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Abstract With the successful launch of Swift satellite, more and more data of early X-ray
afterglows from short gamma-ray bursts have been collected. Some interesting features such
as unusual afterglow light curves and unexpected X-ray flares are revealed. Especially, in
some cases, there is a flat segment in the X-ray afterglow light curve. Here we present a
simplified model in which we believe that the flattening part is due to energy injection from
the central engine. We assume that this energy injection arises from the magnetic dipole
radiation of a millisecond pulsar formed after the merger of two neutron stars. We check this
model with the short GRB 060313. Our numerical results suggest that energy injection from
a millisecond magnetar could make part of the X-ray afterglow light curve flat.
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1 INTRODUCTION

Gamma-ray bursts (GRBs) are divided into two classes according to their duration and hardness: long bursts
and short bursts. Until the launch of Swift Gamma-ray Burst Explorer in Nov. 2004 (Gehrels et al. 2004),
afterglow emission was detected only in long GRBs. Thanks to the rapid localization of Swift, we have
learned more about short GRBs (for a most recent review, see Zhang 2007). In the leading short GRB
model, the merger of a compact-object binary, e.g. neutron star-neutron star (Eicher et al. 1989) or neutron
star-black hole (Paczynski 1991), was supported by the recent observations.

By the end of 2006, Swift has been triggered by more than ten short GRBs (Zhang 2007). Their af-
terglow light curves show some interesting features. In the X-ray band, a canonical behavior (steep decay—
shallower than normal decay—normal decay) is found in GRBs 050509 (Gehrels et al. 2005), 050724 (Berger
et al. 2005) and 051221A (Soderberg et al. 2006), but X-ray flares are unexpectedly observed in a good frac-
tion of GRBs, e.g. GRBs 050724 (Berger et al. 2005) and 051210 (La Parola et al. 2006). It seems that X-ray
flares and shallower than normal decay segment are mutually exclusive. This puts a restriction on both the
models interpreting X-ray flares and those interpreting the shallower than normal segment (Zhang 2007).

GRBs 051221A and 060313 are good examples in which a flat segment can be clearly seen in the
middle part of the X-ray afterglow light curve. It has been widely argued that the flattened part is due to
post-burst energy injection. Two types of source of this energy were proposed. (i) During a burst, an outflow
with varying Lorentz factors is ejected. Materials with lower Lorentz factors will finally catch up with the
forward shock when the forward shock decelerates, resulting in a smooth and gradual energy injection into
afterglow shock (Rees & Mészéros 1998; Sari & Mészaros 2000). In this model it is usually assumed that
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the mass and energy associated with materials with Lorentz factors greater than given I" obey a power
law function, M (>T) oc T'* and E (> T') oc I''=%. In order to cause a shallower decay, the total energy
should gradually increase with time, which means s > 1. This leads to an upper limit for the increase in
the temporal decay index (i.e., Ac«) across the break point (for details of the calculations see Nousek et
al. 2006), which may not be consistent with some GRBs. (ii) The energy injection arises from a long lasting
central engine (Dai & Lu 1998a,b; Zhang & Mészdros 2001; Dai 2004; Fan & Xu 2006). This scenario is
not subject to the maximum A« encountered by the varying Lorentz factor model.

In this paper we focus on the possibility of energy injection from a millisecond pulsar. The millisecond
pulsar may have formed after the merger of two neutron stars (Dai et al. 2006). Its magnetic dipole radiation
supplies energy into the forward shock, which makes the afterglow light curve flat. We first give some
theoretical analysis and then apply the model to GRB 060313.

2 ENERGY INJECTION

2.1 Dynamics

Consider the adiabatic case. Let R be the radial coordinate in the burster frame, + the Lorentz factor, n the
number density of surrounding interstellar medium (ISM), and m , the mass of proton. The total energy of
the ejecta (Fjc¢) is given by
Qjet
Eiet = —;))e R372’I’me62, )
where (2jc¢ is the beaming factor. Taking L to represent the isotropic energy injection from a millisecond
magnetar, we have

dEjet _ LQjet (2)
dt 4’
where ¢ is observer’s time. We assume that the millisecond magnetar has an initial rotation period of Py,

with surface magnetic field strength B, moment of inertia I, radius R s, and angle between the rotation
axis and magnetic dipole moment d. Then the expression for L can be written as (Dai 2004),

—2
L =4x 1047Bi714R?\I76P0_’§15 (1 + > ergs™ !, 3)

Tho
where B 14 = Bssind/10'G, Ry 6 = Ra/10%cm, Py s = Po/1ms, Iy = 1/10*° gem? and
Tarp = 5.01 x 10431’214[45}%;4%3)2’“15& Combining Equations (1) — (3), we have:

dy 3L 37 dR vysinf  db 4
dt — 8mnmyc2R3y 2R dt  2(1 —cosf) dt’ @
where 6 is the half-opening angle of the ejecta.

Let t., be the time measured in the co-moving frame of the jet, and dt; the time interval of emitting
two adjacent photons from the emission region (correspondingly dt is the time interval for the observer to
receive the two photons). Denoting the swept-up mass as m, we have the following relations (Huang et
al. 1999, 2000a,b):

dR = [edty, 5)

dty = ydteo = (v+ V77 1) dt, (©)
W ey (v+ V7). ™

dt
dm
dR

0 1 da Cs(7+\/V2—1)
IE :

= 27R? (1 — cos 0) nmy, ®)

dt ~ Rdt
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Fig.1 Evolution of the Lorentz factor. The solid line corresponds to a jet with
energy injection, and the dotted line to one without energy injection.

where 3 = /7% — 1/, and a is the comoving lateral radius of the ejecta. Let 4 = (4 + 1)/(37) (Dai et
al. 1999), we can give the expression for the comoving sound speed, cs: c2 = 4 (§ — 1) (y — 1) m@
(Huang et al. 2000a). From Equation (4), we then have

&y 3L 38¢y? (v+ V27 1) sinfeny (v+v7=-1)

dt — 8tnmyc?R3y 2R 2R (1 — cos®)

(10)

Equations (7), (8), (9) and (10) give a complete description of the dynamics. We have solved these
dynamical evolution equations numerically, by taking the parameters as follows: the initial energy F o =
1 x 10°! erg, initial Lorentz factor g = 300, n = 0.01cm 3, electron energy fraction £, = 0.1, magnetic
energy fraction { g = 0.1, power-law index of electron distribution function p = 2.5, 8¢ = 0.1, luminosity
distance of the GRB D, = 1.0 x 105kpc, B, = 10'*G, Rj; = 10%cm, Py = 1 ms and I ~ 10% gcm?.
All of these are typical values under usual conditions.

Figure 1 shows the evolution of the Lorentz factor, with the solid line for the case with energy injection
and the dotted line for no energy injection. We see that when ¢ < 103 s the two lines are very similar to each
other. This is because, at this early stage, the injected energy is still relatively small compared to the initial
energy of the GRB remnant. The two lines differ markedly in 10%s < ¢ < 10° s, indicating that the injected
energy is significant at this stage. This is consistent with the spin-down timescale of the millisecond pulsar,
T'v 0. Figure 1 also shows clearly that the Lorentz factor decays slower compared to the case without energy
injection, and there is a flat segment to the curve. As the flux density evolves with a similar tendency as the
Lorentz factor, we can expect a flat part in the corresponding X-ray light curve.

2.2 Synchrotron Radiation

Let O be the angle between the velocity of the emitting material and the line of sight and ;4 = cos ©, then
the observed flux density at frequency v is (Huang et al. 2000a,b)

1 (dPw) A\ _ 1 L
SVA< ds2 D%>73(1—5M)347TD%P[7(1 ﬁ/l,)l/], (11)

where A is the area of the detector. We take the equal arrival time surface effect into account (Waxman 1997;
Panaitescu & Mészaros 1998, 1999; Moderski et al. 2000; Huang et al. 2007). Due to the ultra-relativistic
motion, the equal arrival time surface is determined by

1—Bu

t= e

dR = const. (12)
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Fig.2 Evolution of the flux density (at 0.3 keV). The solid line corresponds to
a jet with energy injection, the dotted line to one without energy injection.

Using the same parameters above, we obtain the numerical results displayed in Figure 2. Compared
to the dotted curve (without energy injection), there is a flat segment in the solid light curve (with energy
injection). It supports the idea that energy from a millisecond magnetar injected into the GRB fireball can
flatten the X-ray light curve. In the following section we will apply the model to GRB 060313.

3 APPLICATION TO GRB 060313

On 2006 March 13, at 00:12:06.484 UT, GRB 060313 was detected by BAT (Pagani et al. 2006) at RA
66.624, Dec —10.859 (J2000), and its BAT T g is 0.7 second. The X-Ray Telescope (XRT) started observa-
tion 79 seconds after the trigger. Copious early X-ray and UV afterglow data are available for this event,
which may hopefully provide useful information on the nature of short GRBs (Roming et al. 2006). The
X-ray afterglow light curve cannot be described by a single power-law, but shows a three-segment structure.
In other words, there is an extra flat segment between ~ 1000 and ~ 10000 seconds. Roming et al. (2006)
suggested that this flat segment may be due to a structured jet, but they did not provide a quantified fitting.
Here we will use the energy injection model in a re-examination of this event.

Theoretically, due to energy injection there should be two breaks in the afterglow light curve in the
X-ray band, one at ¢, when the injected energy roughly equals to its initial kinetic energy and one at ¢ ¢
when the energy injection is turned off (Dai & Lu 1998a; Zhang & Mészdros 2001; Zhang et al. 2006),
where t ¢ is roughly equal to the spin-down time scale T'ys,¢ of the magnetar. From the XRT observations
of GRB 060313, we measure ¢y ~ 4000s (i.e., Tas,0 ~ 40005s), t. ~ 2000s. By considering the following

relations, . .
c dE c
/ — g :/ L Qjeidt = By, (13)
o dt 0
E
L~ t—k (14)

we obtain an average injection power L ~ 3 x 1047 erg s 1. So, we take the parameters of the central pulsar
as Py = 1ms, B, = 104G, Ry = 2.0 x 108cm and I = 4.5 x 10%*> g cm?, all of which are typical values
for a millisecond magnetar.

In the early X-ray observations, we have f, oc v9-%3+0-10 (Roming et al. 2006), so the photon index
p ~ 2.1 &+ 0.2. Here we take p = 2.3. Figure 3 plots our best fitting result for the X-ray afterglow of
GRB 060313 using the energy-injection model. In our calculation, the other afterglow parameters are taken
as: By = 6 x 10%%erg, £ = 0.05,ép = 0.022, n = 0.005cm™3, §, = 0.1, and the viewing angle
Oobs = 0 (i.e. on-beam viewing). These afterglow parameters are generally consistent with the values
suggested by Roming et al. (2006). The redshift of GRB 060313 is unfortunately not available, however, to
do the calculation we assumed the luminosity distance of the burster to be 2.8 x 105 kpc.
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Fig.3 Fitting result for the 0.3-10 keV X-ray afterglow of GRB 060313. The solid line is
the numerical result. The observational data are taken from Roming et al. (2007).

In Figure 3 the solid line represents the numerical result, which fits the observational data points very
well, and demonstrates the possibility that the flattened part in the afterglow light curve of this event may
be due to energy injection from a central millisecond magnetar.

We have also tried to use our model to fit the UVOT afterglow data of GRB 060313 as observed by
Roming et al. (2006). However, our model failed to give a satisfactory result. In fact, the behavior of the
optical afterglow is quite different from that of X-ray afterglow: the decay of the optical light curve is
much slower, with significant fluctuations superposed. It would be too difficult for a simple external shock
model to explain both the X-ray and optical afterglows. This might be a general difficulty in the Swift era:
in many cases, the optical afterglows were observed to behave quite differently from the X-ray afterglows
(Zhang 2007). It is quite possible that the X-ray and optical afterglows may be of different origin in these
events.

4 CONCLUSIONS AND DISCUSSION

Swift observations show that early afterglow light curves of many GRBs are unusual in the X-ray band. In
this paper we have focused on the shallow decay segment, and explored the energy injection explanation,
assuming that the energy source is a millisecond magnetar. We have derived dynamical evolution equations
under the adiabatic condition, and carried out numerical calculations to study the process. We applied the
model to GRB 060313. The fitting result is good so we believe that this explanation is correct for this event.

Our results are consistent with the leading model for short GRBs, i.e., the merger of two compact stars.
After the merger of two neutron stars, which triggers a short GRB, a millisecond pulsar may be left in the
center. In the afterglow phase the pulsar’s magnetic dipole radiation supplies energy into the GRB remnant,
leading to a flat segment in the X-ray afterglow light curve.

In the above consideration, we did not take into account two other factors. First, we assume the energy
injection is isotropic, so the energy received by the ejecta is restricted within the opening angle of the
ejecta. However, in the real situation the energy may be anisotropic. There probably is some small deviation
or fluctuation of the exact injected energy from the value that we used in our calculation. Secondly, we
did not consider the influence of the interaction between the injected energy and the originally ejected
fireball material (Ma et al. 2003; Mao & Wang 2001a,b). This interaction may lead to additional shocks and
emission. Further discussion would be much more complicated.
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