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Abstract SGR J1745−2900 is a magnetar near the Galactic center. X-ray observa-
tions of this source found a decreasing X-ray luminosity accompanied by an enhanced
spindown rate. This negative correlation between X-ray luminosity and spindown rate
is hard to understand. The wind braking model of magnetars isemployed to explain
this puzzling spindown behavior. During the release of magnetic energy of magnetars,
a system of particles may be generated. Some of these particles remain trapped in the
magnetosphere and may contribute to the X-ray luminosity. The rest of the particles
can flow out and take away the rotational energy of the centralneutron star. A smaller
polar cap angle will cause the decrease of X-ray luminosity and enhanced spindown
rate of SGR J1745−2900. This magnetar is shortly expected to have a maximum spin-
down rate.
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1 INTRODUCTION

Magnetars are a special kind of pulsar. They are assumed to beneutron stars whose radiative ac-
tivities are powered by their magnetic energy (Duncan & Thompson 1992). Both the radiative and
timing properties of magnetars vary with time. During the outburst of a magnetar, the star’s X-ray
luminosity increases significantly and then decays gradually (Rea & Esposito 2011). The outburst
may also be accompanied by timing events, e.g., a spin-up glitch (Kaspi et al. 2003) or a spin-down
glitch (Archibald et al. 2013; Tong 2014), and/or changes inperiod derivative. Many magnetars show
different degrees of variations in their period derivative(Woods et al. 2007; Dib & Kaspi 2014). The
timing variabilities imply that the magnetic dipole braking in a vacuum is a poor approximation in
the case of magnetars and magnetars may undergo wind braking(Tong et al. 2013).

The twisted magnetosphere model tries to understand the radiative and timing behaviors of
magnetars using an untwisting neutron star magnetosphere (Thompson et al. 2002; Beloborodov
2009). During the outburst, a magnetar is expected to have a decreasing X-ray luminosity and de-
creasing spindown rate. However, the timing and flux evolution of the Galactic center magnetar
SGR J1745−2900 has shown a negative correlation between X-ray luminosity and spindown rate
(Kaspi et al. 2014). During nearly four months of observations, the magnetars’s X-ray luminosity
decreased by a factor of two. In addition, the spindown rate increased by a factor of 2.6, and it is still
increasing. Kaspi et al. (2014) discussed changes in regions with open field lines. However, there
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is no quantitative calculation at present. The structure ofregions with open and closed field lines in
the magnetar magnetosphere has been calculated in the wind braking model (Tong et al. 2013). The
puzzling spindown behavior of this Galactic center magnetar may be understandable in the wind
braking model. The spindown rate of SGR J1745−2900 may contain some contribution from the
black hole at the Galactic center (Rea et al. 2013). Therefore, understanding its spindown behavior
is very important.

In the wind braking model of magnetars (Tong et al. 2013), a particle outflow is generated during
the decay of the magnetic field. Some of these particles may remain confined in the magnetosphere
and contribute to the X-ray luminosity. The rest of the particles can flow out to infinity (i.e., wind),
thus dominating the spindown of the magnetar. The particle outflow may be mainly confined in a
specific polar cap of the central neutron star. For a smaller polar cap angle, it will result in a smaller
X-ray luminosity and larger spindown rate. This may explainthe puzzling spindown behavior of
SGR J1745−2900.

Calculations in the wind braking model for SGR J1745−2900 are given in Section 2.
Discussions and conclusions are presented in Section 3.

2 WIND BRAKING MODEL FOR THE SPINDOWN BEHAVIOR OF SGR J1745−2900

2.1 Qualitative Descriptions

Figure 1 shows the magnetar magnetosphere in the case of windbraking. The decay of the star’s
magnetic energy may result in a bunch of particles, with total particle luminosityLp. The particle
luminosity may be similar to the magnetar’s X-ray luminosity1 (Lp ∼ Lx ∼ 1035 erg s−1, Duncan
2000). There exists a maximum lengthrmax for the coupling between the neutron star and its magne-
tosphere. The corresponding polar cap angle isθs. From observations of quasi-periodic oscillations
in magnetars,θs is about0.05 (Timokhin et al. 2008; Watts 2011; Tong et al. 2013). All particles in
this polar cap will try to flow out to infinity. Considering thepresence of a large scale dipole mag-
netic field, some of these particles will be trapped. The opening radiusropen is defined as the radius
where the particle kinetic energy density equals the local magnetic energy density (Harding et al.
1999; Thompson et al. 2000; Tong et al. 2013). Assuming thereis a uniform distribution of particles
across the polar cap,ropen is (eq. (20) in Tong et al. 2013)

ropen = 7 × 109 b
2/3

0 L
−1/3

p,35 (θs/0.05)2/3 cm , (1)

whereb0 is the surface dipole field (at the magnetic pole) in units of the quantum critical field
(4.4×1013 G) andLp,35 is the total particle luminosity in units of1035 erg s−1. The polar cap angle
of the magnetic field line whose maximum radius equalsropen is θopen = (r0/ropen)

1/2 (wherer0

is the neutron star radius, which is taken as106 cm during numerical calculations).
For particles in the polar cap region withθ < θopen, they can flow out to infinity and carry away

the star’s rotational energy (dubbed the “wind region”). This particle component may dominate the
spindown behavior of the central neutron star. It is denotedasLw (the wind luminosity). However,
particles in the polar cap region withθopen < θ < θs will be trapped by the dipole magnetic field
(dubbed the “trap region”). These particles may finally contribute to the X-ray luminosity of the
magnetar. If near one foot of the field lines, there is a domainwith higher magnetic field strength
than the surrounding area (“magnetic spot,” analogous to a sunspot), a hot spot may be formed. The
pulse profile of SGR J1745−2900 has multiple peaks (Kaspi et al. 2014). This may be due tothe
presence of a multipole field (i.e., a magnetic spot).

1 The particle energy can be converted to either soft X-ray or hard X-ray luminosity (Thompson et al. 2002; Tong et al.
2010; Beloborodov 2013). For SGR J1745−2900, its soft X-ray luminosity dominates the electromagnetic energy output
(Kaspi et al. 2014).
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Fig. 1 A schematic diagram that illustrates the magnetosphere in the presence of a particle wind.

The total particle luminosity is equal to the sum of wind luminosity and X-ray luminosity2:
Lp = Lw + Lx. Observationally, some magnetars can have a nearly constant X-ray luminosity early
during the outburst (which lasts for about 100 days, Rea & Esposito 2011). Then it is also possible
that the total particle luminosity can stay nearly constantfor about 100 days. For a constant particle
luminosityLp, if the polar cap angleθs changes, it will cause a negative correlation between X-ray
luminosity and wind luminosity (i.e., spindown rate). The change in polar cap angle may be accom-
panied/triggered by a short burst. For SGR J1745−2900, it had a short burst on MJD 56450 (Kennea
et al. 2013; Kaspi et al. 2014). After the short burst, some local multipole field could be annihilated
(which would correspond to the disappearance of one pulse profile peak, Kaspi et al. 2014). The
coupling length scale between the neutron star and the magnetospherermax would increase (due to
a simplified magnetic field geometry). The polar cap angleθs would also decrease. This could corre-
spond to the decreasing X-ray luminosity and enhanced spindown rate of SGR J1745−2900 (Kaspi
et al. 2014). Furthermore, the space density of the particles may increase (due to a smaller polar cap
area). This would result in a harder spectrum (Kaspi et al. 2014). All these aspects are qualitatively
in agreement with the observations of SGR J1745−2900, especially the decreasing X-ray luminosity
and the enhanced spindown rate.

2.2 Calculations for a Constant Particle Luminosity

According to the wind braking model of magnetars (Tong et al.2013), the star’s rotational energy
loss rate due to the presence of a particle wind is (eq. (23) inTong et al. 2013)

Ėw = Ėd

(

Lw

Ėd

)1/2

, (2)

2 There may be other sources of X-ray luminosity, e.g., internal heating (Viganò et al. 2013). As long as the contribution
from outflowing particles is comparable to those sources (e.g., they contribute equally), the description in this section is still
valid.
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whereĖw is the rotational energy carried away per unit time by the particle wind, andĖd is the cor-
responding rotational energy loss rate for the simple dipole spindown case. The presence of particle
wind results in an enhancement of the rotational energy lossrate. The wind luminosityLw depends
on the total particle luminosity and the polar cap angle (eq.(22) in Tong et al. 2013)

Lw = 6 × 1033b
−2/3

0 L
4/3

p,35(θs/0.05)−8/3 erg s−1 . (3)

Therefore, in the wind braking model of magnetars, the star’s polar surface dipole field is (eq. (24)
in Tong et al. 2013)

B0 = 3.3 × 1032

(

Ṗ

P

)3/2

L−1
p,35(θs/0.05)2 G , (4)

whereB0 is the polar surface dipole field, andP and Ṗ are the star’s rotation period and period
derivative, respectively. For a short duration (e.g., 100 days), the star’s surface dipole field and
rotation period change very little. Assuming a constant total particle luminosity, then the period
derivative is proportional to

Ṗ ∝ (θs/0.05)−4/3 . (5)

Observationally, the spindown rate of SGR J1745−2900 increased by a factor of2.6 (Kaspi et al.
2014). This requires that the polar cap angle is about0.5 times the initial value:θs,f = 0.5θs,i (where
θs,i andθs,f are the initial and final polar cap angle during the observations, respectively). The wind
luminosity is related to the total particle luminosity as

Lw = Lp

θ2
open

θ2
s

, (6)

since they are proportional to the corresponding polar cap area. The X-ray luminosity is

Lx = Lp − Lw = Lp

(

1 −

θ2
open

θ2
s

)

. (7)

The X-ray luminosity of SGR J1745−2900 decreased by a factor of two during the observations
(Kaspi et al. 2014). This requires that

Lx,f

Lx,i
=

1 − (θ2
open/θ2

s )f

1 − (θ2
open/θ2

s )i
= 0.5 , (8)

whereLx,i andLx,f are the initial and final X-ray luminosities, respectively.From Equation (1),

θ2
open ∝ 1/ropen ∝ θ

−2/3
s . Thenθ2

open/θ2
s ∝ θ

−8/3
s . Using the above timing results, Equation (8)

can be rewritten as
1 − 2.62 (θ2

open/θ2
s )i

1 − (θ2
open/θ2

s )i
= 0.5 . (9)

Therefore, the two polar cap angles are related with each other by

(θ2
open/θ2

s )i = 0.08 , (10)

where the subscripti means the initial value. From Equation (7) and using flux observations of
SGR J1745−2900 (Kaspi et al. 2014), the total particle luminosity in the wind braking model is:
Lp = 1.7 × 1035 erg s−1 (assuming a flux of2 × 10−11 erg s−1 cm−2 and a distance of8 kpc).
Solving Equations (4) and (10) together, the surface dipolefield and initial polar cap angle can be
obtained:B0 = 1.8 × 1014 G andθs,i = 0.033. B0 is lower than the characteristic magnetic field
when assuming magnetic dipole braking in a vacuum (at the magnetic pole, which is3.1 × 1014 G



On the Puzzling Spindown Behavior of Magnetar SGR J1745−2900 1471

using the first ephemeris in Kaspi et al. 2014). The corresponding opening radius is (Eq. (1))1.1 ×

1010 cm. It is slightly smaller than the light cylinder radius1.8×1010 cm. This is because the particle
wind will “comb out” magnetic field lines, which contributesto the rotational energy loss rate and a
lower surface dipole field is required. For SGR J1745−2900, its particle wind is a little bit stronger
than its dipolar radiation.θs,i is similar to the estimated value using observations of quasi-periodic
oscillations (which is about 0.05). This is the first time that the polar cap angle (θs) of magnetar wind
can be determined.

Therefore, in the wind braking model, SGR J1745−2900 is a magnetar with surface dipole field
B0 = 1.8× 1014 G and total particle luminosityLp = 1.7× 1035 erg s−1. Its initial polar cap angle
is θs,i = 0.033. During the observation, its polar cap angle changes to0.5 times the initial value.
This causes the decrease in X-ray luminosity and enhanced spindown rate (Kaspi et al. 2014).

2.3 Calculations When the Particle Luminosity Decreases as the X-ray Luminosity

In the above calculations, a constant particle luminosity is assumed and the X-ray luminosity is
dominated by particles in the region with closed field lines.Another extreme case is that particles
in both regions with open field lines and closed field lines maycontribute to the X-ray luminosity.
Then a model independent estimation for the particle luminosity is Lp = Lx (Duncan 2000; Tong
et al. 2013). During the outburst, a decreasing magnetic energy release rate will cause a decreasing
X-ray luminosity (e.g., Thompson & Duncan 1996; Beloborodov 2009). From Equation (4), in the
present case, the star’s spindown rate is proportional to

Ṗ ∝ L2/3
p θ−4/3

s = L2/3
x θ−4/3

s . (11)

For SGR J1745−2900, its X-ray luminosity decreased by a factor of two, but its spindown rate
increased by a factor of 2.6 during the observations (Kaspi et al. 2014). This requires that the final
polar cap angle is smaller by a factor of 0.35:θs,f = 0.35θs,i. The determination of the exact value
of the polar cap angle will require additional assumptions.However, it will be different only in terms
of quantity from the above calculations. The physical reason for the negative correlation between the
X-ray luminosity and the spindown rate is the same: a smallerpolar cap opening angle will result in
a higher spindown rate.

3 DISCUSSION AND CONCLUSIONS

In pulsar studies, the magnetic dipole braking assumption is often employed. However, it assumes
an orthogonal rotator in a vacuum (Shapiro & Teukolsky 1983). A real pulsar must have a magneto-
sphere. The magnetosphere of magnetars may be twisted compared with normal pulsars (Thompson
et al. 2002; Beloborodov 2009). However, the twisted magnetosphere model does not consider the
rotation of the central neutron star (Thompson et al. 2002).All the field lines are closed in the twisted
magnetosphere model; there are no open field lines (i.e., no polar cap). Considering current mod-
eling of normal pulsar spindown (wind braking, Xu & Qiao 2001; Li et al. 2014), magnetars can
also be spun down by a particle wind (Tong et al. 2013). The particle wind luminosity (powered
by magnetic energy) may be much higher than the rotational energy loss rate. This will make wind
braking of magnetars qualitatively different from wind braking of normal pulsars (Tong et al. 2013).
The particle luminosity can also vary dramatically, like the X-ray luminosity (since they are both
powered by magnetic energy). This may explain why magnetarscan have so many timing events
(for a summary see Tong & Xu 2014). Compared with magnetic dipole braking, the wind braking
model incorporates the existence of a neutron star magnetosphere. Compared with the twisted mag-
netosphere model, the wind braking model considers the rotation of the central neutron star from the
starting point. The wind braking model of magnetars (Tong etal. 2013 and the calculations here)
use an aligned rotator, and a uniform charge density over thepolar cap. The spindown behavior is



1472 H. Tong

mainly determined by the total particle outflow. It is not very sensitive to the inclination angle or
charge distribution.

Assuming the observed X-ray luminosity is solely due to other sources, it is unavoidable that
a particle wind is generated during the decay of the magneticfield (Thompson & Duncan 1996;
Beloborodov & Thompson 2007). This particle wind will have aluminosity comparable to that of
the X-ray emissionsLp ∼ Lx ∼ 1035 erg s−1 (Thompson & Duncan 1996; Duncan 2000; Tong et al.
2013). Using Equation (4), the corresponding surface dipole field isB0 ≈ 6.8 × 1014 (θs/0.05)2 G.
It is similar to the surface dipole field in the case of magnetic dipole braking. Only a small fraction of
the particles flow out to infinity; most of them remain trappedin the magnetosphere, where they will
collide with the stellar surface, scatter off X-ray photons, etc. (Thompson et al. 2002; Beloborodov
& Thompson 2007; Tong et al. 2010). Another X-ray component is generated which is comparable
to the original X-ray component. Therefore, the outflowing particles must contribute a significant
fraction to the X-ray luminosity. Previous studies favor a magnetospheric origin for the X-ray lumi-
nosity during the outburst (Beloborodov 2011). The upper limit of quiescent X-ray luminosity may
put a strong constraint on the contribution from other persistent energy sources (Mori et al. 2013).
In summary, the assumption is reasonable that the X-ray luminosity (or at least half of it) may be
dominated by the contribution of outflowing particles.

According to numerical calculations, the total particle luminosity of SGR J1745−2900 isLp =
1.7×1035 erg s−1. If all these particles can flow out, this corresponds to the maximum spindown case
Lw = Lp (Tong et al. 2013, sect. 3.2). Therefore, SGR J1745−2900 has a maximum spindown rate.
Using equation (31) in Tong et al. (2013), the maximum periodderivative isṖmax = 2.2 × 10−11.
It is about two times higher than the period derivative in thesecond ephemeris of SGR J1745−2900
(Kaspi et al. 2014). Using the measurement of the period second derivative (Kaspi et al. 2014), the
time required to reach this maximum spindown state is(Ṗmax − Ṗ )/P̈ ≈ 240 days. Therefore,
SGR J1745−2900 may reach a state with the maximum spindown rate in aboutone year. If the
particle luminosity decreases a little at that time, the corresponding period derivative will also be a
little smaller. The X-ray luminosity during the maximum spindown state will be very small since a
very small fraction of particles is trapped. Other sources of X-ray luminosity may only contribute a
relatively small part to the X-ray luminosity (Mori et al. 2013). From previous experiences related
to magnetar outbursts (Rea & Esposito 2011), both the X-ray luminosity and spindown rate will
decrease long after the outburst.

The timing behavior of magnetar Swift J1822.3−1606 is governed by the change in wind lu-
minosity (Tong & Xu 2013). However, the timing behavior of magnetar SGR J1745−2900 may be
dominated by the change in polar cap angle. In general, both the particle luminosity and the polar
cap angle vary with time after the outburst. This may explainthe different radiative and timing cor-
relations in magnetars (Dib & Kaspi 2014 and references therein). Combined with timing studies of
pulsars (Li et al. 2014 and references therein), not only magnetars but also normal pulsars undergo
wind braking (see Eq. (2)).

One consequence of the wind braking model of magnetars is a magnetism-powered pulsar wind
nebula (Tong et al. 2013). There is some weak evidence supporting this outcome (Younes et al.
2012). From observations of the pulsar wind nebulae associated with normal pulsars, the nebula
luminosity is only about10−4 times the total particle luminosity3 (Kargaltsev et al. 2013). For
SGR J1745−2900, its particle luminosity is about1035 erg s−1. At a distance of8 kpc, with an
X-ray efficiency of about10−4, it is unlikely that the nebula can be observed using currenttele-
scopes (Kargaltsev et al. 2013). Furthermore, the particlewind in the case of magnetars can only
exist for several years (the same duration as the outburst),and its luminosity also decreases with
time, which will make its detection more difficult. Current non-detections of wind nebulae do not
set constraints on this process (e.g., Archibald et al. 2013; Scholz et al. 2014).

3 The particle luminosity is equal to the rotational energy loss rate in the case of normal pulsars.
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In conclusion, in the wind braking model of magnetars, the change in polar cap angle may cause
a negative correlation between the X-ray luminosity and thespindown rate. A polar cap angle0.5
times the initial value will explain the decrease of X-ray luminosity (by a factor of two) and en-
hancement of spindown rate (by a factor of 2.6) in SGR J1745−2900. SGR J1745−2900 is expected
to reach a state with the maximum spindown rate shortly.
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Appendix A: COMPARISON WITH LATER OBSERVATIONS

After this paper was submitted and put on the arXiv, Lynch et al. (2014) reported their updated
timing of SGR J1745−2900. According to their polynomial fitting, the frequency derivatives of this

source areḟ = −1.24 × 10−12 Hz s−1, f̈ = −1.05 × 10−19 Hz s−2 and
...

f = 6.7 × 10−27 Hz s−3

(table 1 in Lynch et al. 2014). Therefore, the spindown rate will first increase (due to a negativëf ),
reaching a maximum then decrease (due to a positive

...

f ). This is qualitatively consistent with our
model calculations. However, the polynomial fitting (twelve frequency derivatives are employed by
Lynch et al. 2014) absorbs all the physical changes and has nopredictive power. The spindown rate
as a function of time is required in order to determine the origin of torque variations.
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Viganò, D., Rea, N., Pons, J. A., et al. 2013, MNRAS, 434, 123
Watts, A. L. 2011, arXiv:1111.0514
Woods, P. M., Kouveliotou, C., Finger, M. H., et al. 2007, ApJ, 654, 470
Xu, R. X., & Qiao, G. J. 2001, ApJ, 561, L85
Younes, G., Kouveliotou, C., Kargaltsev, O., et al. 2012, ApJ, 757, 39


