIC BARRIER FOR SHORT-TYPE
GAMMA-RAY BURST CENTRAL ENGINE ACTIVITY

Tong Liu1, En-Wei Liang2,3, Wei-Min Gu1,4, Shu-Jin Hou1, Wei-Hua Lei5,6, Lin Lin3, Zi-Gao Dai7, and Shuang-Nan
Zhang3,8,9

ABSTRACT

Soft extended emission (EE) following initial hard spikes up to 100 seconds was observed with
Swift/BAT for about half of short-type gamma-ray bursts (SGRBs). This challenges the conversional
central engine models of SGRBs, i.e., compact star merger models. In the framework of the black
hole-neutron star merger models, we study the roles of the radial angular momentum transfer in the
disk and the magnetic barrier around the black hole for the activity of SGRB central engines. We
show that the radial angular momentum transfer may significantly prolong the lifetime of the accretion
process and multiple episodes may be switched by the magnetic barrier. Our numerical calculations
based on the models of the neutrino-dominated accretion flows suggest that the disk mass is critical
for producing the observed EE. In case of the mass being ∼ 0.8M⊙, our model can reproduce the
observed timescale and luminosity of both the main and EE episodes in a reasonable parameter set.
The predicted luminosity of the EE component is lower than the observed EE with about one order of
magnitude and the timescale is shorter than 20 seconds if the disk mass being ∼ 0.2M⊙. Swift/BAT-
like instruments may be not sensitive enough to detect the EE component in this case. We argue that
the EE component would be a probe for merger process and disk formation for compact star mergers.

Subject headings: Gamma-ray burst: general–accretion, accretion disks - black hole physics

1. INTRODUCTION

Gamma-ray bursts (GRBs) are sorted into two classes
(Kouveliotou et al. 1993), i.e., short duration (T90 < 2s,
SGRBs) and long duration GRBs (T90 > 2s). Their pro-
genitors are thought to be mergers of two compact stars
(Eichler et al. 1989; Paczyński 1991; Narayan et al. 1992;
Zhang et al. 2007; Nakar 2007) and collapses of massive
stars (Woosley 1993; Paczyński 1998; Piran 2004; Zhang
& Mészáros 2004; Woosley & Bloom 2006), respectively.
However, the observed burst duration is instrumentally
dependent (Donaghy et al. 2006; Qin et al. 2012). Swift
observations reveal that the short-long GRB classifica-
tion scheme does not always match their physical origin
classification scheme, i.e., mergers of compact binaries
(Type I) vs. collapsars (Type II) (Zhang 2006; Zhang
et al. 2007; Zhang et al. 2009; Lü et al. 2010; Xin et
al. 2011). With the CGRO/BATSE data, Lazzati et al.
(2001) found an excess emission peaking ∼ 30 s after the
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prompt one, which is detectable for ∼ 100 s for some
SGRBs (see also Connaughton 2002; Norris et al. 2010).
About half of the lightcurves of those GRBs that are
recognized as Type I GRBs with Swift/BAT show ini-
tial hard spikes following by an extended emission (EE)
component of soft gamma-rays up to ∼ 100 s post the
BAT trigger (Barthelmy et al. 2005; Lin et al. 2008;
Perley et al. 2009; Zhang et al. 2009). The most promi-
nent case is GRB 060614. Its lightcurve is composed
of some initial hard spikes and a long, soft gamma-ray
tail, which leads to its T90 being ∼ 110 s (Gehrels et
al. 2006). The initial hard spikes could be recognized
as a SGRB with CGRO/BATSE-like instruments, since
the soft EE is out of the instrument bands (Zhang et
al. 2007). No accompanied supernovae was detected for
this nearby long GRB (the redshift z = 0.1254; Della
Valle et al. 2006; Fynbo et al. 2006; Gal-Yam et al.
2006), disfavoring the collapse of a massive star as the
progenitor of this GRB. On the other hand, it is shown
that some intrinsically short GRBs are likely of Type
II origin (Zhang et al. 2009; Belczynski et al. 2010;
Levesque et al. 2010; Lin et al. 2010; Xin et al. 2011;
Virgili et al. 2011). These observations indicate that T90

may be not a good parameter to distinguish two types of
GRBs. A detailed analysis on the instrumental selection
effect and energy dependence of T90 with Fermi/GBM
data by Qin et al. (2012) further supports this idea. Lü
et al. (2010) proposed a new classification parameter,
i.e., ε ≡ Eiso/E

1.7
p,z , to group an observed GRB into the

physically-motivated Type I/II classification scheme10,
where Eiso is the isotropic gamma-ray energy and Ep,z is
the peak energy of the νfν spectrum in the rest frame.
They showed that some SGRBs are sorted into the high-ε

10 Similarly, Goldstein et al.(2010) used the ratio of gamma-ray
fluence to Ep to make GRB classification.
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group as typical Type II GRBs.
The observed EE component challenges not only the

short-long GRB classification scheme, but also the con-
ventional central engine models for SGRBs. Popu-
lar central engine models of Type I GRBs are related
to the accretion on to a central compact objects that
is formed from merger of a stellar compact binary,
namely neutrino-dominated accretion flows (NDAFs,
e.g., Popham et al. 1999; Narayan et al. 2001; Di Mat-
teo et al. 2002; Kohri & Mineshige 2002; Kohri et al.
2005; Gu et al. 2006; Chen & Beloborodov 2007; Liu
et al. 2007, 2008, 2010a, 2010b, 2012; Lei et al. 2009;
Sun et al. 2012). Merger of a black hole (BH)-neutron
star (NS) binary is the most favorite scenario. Such a
system would result in a rotating BH with several so-
lar masses surrounding by a neutrino-cooled disk. The
detection of the EE component likely suggests that the
central engine is not died out rapidly. Several lines of
evidence from Swift/BAT observations also support this
idea. It was also proposed that the early shallow decay
X-ray emission and internal X-ray plateau may be due
to the spin-down energy release of the proto-magnetar of
a stellar compact binary merger (Dai & Lu 1998; Zhang
& Mészáros 2002; Lyons et al. 2010). Late X-ray flares
may signal the restart of the GRB central engine and
evolution of the disk (Fan & Wei 2005; King et al. 2005;
Burrows et al. 2006; Dai et al. 2006; Perna et al. 2006;
Proga & Zhang 2006; Lazzati et al. 2008; Lee et al.
2009; Yuan & Zhang 2012). Lazzati et al. (2008) inves-
tigated the temporal evolution of the disk in GRB central
engines to explain the observed decline of X-ray flare lu-
minosity. They argued that it is the dynamics of the disk
or the jet launching mechanism to generate an intrinsi-
cally unsteady outflow on time-scales much longer than
the dynamical timescale of the system for the late X-ray
flares. It was also suggested that propagation instabili-
ties, rather than variability in the engine luminosity, are
responsible for some X-ray flares (Lazzati et al. 2011).

Different from the early shallow decay X-ray emission
and internal X-ray plateau, the EE component is usu-
ally highly variable and is usually not clearly separated
from the burst itself in their lightcurves. It may be pro-
duced by the same process as the prompt emission in
different episodes. Metzger et al. (2008) presented time-
dependent models of the remnant accretion disks created
during compact object mergers. They calculated the dy-
namics near the outer edge of the disk to study the evo-
lution of the accretion rate at a long timescale (100 s or
longer). They showed that the late-time accretion can in
principle provide sufficient energy to power the late time
activity observed by Swift/BAT from some SGRBs. In
their models, the majority of the disk mass is in the outer
edge and the disk becomes advective at the late time. In
this paper, we focus on the radial angular momentum
transfer in the disk and the magnetic barrier around the
BH that may affect the activity of SGRB central engines.
Based on the NDAF models, we present detailed calcula-
tions and apply our model to some typical SGRBs with
detection of the EE component. We describe our model
in Section 2. Numerical results are shown in Section 3.
Conclusions and discussion are presented in Section 4.

2. MODEL

Assuming that the progenitor of SGRBs is a BH-NS
binary, the merger of this system would result in a ro-
tating BH surrounding by a neutrino-cooled disk. We
focus on the roles of the radial angular momentum trans-
fer in the disk and the magnetic barrier for prolonging
the life time of the SGRB central engine (e.g., Proga &
Zhang 2006). A fraction of the disk matter may carry
part of the angular momentum of the accretion matter
to form a radial outflow. The competition of the radial
angular momentum transfer to the gravity of the central
BH would increase the timescale of the accretion process
(see, e.g., Lee & Ramirez-Ruiz 2007; Rosswog 2007; Met-
zger et al. 2010). On the other hand, the magnetic field
accumulated near the horizon of the BH may be strong
enough to prevent the gravity and accretion process. The
magnetic barrier would dissipate quickly as the accretion
rate drops. These processes likely lead to multiple well-
connected accretion episodes (e.g. Narayan et al. 2003;
Cao 2011). We illustrate the processes of our model and
corresponding cartoon lightcurve in Figure 1. Our model
is elaborated below.

2.1. Outward angular momentum transfer

Without considering the mass (energy) and angular
momentum lost in jet production, the conservations of
the mass (energy) and angular momentum read (e.g.,
Bardeen 1970; Thorne 1974; Wang et al. 2002),

Mn+1 −Mn = (M∗

n −M∗

n+1)ein,n = ṀnTnein,n, (1)

Jn+1 − Jn = J∗

n − J∗

n+1 = ṀnTnlin,n, (2)

where Mn (Jn) and M∗
n (J∗

n) are masses (angular momen-

tums) of the BH and disk, respectively, Ṁn is the mass
accretion rate, Tn is the accretion timescale, and ein,n and
lin,n are the specific energy and angular momentum at
inner boundary orbit in the nth episode (n = 1, 2, 3, ...).
The mass of the disk can be written as

M∗

n = 2π

∫ rout,n

rin,n

Σnrdr, (3)

where rin,n and rout,n are the inner and outer boundaries
of the disk in the nth episode, respectively. The angular
momentums of the BH and disk can be calculated with

Jn =
a∗nGM2

n

c
, (4)

J∗

n = 2π

∫ rout,n

rin,n

Σnlnrdr, (5)

where ln is the specific angular momentum per unit mass.
It is known that a∗n cannot exceed unity (e.g., Janiuk et
al. 2008). Since M∗

1 supplies all the accretion process,
we have

M∗

1 =
∑

n

ṀnTn, (6)

where Tn is the timescale of the nth epoch, which de-
pends on the competition between the magnetic flux
pressure and the gravity to the accreting mass.
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2.2. Switch of the magnetic field

Since the predecessor of the accretion disk is a highly-
magnetic NS, the conservation of magnetic flux requires
an inherited magnetic field in the disk. The successive
magnetic flux from the remanent NS can be given by

ΦNS = 2π

∫ rout,1

rin,1

B1rdr, (7)

where B1 is the magnetic induction strength of the disk
in the initial condition. The instabilities become effective
when the magnetic pressure in the radial direction can
support against gravity of the BH (e.g., Spruit & Uzden-
sky 2005; Proga & Zhang 2006). The accretion process
may be closed, if the magnetic induction strength satis-
fies a critical value Bcrit,n,

B2
crit,n

4π
∼

GMnΣn|rn=rin,n

r2in,n
, (8)

where Mn and Σn are the mass of the BH and surface
density in the nth episode. The critical radius rcrit,n(≤
rout) can be estimated with

2

∫ rcrit,n

rin,n

Bnrdr = Bcrit,nr
2
in,n, (9)

where Bn is calculated by the conservation of magnetic
flux. Therefore, the timescale is obtained by

Tn ∼
rn
|v̄n|

, (10)

where |v̄n| is the absolute value of the average radial ve-
locity from rcrit,n to rin,n.

We estimate the magnetospheric radius from

rm ≈ 6×103(v/vff )2/3(Ṁ/M⊙ s−1)−2/3(M/3M⊙)−4/3rg ,
(11)

where v, vff , Ṁ and rg(= 2GM/c2) are the radial veloc-
ity of the accretion disk, the free fall velocity, the mass
accretion rate and Schwarzchild radius, respectively (e.g.,
Narayan et al. 2003; Proga & Zhang 2006). Thus the
timescale of magnetic field dissipation can be estimated
as ∼ rm/vff . We simplify the magnetic field as a uniform
field with a magnetic flux 1029 G cm2 in our calculation
(e.g., Proga & Zhang 2006). For M1 = 3 M⊙, a∗1 = 0.9,

Ṁ1 = 0.05 M⊙ s−1, α1 = 0.01 and v/vff ∼ 10−2− 10−3,
the timescale of the first episode is T1 ∼ 2 s from Eq.
(10), and the timescale of magnetic field dissipation is
∼ 0.1 − 1 s. If the remanent magnetic flux is reduced to
5 × 1028 G cm2 and M2 ∼ M1, α2 ∼ α1, a∗2 ∼ a∗1, the
timescale of the second episode is T2 ∼ 27 s in case of
Ṁ2 = 0.01 M⊙ s−1. Therefore, our model can potentially
explain the EE of SGRBs.

2.3. NDAF model

We adopt the method present by Riffert & Herold
(1995). This method is dedicated to numerically investi-
gate the NDAF in vicinity of a rotating BH. The method
defines general relativistic correction factors quoted as

below,

A= 1 −
2GM

c2r
+
(a∗GM

c2r

)2

, (12)

B = 1 −
3GM

c2r
+ 2a∗

(GM

c2r

)
3

2

, (13)

C = 1 − 4a∗

(GM

c2r

)
3

2

+ 3
(a∗GM

c2r

)2

, (14)

D=

∫ r

rms

x2c4

2G2 − 3xMc2

G + 4(
xa2

∗
M3c2

G )
1

2 −
3a2

∗
M2

2

(xr)
1

2 [x
2c4

G2 − 3xMc2

G + 2(
xa2

∗
M3c2

G )
1

2 ]
dx,(15)

where M , a∗ and rms are the mass, dimensionless spin
parameter and the radius of marginally stable orbit of the
BH (e.g., Kato et al. 2008), respectively. The continuity
equation remains valid,

Ṁ = −2πrΣv. (16)

The hydrostatic equilibrium in the vertical direction
leads to a corrected expression for the half thickness of
the disk (Riffert & Herold 1995; Lei et al. 2009; Liu et
al. 2010b),

H ≃ cs

( r3

GM

)
1

2
(B

C

)
1

2

, (17)

where cs = (p/ρ)1/2 is the isothermal sound speed, p and
ρ are the total pressure and density of the disk, respec-
tively. The viscous shear Trφ is also corrected as (Liu et
al. 2010b)

Trφ = −αp
A

(BC)
1

2

, (18)

where α is a dimensionless constant that absorbs all the
detailed microphysics of the viscous processes. The an-
gular momentum equation can be simplified as

Trφ =
Ṁ

4πH

(GM

r3

)
1

2
(D

A

)
1

2

. (19)

The total pressure includes the gas pressure from nu-
cleons pgas, radiation pressure of photons prad, degener-
acy pressure of electrons pe, and radiation pressure of
neutrinos pν (see e.g., Liu et al. 2007),

p = pgas + prad + pe + pν . (20)

The energy equation is given by

Qvis = Qadv + Qphoto + Qν , (21)

where Qvis, Qadv, Qphoto and Qν are the viscous heating
rate, the advective cooling rate, the cooling rate due to
photodisintegration of α-particles and the cooling due to
the neutrino radiation, respectively (see e.g., Liu et al.
2007). The heating rate Qvis is expressed as

Qvis =
3GMṀ

8πr3
D

B
. (22)

The radiation luminosity of the neutrinos released from
the disk is obtained with the neutrino cooling rate Qν ,
i.e.,

Lν = 4π

∫ rout

rin

Qνrdr, (23)
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We follow the approach by Ruffert et al. (1997),
Popham et al. (1999), and Rosswog et al. (2003) to cal-
culate the neutrino annihilation luminosity. The disk is
modeled as a grid of cells in the equatorial plane. A cell
k has its mean neutrino energy εkνi , neutrino radiation

luminosity lkνi , and distance to a space point above (or
below) the disk dk. The angle at which neutrinos from
cell k encounter antineutrinos from another cell k′ at that
point is denoted as θkk′ . Then the neutrino annihilation
luminosity at that point is given by the summation over
all pairs of cells,

lνiνi
=A1

∑

k

lkνi
d2k

∑

k′

lk
′

νi

d2k′

(εkνi + εk
′

νi
)(1 − cos θkk′ )

2

+A2

∑

k

lkνi
d2k

∑

k′

lk
′

νi

d2k′

εkνi + εk
′

νi

εkνiε
k′

νi

(1 − cos θkk′ ), (24)

where A1 ≈ 1.7 × 10−44 cm erg−2 s−1 and A2 ≈ 1.6 ×
10−56 cm erg−2 s−1 (e.g., Popham et al. 1999). The
total neutrino annihilation luminosity is integrated over
the whole space outside the BH and disk,

Lνν = 4π
∑

i

∫ ∞

rin

∫ ∞

H

lνiνi
rdrdz. (25)

However, as shown by Popham et al. (1999) and Liu
et al. (2007), the neutrino annihilation would inject a
highly beaming outflow around the inner part of the disk.
For M = 3 M⊙, Ṁ = 0.01 ∼ 1 M⊙ s−1 and α = 0.01 ∼
0.1, the opening angle of the ejection θ is about 10◦ ∼
20◦. We conservatively assume that the opening angle
of ejection is 10◦ and the efficiency of fireball is η = 0.1
in our calculations. The observed isotropic luminosity of
the nth step Liso,n can be estimated with

Liso,n = ηLνν̄,n/(1 − cos θ). (26)

3. NUMERICAL RESULTS

Observationally, half of the Type I GRBs have EE
component detection. We show the lightcurves of some
SGRBs with EE component in Figure 2. The lightcurves
are visually recognized as different emission episodes. We
apply our model to these SGRBs. For simplicity, we
consider only two emission episodes, i.e., the initial hard
spikes and the EE component. We describe our numeri-
cal method for two emission episodes as follows.

There are seven unknown variables in our model, i.e.,
a∗1, a∗2, Ṁ1, Ṁ2, M2, M

∗
1 , and M∗

2 . Therefore, a group
of seven equations are required in our calculations. Three
of them are from the conservation of mass (energy), i.e.,

M2 = M1 + Ṁ1T1ein,n, (27)

M∗

2 = M∗

1 − Ṁ1T1, (28)

and
M∗

2 = Ṁ2T2 + δM∗, (29)

where δM∗ is the mass of the residual disk post the sec-
ond episode. Two other equations are from the conser-
vation of angular momentum, i.e.,

J2 = J1 + Ṁ1T1lin,1 (30)

and
J∗

2 = J∗

1 − Ṁ1T1lin,1, (31)

The values of J1 and J2 are calculated with Eq. (4).

J∗
1 (J∗

2 ) is determined by M1(M2), a∗1(a∗2), Ṁ1(Ṁ2),
M∗

1 (M∗
2 ), and α, which is calculated by Eq. (5). The

rest two equations are related to Lνν , which is a function
of M , a∗, Ṁ , and α in the NDAF model,

Lνν̄,1 = f(M1, a∗1, Ṁ1, α), (32)

Lνν̄,2 = f(M2, a∗2, Ṁ2, α), (33)

where the function f can be obtained from Eqs. (12)-
(25). The average neutrino annihilation luminosity in
each episode is calculated assuming that the accretion
rate and spin parameter of the BH are a constant. The
accretion timescale in each step depends on the initial
mass of the disk and the switch of the magnetic field. The
procedure of our calculations is descried as following.

First, we assign the initial parameters of the BH and
disk. We fix the initial mass and the spin parameter
of the BH as 3M⊙ and 0.9, respectively. The viscous
parameter is assumed to be α = 0.01. The initial mass
of the disk is adjustable in our calculation.

Second, we take the observed average luminosity and
timescale of the initial hard spikes as Lνν̄,1 and T1, then

calculate Ṁ1 with Eq. (32). The values of M2, M
∗
2 , a∗2,

and Ṁ2 are derived from Eqs. (27), (28), (30), and (33),
respectively.

Third, we calculate T2 and Lνν̄,2 with Eqs. (6) and (33)
by taking a small value of δM∗, i.e., about ∼ 0.1M⊙.

We adjust the initial mass of the disk and find that in
case of M∗

1 = 0.8M⊙ our results are roughly consistent
with the observations for some typical SGRBs with EE,
i.e., 050724, 060614, 061006, 061210, 070714B, 071227.
Our results are shown in Figure 3. The first episodes of
these GRBs are in the left-top circle of the figure. We
correspondingly derive a region of the second episodes
for the circle with the universal parameters mentioned
above. We notice that besides GRB 050724 and 071227,
the second episodes of the other four GRBs are in the
region. Note that the EE component of the two GRBs
are likely a late flare, which may have different physical
origin as mentioned in §1.

The mass of the disk is a very important factor for the
EE. The decrease of M∗

1 would result in the significant
decrease of the timescale and luminosity in the second
episodes. For the case of M∗

1 = 0.2M⊙, we find that the
timescale of the second episode is shorter than 20 sec-
onds11 and the luminosity is roughly 1 order of magni-
tude lower than that of the case M∗

1 = 0.8M⊙, as shown
in Figure 3. Our results indicate that a bright EE com-
ponent may be only detected for SGRBs with a massive
disk.

4. CONCLUSIONS AND DISCUSSION

We have proposed that both the outward angular mo-
mentum transfer and the switch of the magnetic barrier
of a rotating BH-neutrino-cooled disk system may result
in a long-lasting, impulse engine to produce several radi-
ation episodes as observed in Type I GRBs. Based on the

11 A low viscosity would increase the accretion time (e.g., Met-
zger et al. 2008) . In our calculations, we take α1 = α2 = 0.01
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NDAF model, we have presented detailed calculations for
some typical GRBs with detection of the EE component.
Our numerical results in reasonable parameter sets well
agree with the data.

Observationally, about half of the Type I GRBs have
EE component detection with Swift/BAT. This may be
due to both the physical and instrumental effects. Our
result suggests that a highly magnetic, massive disk is
required to produce an intense, long-lasting EE compo-
nent. Massive disk may from coalescence of a BH with
a massive NS, i.e., MNS ∼ 2 M⊙ (Morrison et al. 2004;
Dai et al. 2006; Demorest et al. 2010; Li et al. 2012).
Kluźniak & Lee (1998) showed that the mass of the disk
from merger of a BH-NS binary may be larger than 0.5
M⊙ (see also Janka et al. 1999). For typical GRBs with
EE detection by Swift/BAT, our model suggests that the
disk should be ∼ 0.8 M⊙. In case of the mass being lower
than ∼ 0.2 M⊙, the EE may cannot be detected with
Swift/BAT and its timescale is shorter than 20 seconds.
Both analytical and simulated investigations for coales-
cence of compact objects have been extensively studied
(e.g., Ruffert et al. 1997; Kluźniak & Lee 1998; Lee &
Kluźniak 1999; Ruffert 1999; Lee & Ramirez-Ruiz 2002;
Lee et al. 2005; Proga & Zhang 2006; Ruffert & Janka
2010). The suggested mass of the disk by these authors
is much lower than that predicted by our model. Con-
sidering that the mass of a NS is 1 − 1.4 M⊙, Ruffert &
Janka (1997) pointed out that the coalescence of the NS-
NS binary might result in a BH ∼ 2.5 M⊙ surrounding
by a disk with mass ∼ 0.1 − 0.2 M⊙. The key ingre-
dients in our model are a massive disk and the angular
momentum transfer, which may significantly prolong the
lifetime of the GRB central engine for the EE compo-
nent. Therefore, the EE component may be a probe for
merger process and formation of massive disk in the cen-
tral engine of SGRBs.

The detection or not of the EE component might be
also due to instrumental selection effect. Our model sug-
gests that a disk with M∗

1 < 0.2M⊙ would not produce an
EE component that can be detectable with Swift/BAT-
like instruments. Assuming a constant radiation effi-
ciency, the observed luminosity is proportional to the
neutrino annihilation luminosity. Since the peak energy
of the νfν spectrum is tightly correlated with the radia-
tion luminosity (Liang et al. 2004; Yonetoku et al. 2004),
the EE component of some SGRBs may be out of the in-
strument bands and only the initial hard-short episode
can be detectable as usually seen in typical SGRBs.
With the results for M∗

1 = 0.8M⊙ and M∗
1 = 0.2M⊙

one can observed a luminosity-duration correlation for
the EE component. This seems to be at odds with ob-
servations that show the opposite trend: longer events
have a lower luminosity. Note that the observations for
the EE component greatly suffer from the selection ef-
fect of instrumental sensitivity. We check the observed
luminosity-duration correlation for both the initial hard

spikes and the EE components for the GRBs with EE
detection reported in Zhang et al. (2009), but no statisti-
cally accepted correlation is found. The relation between
the luminosity and duration of our model is parameter-
dependent. This calls for a detailed analysis based on
Monte Carlo simulations in order to elaborate this rela-
tion and its observational biases.

Some caveats for our model should be discussed. The
neutrino annihilation luminosity is correlated positively
with the accretion rate. In order to ensure the mass of
NS less than about 2 M⊙, a moderate accretion rate is
required in our model. The derived accretion rates for
both the initial and late episodes from our model are less
than 0.05 M⊙ s−1, which is lower than the typical ones,
i.e., 0.1 ∼ 1M⊙ s−1. Note that the typical values are
for a spatially uniform neutrino annihilation luminosity.
In our calculations, the spatial distribution of the neu-
trino annihilation luminosity is collimated (e.g., Popham
et al. 1999; Liu et al. 2007). The jet opening angle is
conservatively assumed to be 10◦ in our calculations12.
Therefore, the isotropic-equivalent accretion rate would
be larger than 1 ∼ 2 order of magnitude than our re-
sults, which is consistent with the typical values used by
previous authors.

We have considered the switch of magnetic field for
the accretion processes, but the effects to confine the
jet opening angle by the BZ mechanism (Blandford &
Znajek 1977) and the enhance of the neutrino annihi-
lation are ignored. These effects may also greatly im-
pact on the jet luminosity. Lei et al. (2009) investi-
gated the magnetic coupling between the BH and disk.
They found that the luminosity of neutrino annihilation
is much larger than the luminosity of NDAF without
magnetic field. Recently, Barkov & Pozanenko (2011)
proposed a two jet model which describes both main
and EE components by different off-axis position of ob-
server. Their model involves a short duration jet powered
by heating due to neutrino annihilation and a long-lived
BZ jet with significantly narrow opening angle. The BZ
mechanism can replace the neutrino annihilation to pro-
duce the main emission and EE in our model. Since the
lack of information of the intensity and distribution of
the magnetic field, we restrict to discuss the neutrino
annihilation as the main power source in our model.
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Fig. 1.— Schematic illustration of our model and corresponding cartoon lightcurve: (a) the initial state of the central engine—the filled
circle stands for the BH and the fuscous trapeziform region for the disk with magnetic field (curves); (bn) angular momentum transfer
process and outward flow (light gray region); (cn) magnetic barrier in vicinity of the BH, where n is for the nth emission episode.
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Fig. 2.— BAT lightcurves of six SGRBs with detection of the EE component.
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Fig. 3.— Our numerical results for the six SGRBs shown in Figure 2. The filled symbols and open symbols figure the main and the
corresponding EE components of the SGRBs. The first episodes of these GRBs are in the left-top circle of the figure. We correspondingly
derive a region of the second episodes with the universal parameters for M∗

1 = 0.8M⊙. Besides GRB 050724 and 071227, the second
episodes of the other four GRBs are in the region. The EE component of the two GRBs are likely a late flare, which may have different
physical origin as mentioned in §1. The corresponding region for M∗

1 = 0.2M⊙ is also shown. It indicates that the luminosity of the second
episode is roughly 1 order of magnitude lower than that for the case of M∗

1 = 0.8M⊙ and the timescale is shorter than 20 seconds.The
switch timescale of the magnetic barrier is 0.1-1 seconds. This timescale is much smaller than the observed timescale of the EE component.
We thus ignore it here.


