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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 luminosityoagganied by an enhanced
spindown rate. This negative correlation between X-rayihasity and spindown rate
is hard to understand. The wind braking model of magnetagmisloyed to explain
this puzzling spindown behavior. During the release of netigrenergy of magnetars,
a system of particles may be generated. Some of these pantarhain trapped in the
magnetosphere and may contribute to the X-ray luminoshyg st of the particles
can flow out and take away the rotational energy of the cen&nadron star. A smaller
polar cap angle will cause the decrease of X-ray luminosity enhanced spindown
rate of SGR J17452900. This magnetar is shortly expected to have a maximuma spi
down rate.
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1 INTRODUCTION

Magnetars are a special kind of pulsar. They are assumed telteon stars whose radiative ac-
tivities are powered by their magnetic energy (Duncan & Theam 1992). Both the radiative and
timing properties of magnetars vary with time. During theboust of a magnetar, the star's X-ray
luminosity increases significantly and then decays gragl(Bea & Esposito 2011). The outburst
may also be accompanied by timing events, e.g., a spin-tghdKaspi et al. 2003) or a spin-down
glitch (Archibald et al. 2013; Tong 2014), and/or changgsdriod derivative. Many magnetars show
different degrees of variations in their period deriva{iwoods et al. 2007; Dib & Kaspi 2014). The
timing variabilities imply that the magnetic dipole bragim a vacuum is a poor approximation in
the case of magnetars and magnetars may undergo wind bi@king et al. 2013).

The twisted magnetosphere model tries to understand thatike@dand timing behaviors of
magnetars using an untwisting neutron star magnetospbaan(pson et al. 2002; Beloborodov
2009). During the outburst, a magnetar is expected to haweedsing X-ray luminosity and de-
creasing spindown rate. However, the timing and flux evoiutf the Galactic center magnetar
SGR J1745-2900 has shown a negative correlation between X-ray luritinead spindown rate
(Kaspi et al. 2014). During nearly four months of observadicthe magnetars’s X-ray luminosity
decreased by a factor of two. In addition, the spindown rateciased by a factor of 2.6, and it is still
increasing. Kaspi et al. (2014) discussed changes in rsgidth open field lines. However, there
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is no quantitative calculation at present. The structumegions with open and closed field lines in
the magnetar magnetosphere has been calculated in the vaikiddpmodel (Tong et al. 2013). The

puzzling spindown behavior of this Galactic center magnetay be understandable in the wind
braking model. The spindown rate of SGR J17£2900 may contain some contribution from the
black hole at the Galactic center (Rea et al. 2013). Thegeforderstanding its spindown behavior
is very important.

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

Calculations in the wind braking model for SGR J174®00 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 ofonakihg. The decay of the star’s
magnetic energy may result in a bunch of particles, withl fogaticle luminosityL,. The particle
luminosity may be similar to the magnetar’s X-ray lumingsi¢Z,, ~ Ly ~ 103 ergs~!, Duncan
2000). There exists a maximum length.. for the coupling between the neutron star and its magne-
tosphere. The corresponding polar cap angtg ig-rom observations of quasi-periodic oscillations
in magnetarsy; is about0.05 (Timokhin et al. 2008; Watts 2011; Tong et al. 2013). All jpces in
this polar cap will try to flow out to infinity. Considering thresence of a large scale dipole mag-
netic field, some of these particles will be trapped. The omeradiusr,pen iS defined as the radius
where the particle kinetic energy density equals the locaymetic energy density (Harding et al.
1999; Thompson et al. 2000; Tong et al. 2013). Assuming tiseaeiniform distribution of particles
across the polar capgpen is (€4. (20) in Tong et al. 2013)

Fopen = 7 % 10765/ Lo 1(6,/0.05)%/% cm 1)

wherebg is the surface dipole field (at the magnetic pole) in unitshaf quantum critical field
(4.4 x 10" G) andL,, 35 is the total particle luminosity in units af)*° ergs~*. The polar cap angle
of the magnetic field line whose maximum radius equgls, iS fopen = (ro/ropcn)l/2 (whererg
is the neutron star radius, which is takenl&% cm during numerical calculations).

For particles in the polar cap region with< 6,,., they can flow out to infinity and carry away
the star’s rotational energy (dubbed the “wind region”)isTiharticle component may dominate the
spindown behavior of the central neutron star. It is denagef, (the wind luminosity). However,
particles in the polar cap region with,., < 6 < 605 will be trapped by the dipole magnetic field
(dubbed the “trap region”). These particles may finally ciboite to the X-ray luminosity of the
magnetar. If near one foot of the field lines, there is a domaih higher magnetic field strength
than the surrounding area (“magnetic spot,” analogous tmgot), a hot spot may be formed. The
pulse profile of SGR J17452900 has multiple peaks (Kaspi et al. 2014). This may be dukeo
presence of a multipole field (i.e., a magnetic spot).

1 The particle energy can be converted to either soft X-rayand X-ray luminosity (Thompson et al. 2002; Tong et al.
2010; Beloborodov 2013). For SGR J174B900, its soft X-ray luminosity dominates the electromagnenergy output
(Kaspi et al. 2014).
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Fig.1 A schematic diagram that illustrates the magnetospheteeiptesence of a particle wind.

The total particle luminosity is equal to the sum of wind lm@sity and X-ray luminosit§:
L, = L, + L. Observationally, some magnetars can have a nearly canstay luminosity early
during the outburst (which lasts for about 100 days, Rea &Eisp 2011). Then it is also possible
that the total particle luminosity can stay nearly constanabout 100 days. For a constant particle
luminosity L,,, if the polar cap anglé; changes, it will cause a negative correlation between X-ray
luminosity and wind luminosity (i.e., spindown rate). THeage in polar cap angle may be accom-
panied/triggered by a short burst. For SGR J172800, it had a short burst on MJD 56450 (Kennea
et al. 2013; Kaspi et al. 2014). After the short burst, sonsallmultipole field could be annihilated
(which would correspond to the disappearance of one puls#epeak, Kaspi et al. 2014). The
coupling length scale between the neutron star and the negpteere-,,,,, would increase (due to
a simplified magnetic field geometry). The polar cap adgleould also decrease. This could corre-
spond to the decreasing X-ray luminosity and enhanced spindate of SGR J17452900 (Kaspi
et al. 2014). Furthermore, the space density of the pastioley increase (due to a smaller polar cap
area). This would result in a harder spectrum (Kaspi et al420All these aspects are qualitatively
in agreement with the observations of SGR J172800, especially the decreasing X-ray luminosity
and the enhanced spindown rate.

2.2 Calculationsfor a Constant Particle Luminosity

According to the wind braking model of magnetars (Tong eRall3), the star’s rotational energy
loss rate due to the presence of a particle wind is (eq. (2B)irg et al. 2013)

1/2
B = <ﬂ) , B
Ey

2 There may be other sources of X-ray luminosity, e.g., irteheating (Vigano et al. 2013). As long as the contribution
from outflowing particles is comparable to those sources ,(they contribute equally), the description in this smttis still
valid.



1470 H. Tong

whereE,, is the rotational energy carried away per unit time by théiglarwind, andEj is the cor-
responding rotational energy loss rate for the simple @igpindown case. The presence of particle
wind results in an enhancement of the rotational energyrkites The wind luminosity.,, depends
on the total particle luminosity and the polar cap angle (28) in Tong et al. 2013)

Ly = 6 x 10%0, *° L2 (6,/0.05) "%/ erg s L. 3)

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

.\ 3/2
By = 3.3 x 10 (g) Ly 55(05/0.05)* G, (4)

where B, is the polar surface dipole field, add and P are the star’s rotation period and period
derivative, respectively. For a short duration (e.g., 1@9s), the star’'s surface dipole field and
rotation period change very little. Assuming a constaraltparticle luminosity, then the period
derivative is proportional to

P (65/0.05)74/3. (5)

Observationally, the spindown rate of SGR J172900 increased by a factor 26 (Kaspi et al.
2014). This requires that the polar cap angle is abditimes the initial valuefs y = 0.56 ; (where
0s; andd ¢ are the initial and final polar cap angle during the obseowetirespectively). The wind
luminosity is related to the total particle luminosity as

2

eopcn
Lw = Lp 92 5 (6)

since they are proportional to the corresponding polar ca@.& he X-ray luminosity is

. o 9c2)pcn
LX_LP—LW_LP<1—9—2>. 7)

The X-ray luminosity of SGR J17452900 decreased by a factor of two during the observations
(Kaspi et al. 2014). This requires that

Lx,f _ 1- ( open/92)
Lx,i 1- ( opcn/952)1

where Ly ; and Ly ¢ are the initial and final X-ray luminosities, respectivefyom Equation (1),
02 .. < 1/ropen o 652/ . Then@? /0% o 05 8/3_Using the above timing results, Equation (8)

open

can be rewritten as

—-05, (8)

1 — 2.62 (6200/0%);

=0.5. 9
( open/92)
Therefore, the two polar cap angles are related with eadr bth
(02pen/02); = 0.08, (10)

where the subscrigt means the initial value. From Equation (7) and using flux olat@®ns of
SGR J1745-2900 (Kaspi et al. 2014), the total particle luminosity i tivind braking model is:
L, = 1.7 x 10** ergs™! (assuming a flux o2 x 10~ ergs™! cm ™2 and a distance of kpc).
Solving Equations (4) and (10) together, the surface difielé and initial polar cap angle can be
obtained:By = 1.8 x 10'* G and6,; = 0.033. By is lower than the characteristic magnetic field
when assuming magnetic dipole braking in a vacuum (at thenetagpole, which i$.1 x 104 G
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using the first ephemeris in Kaspi et al. 2014). The corredppgopening radius is (Eq. (1))1 x
1019 cm. Itis slightly smaller than the light cylinder radiuss x 10*° cm. This is because the patrticle
wind will “comb out” magnetic field lines, which contributésthe rotational energy loss rate and a
lower surface dipole field is required. For SGR J172900, its particle wind is a little bit stronger
than its dipolar radiatiorts ; is similar to the estimated value using observations of iqpesodic
oscillations (which is about 0.05). This is the first timetttiee polar cap anglé() of magnetar wind
can be determined.

Therefore, in the wind braking model, SGR J174®00 is a magnetar with surface dipole field
By = 1.8 x 10 G and total particle luminosity.,, = 1.7 x 10%5 erg s~ L. Its initial polar cap angle
is 65; = 0.033. During the observation, its polar cap angle changdsidimes the initial value.
This causes the decrease in X-ray luminosity and enhandediaspn rate (Kaspi et al. 2014).

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

In the above calculations, a constant particle luminositassumed and the X-ray luminosity is
dominated by particles in the region with closed field linksother extreme case is that particles
in both regions with open field lines and closed field lines maytribute to the X-ray luminosity.
Then a model independent estimation for the particle lusityos L, = L, (Duncan 2000; Tong
et al. 2013). During the outburst, a decreasing magnetiggelease rate will cause a decreasing
X-ray luminosity (e.g., Thompson & Duncan 1996; Belobore@009). From Equation (4), in the
present case, the star's spindown rate is proportional to

P oc L2/3074% = 1230743 (11)

For SGR J17452900, its X-ray luminosity decreased by a factor of two, hstspindown rate
increased by a factor of 2.6 during the observations (Katsgl. 2014). This requires that the final
polar cap angle is smaller by a factor of 0.85; = 0.356; ;. The determination of the exact value
of the polar cap angle will require additional assumptidimwever, it will be different only in terms
of quantity from the above calculations. The physical redsothe negative correlation between the
X-ray luminosity and the spindown rate is the same: a smptiar cap opening angle will result in
a higher spindown rate.

3 DISCUSSION AND CONCLUSIONS

In pulsar studies, the magnetic dipole braking assumpsiarften employed. However, it assumes
an orthogonal rotator in a vacuum (Shapiro & Teukolsky 1983kal pulsar must have a magneto-
sphere. The magnetosphere of magnetars may be twisted oeanpith normal pulsars (Thompson
et al. 2002; Beloborodov 2009). However, the twisted maggptiere model does not consider the
rotation of the central neutron star (Thompson et al. 208iR)he field lines are closed in the twisted
magnetosphere model; there are no open field lines (i.e.plar pap). Considering current mod-
eling of normal pulsar spindown (wind braking, Xu & Qiao 20Q1 et al. 2014), magnetars can
also be spun down by a particle wind (Tong et al. 2013). Thégbarwind luminosity (powered
by magnetic energy) may be much higher than the rotatiorexggrioss rate. This will make wind
braking of magnetars qualitatively different from wind kirsg of normal pulsars (Tong et al. 2013).
The particle luminosity can also vary dramatically, like th-ray luminosity (since they are both
powered by magnetic energy). This may explain why magnetnshave so many timing events
(for a summary see Tong & Xu 2014). Compared with magnetioldipraking, the wind braking
model incorporates the existence of a neutron star magstetos. Compared with the twisted mag-
netosphere model, the wind braking model considers th&oataf the central neutron star from the
starting point. The wind braking model of magnetars (Tongle2013 and the calculations here)
use an aligned rotator, and a uniform charge density ovepadler cap. The spindown behavior is
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mainly determined by the total particle outflow. It is not weensitive to the inclination angle or
charge distribution.

Assuming the observed X-ray luminosity is solely due to owirces, it is unavoidable that
a particle wind is generated during the decay of the magfield (Thompson & Duncan 1996;
Beloborodov & Thompson 2007). This particle wind will havéuaninosity comparable to that of
the X-ray emissiong,, ~ Ly ~ 103° ergs~! (Thompson & Duncan 1996; Duncan 2000; Tong et al.
2013). Using Equation (4), the corresponding surface difield is By ~ 6.8 x 10 (65/0.05)2 G.
Itis similar to the surface dipole field in the case of magnéipole braking. Only a small fraction of
the particles flow out to infinity; most of them remain trapfprethe magnetosphere, where they will
collide with the stellar surface, scatter off X-ray photoets. (Thompson et al. 2002; Beloborodov
& Thompson 2007; Tong et al. 2010). Another X-ray componegenerated which is comparable
to the original X-ray component. Therefore, the outflowiragtizcles must contribute a significant
fraction to the X-ray luminosity. Previous studies favor agnetospheric origin for the X-ray lumi-
nosity during the outburst (Beloborodov 2011). The uppaitlof quiescent X-ray luminosity may
put a strong constraint on the contribution from other [stesit energy sources (Mori et al. 2013).
In summary, the assumption is reasonable that the X-raynosity (or at least half of it) may be
dominated by the contribution of outflowing particles.

According to numerical calculations, the total particlmlnosity of SGR J17452900isL,, =
1.7x10% ergs~!. If all these particles can flow out, this corresponds to thg&mum spindown case
L., = L, (Tong et al. 2013, sect. 3.2). Therefore, SGR J172800 has a maximum spindown rate.
Using equation (31) in Tong et al. (2013), the maximum pededvative iSP,,. = 2.2 x 10~ 1.

It is about two times higher than the period derivative indheond ephemeris of SGR J1 749000
(Kaspi et al. 2014). Using the measurement of the periodrekderivative (Kaspi et al. 2014), the
time required to reach this maximum spindown statéAs.. — P)/P =~ 240 days. Therefore,
SGR J17452900 may reach a state with the maximum spindown rate in atoeityear. If the
particle luminosity decreases a little at that time, theegponding period derivative will also be a
little smaller. The X-ray luminosity during the maximum sdown state will be very small since a
very small fraction of particles is trapped. Other sourdes-cay luminosity may only contribute a
relatively small part to the X-ray luminosity (Mori et al. 28). From previous experiences related
to magnetar outbursts (Rea & Esposito 2011), both the Xwuayiriosity and spindown rate will
decrease long after the outburst.

The timing behavior of magnetar Swift J1822.8606 is governed by the change in wind lu-
minosity (Tong & Xu 2013). However, the timing behavior of gmetar SGR J17452900 may be
dominated by the change in polar cap angle. In general, betlparticle luminosity and the polar
cap angle vary with time after the outburst. This may expllaedifferent radiative and timing cor-
relations in magnetars (Dib & Kaspi 2014 and referencesthrCombined with timing studies of
pulsars (Li et al. 2014 and references therein), not onlymatags but also normal pulsars undergo
wind braking (see Eq. (2)).

One consequence of the wind braking model of magnetars igyaetiam-powered pulsar wind
nebula (Tong et al. 2013). There is some weak evidence stipgpdhis outcome (Younes et al.
2012). From observations of the pulsar wind nebulae assatiaith normal pulsars, the nebula
luminosity is only aboutl0—* times the total particle luminosity(Kargaltsev et al. 2013). For
SGR J1745-2900, its particle luminosity is abou?® ergs~—'. At a distance oR kpc, with an
X-ray efficiency of abouti0~4, it is unlikely that the nebula can be observed using curelet
scopes (Kargaltsev et al. 2013). Furthermore, the paniaiel in the case of magnetars can only
exist for several years (the same duration as the outbarst)jts luminosity also decreases with
time, which will make its detection more difficult. Curremym-detections of wind nebulae do not
set constraints on this process (e.g., Archibald et al. 28&Bolz et al. 2014).

3 The particle luminosity is equal to the rotational energgslaate in the case of normal pulsars.
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In conclusion, in the wind braking model of magnetars, thengfe in polar cap angle may cause
a negative correlation between the X-ray luminosity andsgiiedown rate. A polar cap angle5
times the initial value will explain the decrease of X-rayninosity (by a factor of two) and en-
hancement of spindown rate (by a factor of 2.6) in SGR J¥2890. SGR J17452900 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, Lynchle{2014) reported their updated
timing of SGR J17452900. According to their polynomial fitting, the frequen@rivatives of this
source argf = —1.24 x 1072 Hzs™!, f = —1.05 x 107" Hzs 2 and f= 6.7 x 10727 Hzs >
(table 1 in Lynch et al. 2014). Therefore, the spindown ratkfinst increase (due to a negatiy9,
reaching a maximum then decrease (due to a posjtjve his is qualitatively consistent with our
model calculations. However, the polynomial fitting (twelvequency derivatives are employed by
Lynch et al. 2014) absorbs all the physical changes and haseaictive power. The spindown rate
as a function of time is required in order to determine thgiorof torque variations.
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