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Effect of Rapid Evolution of Magnetic Tilt Angle of a
Newborn Magnetar on Light Curve of Gamma-ray
Burst
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We study the electromagnetic radiation from a newborn magnetar whose magnetic tilt angle de-
creases rapidly and its effect on light curve of gamma-ray bursts (GRBs). We calculate the evo-
lution of the angular spin frequency, the perpendicular component of the surface magnetic field
strength, and the energy loss rate through magnetic dipole radiation. We show that the spin-down
of the magnetar experiences two stages characterized by two different timescales. The apparent
magnetic field decreases rapidly with the decrease of the tilt angle. It is shown that the evolution
of the energy loss rate is consistent with the overall light curves of those gamma-ray bursts which
show a plateau structure in the afterglow stage, such as GRB 061121 and GRB 090426 etc. The
energy loss rate of the magnetar with rapid evolution of magnetic tilt angle is very different from
that of a fixed tilt angle case. Our model supports the idea that the GRBs with a plateau phase in
afterglow may be originated from newborn millisecond magnetars.
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1. Introduction

A newborn magnetar with a millisecond rotational period could provide enough rotational
energy to power the GRB ejecta [1]. Along with the the magnetar slowly spins down, the rotational
energy released will provide a continuous energy-injection to the GRB jet and produce a plateau-
like structure in the afterglow light curve [2].

The dipole magnetic fields of magnetars are required to be higher than 1015 G since a signifi-
cant portion of the rotational energy should be released on the timescale of the GRB duration. On
the other hand, the magnetars should have a dipole magnetic field less than 1015 G for explaining
the relatively long-lasting shallow decays in the afterglow light curves of GRBs [3].

We suggest that the contradiction of the magnetic field requirements could be solved by con-
sidering the evolution of the magnetic tilt angle of the magnetar. Due to the rapid decrease of the
tilt angle, the perpendicular component of the magnetic dipole field at the surface of the magnetar
is also decreasing rapidly. As a result, the apparent magnetic field can be very high in the begin-
ning, but will be much lower at later times. Our scenario can well explain the overall light curves
of those GRBs that have a plateau structure in the afterglow stage.

2. Numerical calculations and results

Through magnetic dipole radiation [4], the newborn magnetar loses energy at a rate of

Ė =− 2
3c3 |m̈|2, (2.1)

where c is the speed of light in vacuum, m is the dipolar moment of the magnetic field. We assume
that the magnetar rotates at an angular frequency of Ω, and that the magnetic dipole moment m
orients at an angle α to the rotation axis.

We assume that the tilt angle α is decaying evenly with time as

α = α0 −K · t, (2.2)

where α0 is the initial tilt angle and K is a constant characterizing the decreasing speed [5].
On the other hand, the radiation energy originates from the rotational kinetic energy of the

magnetar, E = 1
2 IΩ2, where I is the moment of inertia of the magnetar. Thus the energy loss rate

Ė = IΩΩ̇. (2.3)

Due to the loss of the rotational energy, the magnetar slows down with time.
With the following typical initial parameters [5], Bp = 1.0× 1016 G, R = 1.2× 106 cm, I =

2.0× 1045 g·cm2, P0 = 1.0× 10−3 s, α0 = π/3 rad, αend = 0.06 and tend = 100.0 s, we calculate
the aforementioned differential equations.

As is shown in Fig. 1, the evolution of the angular frequency of a magnetar includes two stages
with the decrease of the tilt angle [5]. For comparison, we also show the spin-down evolution of
magnetars without tilt angle evolution in Fig. 1.

The evolution of the energy loss rate of the magnetar can also be divided into two stages [5].
As shown in Fig. 2, at first, Ė decays along the dashed curve, similar to the evolution of Ė for
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Figure 1: Evolution of the angular velocity of magnetars. The solid curve corresponds to our model with
the tilt angle decreasing from π/3 rad to 0.06 rad within 100.0 s. The dashed and dotted curves correspond
to magnetars with fixed tilt angles of π/3 rad and 0.06 rad, respectively [5].

the fixed scenario of π/3 rad. With the rapid decrease of the magnetic tilt angle, the magnetar
then releases energy slower than the fixed tilt angle scenario, thus the evolution deviates from the
dashed curve. One hundred seconds later, the tilt angle terminates at αend = 0.06 rad. Within this
period, Ė evolves from the initial value of about 2.2× 1051 erg/s to about 9.0× 1047 erg/s. Then,
the evolution of Ė enters the second stage. At last, Ė decreases along the dotted curve.

Using the model above and estimated parameters in Table 1, we test the consistency of the
model with the data of two GRB’s light curves in Fig. 3. The calculated curve of GRB 061121
is shown at the top of Fig. 3, and GRB 090426 at the bottom. The black points correspond to
the light curve of X-ray afterglow observed by Swi f t −XRT . The dash lines correspond to the
average γ − ray luminosity within T90 of GRBs’ prompt emission. The solid curves correspond to
the calculated curves with our model. As is shown Fig. 3, the model’s curves are well consistent
with the data. The evolution of the energy loss rate consistent with the overall light curves of those
gamma-ray bursts which show a plateau structure in the afterglow stage.

3. Conclusion and Discussion

Our study shows that the energy loss rate of a newborn magnetar with a rapidly decreasing
magnetic tilt angle is very different from that of the fixed tilt angle scenario. Because of the
decreasing magnetic tilt angle, the spin-down of the magnetar is characterized by two different
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Figure 2: Evolution of the energy loss rate (Ė) of magnetars during the spin-down. The solid curve
corresponds to our model with a decreasing tilt angle. The dashed and dotted cures correspond to the
evolution of Ė for fixed tilt angles of π/3 and 0.06 rad, respectively [5].

GRB Bp P0 α0 αend tend I
[G] [sec] [rad] [rad] [sec] [g · cm2]

061121 1.5E16 0.8E-3 1.54 0.12 80 3.0E45
090426 1.0E17 1.0E-3 0.84 0.15 25 2.0E45

Table 1: The parameters of GRB 061121 and GRB 090426 used in our model.

timescales. The energy loss rate duo to magnetic dipole radiation also experiences two stages. It
changes from the initial value of 2.2× 1051 erg/s to about 9.0× 1047 erg/s within 100.0 s [5]. At
first, the energy loss rate is large enough to power the GRB prompt emission. At the second stage,
the energy loss rate can provide necessary energy injection for the GRB fireball and power the
afterglow emission [6].

Comparing the evolution curve of the energy loss rate with the overall GRB light curves (from
the prompt emission to the afterglow stage), we find that they are very similar. So, we argue that
some GRBs with a plateau phase in the afterglow stage may actually happen as follows. Initially,
the newborn millisecond magnetar releases a huge amount of energy to launch a powerful ejecta
to produce a burst. This corresponds to the prompt emission phase. As the tilt angle decreases
rapidly, energy release from the magnetar also reduces markedly. Since the energy loss rate is no
longer powerful enough to maintain the burst, a steep decay phase will naturally appear in the GRB
light curve. When the tilt angle finally becomes stable, the energy loss rate enters a new stage. It
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Figure 3: Testing our model with the data of light curves of GRB 061121 (top) and GRB 090426 (bottom).
The black points correspond to the light curve of X-ray afterglow observed by Swi f t −XRT . The dash
lines correspond to the average γ − ray luminosity within T90 of GRBs’ prompt emission. The solid curves
correspond to the calculated curves with our model.

decreases slowly on a timescale of several thousand seconds and energy is continuously injected
into the fireball. This stage corresponds to the shallow decay phase in the GRB afterglow light
curve. At last, the energy injection comes to the end when most of the rotational energy of the
magnetar is consumed. Then the afterglow enters the normal decay phase.

Therefore, the evolution of the energy loss rate in our model is consistent with the overall light
curves of those gamma-ray bursts which show a plateau structure in the afterglow stage, such as
GRB 061121 and GRB 090426 etc.

Our study supports the idea that those GRBs with a plateau structure in the afterglow light
curve may be originated from newborn millisecond magnetars [7].
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