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ABSTRACT
A newly formed magnetar has been proposed as the central engine of short GRBs to explain
ongoing energy injection giving observed plateau phases in the X-ray light curves. These
rapidly spinning magnetars may be capable of emitting pulsed emission comparable to known
pulsars and magnetars. In this paper we show that, if present, a periodic signal would be
detectable during the plateau phases observed using the Swift/X-Ray Telescope recording data
in Window Timing mode. We conduct a targeted deceleration search for a periodic signal
from a newly formed magnetar in 2 Swift short GRBs and rule out any periodic signals in
the frequency band 10–285 Hz to ≈15–30 per cent rms. These results demonstrate that we
would be able to detect pulsations from the magnetar central engine of short GRBs if they
contribute to 15–30 per cent of the total emission. We consider these constraints in the context
of the potential emission mechanisms. The non-detection is consistent with the emission being
reprocessed in the surrounding environment or with the rotation axis being highly aligned with
the observing angle. As the emission may be reprocessed, the expected periodic emission may
only constitute a few per cent of the total emission and be undetectable in our observations.
Applying this strategy to future observations of the plateau phases with more sensitive X-ray
telescopes may lead to the detection of the periodic signal.

Key words: gamma-ray burst: general – stars: magnetars.

1 IN T RO D U C T I O N

The launch of the Swift satellite (Gehrels et al. 2004) has led to a
reformation in our understanding of early afterglow emission from
gamma-ray bursts (GRBs). Particularly, Swift highlighted that cen-
tral engine activity is often long lived, powering flares and plateaus
(Nousek et al. 2006; O’Brien et al. 2006; Zhang et al. 2006). Pro-
longed central engine activity is often explained as ongoing accre-
tion on to the newly formed black hole (BH) following the collapse
of a massive star (e.g. MacFadyen, Woosley & Heger 2001).

For short GRBs (SGRBs), typically with durations of T90 ≤
2 s1 (Kouveliotou et al. 1993), prolonged accretion is not expected
within the standard progenitor model. They are thought to originate
from the merger of a compact binary system constituting of two
neutron stars (NSs) or an NS and a BH (Lattimer & Schramm 1976;

� E-mail: b.a.rowlinson@uva.nl
1 Though we cannot rely upon prompt emission alone to unambiguously
identify SGRBs (e.g. Bromberg et al. 2013; Qin et al. 2013).

Eichler et al. 1989; Narayan, Paczynski & Piran 1992). In this
model, the accretion is expected to end within ∼2 s (e.g. Rezzolla
et al. 2011) powering the prompt gamma-ray emission. Possible
late time accretion of material on highly eccentric orbits could
lead to flares in the X-ray light curve but cannot power prolonged
plateau phase (e.g. Rosswog, Piran & Nakar 2013). However, stud-
ies of SGRB X-ray light curves has shown that there is evidence
of plateau phases signifying prolonged energy injection that cannot
be explained by this theory (Rowlinson et al. 2010, 2013; Lü &
Zhang 2014).

An alternative model is that the central engine of GRBs is a newly
formed millisecond pulsar with a high magnetic field and suffi-
cient rotational energy to prevent gravitational collapse (referred
to as a magnetar; Duncan & Thompson 1992; Usov 1992; Dai &
Lu 1998a,b; Zhang & Mészáros 2001). The magnetar can be formed
in a variety of ways; during the collapse of a massive star (e.g.
Metzger et al. 2011), via accretion induced collapse of an NS or
a white dwarf (e.g. Usov 1992) or the merger of two NSs (Dai &
Lu 1998a; Dai et al. 2006; Yu & Huang 2007). This model predicts
a plateau phase in the X-ray light curves originating from dipole
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emission from the rapidly spinning down magnetar (assuming con-
stant radiative efficiency; Zhang & Mészáros 2001). As the magne-
tar spins down, the plateau slowly turns over to a power law decline.
If the newly formed magnetar is unstable (i.e. the mass supported
by its rapid rotation is greater than the maximum allowed mass of
an NS), then it will reach a critical point at which it is unable to
support itself and will instead collapse to form a BH. At that point,
the energy injection is rapidly turned off leading to a steep decay
phase in the X-ray light curve rather than a shallow decay phase
(Troja et al. 2007; Lyons et al. 2010; Rowlinson et al. 2010, 2013).

This model has been fitted to large samples of Long GRBs
(LGRBs; e.g. Lyons et al. 2010; Dall’Osso et al. 2011;
Bernardini et al. 2012; Lü & Zhang 2014; Yi et al. 2014),
all Swift SGRBs with sufficient X-ray observations (Rowlinson
et al. 2010, 2013; de Ugarte Postigo et al. 2014; Lü & Zhang 2014)
and has been proposed to explain energy injection in the class of
SGRBs with extended emission (e.g. Metzger, Quataert & Thomp-
son 2008; Bucciantini et al. 2012; Gompertz et al. 2013; Gompertz,
O’Brien & Wynn 2014; Gibson et al. 2017). The fitted magnetar pa-
rameters for all of these candidates are consistent with the expected
values for newly formed magnetars, although there is no conclu-
sive proof to date that magnetars are the central engines. Rowlinson
et al. (2013) suggested that the next generation gravitational wave
detectors may be able to provide this proof, as a newly formed mag-
netar has been predicted to produce an additional gravitational wave
signal following the initial inspiral signal (Corsi & Mészáros 2009;
Giacomazzo, Rezzolla & Baiotti 2011; Melatos & Priymak 2014;
Dall’Osso et al. 2015; Lasky & Glampedakis 2016), however the
expected detection rates are very low.

Alternatively, if a magnetar is the central engine powering GRBs,
we might expect to see periodic features in the emission. Known
magnetars have clear periodic signals in their emission caused
by their rotation periods (e.g. Mazets et al. 1979; Kouveliotou
et al. 1998). The X-ray pulsations typically contribute to 30 per cent
of the signal, with a range of 10–80 per cent (Israel et al. 1999;
Kargaltsev et al. 2012; Kaspi & Beloborodov 2017). There is an
energy dependence on the pulsed fraction of the signal, where low
energies tend to have smaller pulsed fractions (Vogel et al. 2014).
Detection of a periodic signal during the plateau phase in the X-
ray light curve would provide excellent supporting evidence for
the magnetar central engine model. There have been searches for a
periodic signal in the prompt emission of GRBs with a number of in-
struments with no success, for example: Burst And Transient Source
Experiment (BATSE) GRBs ( Deng & Schaefer 1997), INTErna-
tional Gamma-Ray Astrophysics Laboratory (INTEGRAL) GRBs
(Ryde et al. 2003), GRB 051103 (an extragalactic Soft Gamma-ray
Repeater giant flare candidate detected by the Inter Planetary Net-
work; Hurley et al. 2010) and Burst Alert Telescope (BAT) GRBs
(Cenko et al. 2010; de Luca et al. 2010; Guidorzi et al. 2012).
Dichiara et al. (2013) searched the prompt emission of a number
of short GRBs for evidence of a precessing jet (predicted by Stone,
Loeb & Berger 2013). However, these searches typically target the
prompt emission and have not probed the regime where we might
expect periodic signals from a magnetar central engine (i.e. during
the plateau phase). Only two GRBs have been searched for peri-
odic emission during the X-ray observations when the magnetar
central engine may dominate the emission, GRB 060218 (Mirabal
& Gotthelf 2010) and GRB 090709A (Mirabal & Gotthelf 2009; de
Luca et al. 2010). The prompt emission of GRB 090709A possibly
showed evidence of a periodic signal (Golenetskii et al. 2009; Gotz
et al. 2009; Markwardt et al. 2009; Ohno et al. 2009), however
this was ruled out with a more careful analysis of the prompt data

from BAT, X-ray Telescope (XRT) and X-ray Multi-mirror Mission
(XMM) observations of the X-ray afterglow (Cenko et al. 2010; de
Luca et al. 2010). However, in the majority of these studies, the
authors have targeted a constant spin period whereas a magnetar
central engine is expected to have a rapidly decelerating spin pe-
riod which would be very difficult to detect in standard searches for
periodic signals. Dichiara et al. (2013) did conduct a deceleration
search, however they were targeting signals in the prompt emission
where we do not expect the signal from a spinning down magnetar.

In this paper, we present the first targeted deceleration search for
a periodic signal associated with a spinning down magnetar central
engine. For a successful periodicity search we require:

(i) A GRB which is not in a high density environment or have a
progenitor which may have blown off a large amount of material,
as this could lead to reprocessing of the emission which may dilute
the periodic signal.

(ii) A plateau phase showing evidence of energy injection within
the X-ray observations. The magnetar component should dominate
the light curve in order to get the largest periodic signal, so we need
GRBs which have a minimal standard afterglow component.

(iii) Window Timing (WT; Burrows et al. 2005) mode observa-
tions covering part of the plateau phase. WT mode provides the
timing resolution required for a millisecond periodicity search.

(iv) A good redshift constraint.

We propose that SGRBs provide the ideal data set for this anal-
ysis as they are expected to occur in low-density environments
and typically have a faint afterglow. From the analysis in Rowlin-
son et al. (2013), we identified two, unambiguously short, SGRBs
which satisfied these criteria: GRB 090510 and GRB 090515 (most
likely to originate from one of two galaxies at redshifts of 0.403 and
0.657; Berger 2010). Section 2 describes the periodic signals pre-
dicted from the magnetar central engines that are consistent with the
X-ray light curves of these SGRBs. In Section 3, we describe the pe-
riodicity search conducted and provide the results, while Section 4
discusses the theoretical implications of our observations and the
likelihood of the production of a detectable signal.

2 PE R I O D I C SI G NA L PR E D I C T I O N S

The magnetar spin period and spin-down rate are analytically pre-
dictable using the dipole radiation model which is fitted to the X-ray
light curves of the SGRBs. The initial magnetic field strength and
spin period are given by (Zhang & Mészáros 2001):

B2
p,15 = 4.2025I 2

45R
−6
6 L−1

0,49T
−2
em,3

(
ε

1 − cos θ

)
, (1)

P 2
0,−3 = 2.05I45L

−1
0,49T

−1
em,3

(
ε

1 − cos θ

)
. (2)

Where B15 is the magnetic field strength of the newly born mag-
netar in 1015 G, P0, −3 is the initial spin period of the magnetar
in ms, I45 ∼ M1.4R

2
6 is the moment of inertia of an NS where

I = 1045 g cm2 I45, R6 is the radius of the magnetar in 106 cm,
M1.4 is the mass of the magnetar in 1.4 M�, L0, 49 is the plateau
luminosity in 1045 erg s−1 and Tem, 3 is the plateau duration in 103 s.
In both equations, we also include the dependence on the beaming
angle (θ ) and the efficiency in conversion of the rotational energy
into the observed X-ray emission (ε). Additionally, we do not know
the mass or radius of the newly formed magnetar. The mass of the
newly formed magnetar is expected to be 1 ≤ M1.4 ≤ 1.5 there-
fore, as P0,−3 ∝ M0.5

1.4 , the spin period is only expected to vary by
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∼20 per cent which is not significant in comparison to the other
uncertainties caused by efficiencies and beaming. Magnetars may
be formed with radii up to ∼30 km (Ott et al. 2006), however, it is
expected that they will stabilize at a typical NS radius of R6 ∼ 1
within the first few seconds (Metzger et al. 2011). Therefore, in this
paper we assume M1.4 = 1.5, as the newly formed magnetar is most
likely to be a massive neutron star, and R6 = 1.

The magnetar emission is assumed to be isotropic and
100 per cent efficient for fitting purposes, however, it is important to
note that this is an idealized situation and changes to this assumption
can cause significant differences in the output values for B15 and
P0, −3 (see the discussion in Rowlinson et al. 2010, 2013). We ac-
count for these uncertainties later in this section. Using the method
described in Rowlinson et al. (2013), the observed 0.3–10 keV light
curves of the SGRBs were converted into rest frame 1–10 000 keV
light curves and fitted using the magnetar central engine plateau
model, given by equations (2) and (1), and the parameters for each
of these GRBs are provided in Table 1. These fits determine the
initial spin period of the magnetar, however, the magnetar is rapidly
spinning down so we also need to predict the spin-down evolution.
To do this we can use, from Piro & Ott (2011),

d�

dt
= Ndip

I
(3)

Ndip = −1.5 × 1045μ2
33P

−3
−3 , (4)

assuming there is no ongoing accretion. Where μ is the dipole
magnetic moment, μ33 = B15R

3
6 = 1033 G cm3 μ, � = 2π

P−3
is the

angular velocity and Ndip is the torque from the dipole emission
(Piro & Ott 2011). We note Bucciantini et al. (2006) derive a more
complex torque from dipole emission, taking into account open
magnetic flux tubes in an accreting magnetar system, however, the
accretion is expected to have ended prior to the emission we observe
and this additional complexity is not required. By substitution of
equations (1) and (2) into equations (3) and (4) followed by inte-
gration, we can predict that the spin period evolution with time can
be described by:

ν = (
5 × 10−7xt + 10−6P 2

0,−3

)− 1
2 s, (5)

where ν ≡ 1/P and

x = B2
15R

4
6

2πM1.4
. (6)

By differentiation we can determine the spin-down rate to be given
by:

ν̇ = −5 × 10−7 x

2
ν3 Hz s−1 (7)

Additionally, we assume that the magnetar is spinning down purely
via dipole radiation so the relationship between the spin and its
spin-down properties are well defined using the breaking index:

n = νν̈

ν̇2
(= 3 for dipole spin-down). (8)

This assumption is intrinsic to the magnetar model typically fit-
ted to the X-ray plateaus (Zhang & Mészáros 2001), however,
known young pulsars are known to be spinning down differently
to this, with braking indices n < 3, (e.g. Manchester, Newton
& Durdin 1985; Lyne, Pritchard & Graham-Smith 1993; Camilo
et al. 2000; Livingstone et al. 2007; Espinoza et al. 2011). Recently,
Lasky et al. (2017) extended the magnetar model to use the late time
decay slope to constrain the spin-down of a magnetar central engine
in two SGRBs. One of their sample is fitted with n = 2.6 ± 0.1 (GRB

Figure 1. The spin frequency of the magnetar evolves with time since
the formation of the magnetar (assuming it forms at the time of the
BAT trigger), here we plot the observer frame spin frequency for each
of the GRBs in the sample. The black solid lines show the start and end of
the WT mode observations and the red dotted line marks the time at which
the magnetar collapses to form a BH. This plot assumes a beaming angle of
10◦ and efficiency of 10 per cent.

140903A), consistent with the observed n < 3 braking indices in
millisecond magnetars. The other, GRB 130603B, has n = 2.9 ± 0.1
as expected for dipole radiation. Therefore, the assumption of pure
dipole radiation is likely to be consistent for at least some of the
magnetar engines fitted in the SGRB sample but likely not all. Un-
fortunately, neither GRB in Lasky et al. (2017) have sufficient WT
mode data to be included in our sample. However, it is promising
that in the future we may be able to directly measure the braking
index for SGRBs and, combined with the required WT mode data,
obtain a much deeper constraint on periodic emission. In this paper,
we consider the impact of different braking indices and this issue
will be discussed further in Section 3.

Using equations (5), (7) and (8) alongside the magnetic field
strengths and rest frame spin periods obtained, we can describe
how the spin frequency of the newly formed magnetar evolves
with time. The rest frame spin frequencies are then converted into
observed frame spin frequencies that we might expect to detect from
the timing analysis conducted in Section 3. In Fig. 1 we show how
the spin frequency evolves during the WT mode observation for
each of the SGRBs. However, from these plots it is clear that the
spin frequency can decrease significantly from the start of the WT
observation to the end of the WT observation so any periodicity
searches will need to account for this rapid spin-down.
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Table 1. Basic properties of the sample GRBs, for the hostless GRB 090515 we utilize the redshift values from the tyeswo most likely host
galaxies (Berger 2010). Magnetar parameters are obtained from the magnetar fits in Rowlinson et al. (2013) and de Ugarte Postigo et al. (2014),
assuming that the magnetar emission is isotropic and 100 per cent efficient (see the text for more details). If the magnetar is unstable, the rest
frame collapse time is provided. Additionally, we give the observed frame WT observation start and end times relative to the trigger time.

GRB Redshift T90 L0, 49 B15 P−3 Rest frame collapse time WT observation time
(s) (1049 erg s−1) (1015 G) (ms) (s) (s)

090510(1) 0.9 0.3 ± 0.1 2.14+0.51
−0.35 5.06+0.27

−0.23 1.86+0.04
−0.03 – 94–294

090515(2) 0.403 0.04 ± 0.02 0.67+0.47
−0.28 14.15+2.39

−2.46 4.16+0.18
−0.22 214 70–195

090515(2) 0.657 0.04 ± 0.02 2.14+1.12
−0.78 9.37+1.30

−1.30 2.53+0.1
−0.1 181 70–195

(1)Ukwatta et al. (2009); de Pasquale et al. (2010); McBreen et al. (2010)
(2)Barthelmy et al. (2009); Rowlinson et al. (2010); Berger (2010)

As previously stated, the efficiency in converting the rotational
energy into the observed plateau and the beaming angle of the
emission have a significant impact on the spin periods predicted.
However, both of these are currently unknown; here efficiencies are
assumed to lie within the range 1–100 per cent while jet opening
angles for SGRBs are thought to range from 1–20 degrees or more
(e.g. Popham, Woosley & Fryer 1999; Ruffert & Janka 1999; Aloy,
Janka & Müller 2005; Rosswog 2005; Rezzolla et al. 2011). Fig. 2
shows the periodicity at the start of the WT mode observation
for each of the GRBs as a function of both the efficiency and
beaming of the observation. The region above the blue dash-dot line
illustrates the region that cannot be probed using the observations
due to the timing resolution of the Swift WT mode observations.
We also show the spin break-up frequency of a 1.4 M� NS in the
observer frame for each of the GRBs (red dotted line) above which
no NSs can exist. Rowlinson et al. (2014) showed that the observed
correlation between the plateau luminosity and duration for GRBs
(e.g. Dainotti, Cardone & Capozziello 2008) can be used to tightly
constrain the efficiency and beaming angle of the emission from the
magnetar central engine. A probability contour plot was produced
by this analysis, providing the probability that the magnetar model
is consistent with the observed data set as a function of different
beaming angles and efficiencies. We use the 50 per cent probability
contours from the analysis of Rowlinson et al. (2014) to reject
regions of the beaming and efficiency parameter space, thus more
tightly constraining the properties of the magnetar. The upper and
lower 50 per cent contours are well fitted with simple exponential
equations and we use these fits to incorporate the allowed region
of the parameter space into the modelling of the periodic signal.
All combinations of beaming angles and efficiencies that do not
lie within these contours are excluded from the modelling. After
applying these constraints, we note that all of the expected spin
periods for the SGRBs lie within the detectable range for the WT
mode data. Using the allowed spin periods, we extract the range
of values for ν, ν̇ and ν̈ that we want to probe for each GRB,
provided in Table 2. Although these numbers are strongly related
(see equations 5–8), we search the entire region of this parameter
space for simplicity.

Finally, we note that in the first seconds following the initial
formation, the thermal emission of the neutron star is likely to
dominate, with a temperature of 5–40 MeV (e.g. Kaplan et al. 2014,
and references therein), leading to the expectation of a low pulsed
fraction. However, the newly formed neutron star will be cooling
extremely rapidly. Duncan, Shapiro & Wasserman (1986) predict
the emerging photon flux, Lph, from a hot neutron star as

Lph

LE
= 50t− 7

12 T
7
4

10R
17
9

6 M−1
1.4 , (9)

Figure 2. The range of observer frame spin frequencies (at the start of the
WT mode observation) for each GRB is plotted as a function of the beaming
angle of the emission and the efficiency of converting the rotational energy
to the observed X-ray emission. The blue dot–dashed line represents the
WT mode resolution and all combinations in the white portion of each
plot would be undetectable. The red dotted line shows the spin break-up
frequency of a 1.4 M� NS, above which no stable NSs can be formed. The
black-grey shaded regions represent the 50 per cent probability contours
from Rowlinson et al. (2014), which constrain the efficiency and beaming
angles to values compatible with the observed GRB sample.
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Table 2. The parameter space of ν, ν̇ and ν̈ in which we want to search for
a periodic signal for each GRB. We provide two search regimes for 090515,
corresponding to the two possible redshifts for this burst.

GRB ν ν̇ ν̈

(Hz) (−1 × 10−3 Hz s−1) (×10−6 Hz s−2)

090510 74–198 8.7–23 3.0–8.2
090515 (0.403) 44–118 14–39 14–38
090515 (0.657) 62–165 17–46 14–38

Table 3. Summary of Swift/XRT observations used in the pulse search.

GRB ObsID Exposure Nr. Photons Bkg count rate
(s) (ct s−1)

090510 351588000 172 800 0.06
090515 352108000 134 916 0.16

where T10 is the initial temperature of the star and t is the time
after formation in seconds. LE is the Eddington Luminosity of the
star, given by LE = 4πGMc

κph
erg s−1, where G is the gravitational

constant, c is the speed of light, M is the mass of the neutron
star and κph is the photon opacity (taken to be 0.4 cm2 g−1). In
the scenarios considered in this publication, the X-ray observations
typically start after the first 70 s (in the observer frame). Utilizing
equation (9), the neutron star parameters assumed previously and
the hottest initial temperature of the neutron star from Kaplan et al.
(2014), we show that the thermal photon luminosity at the start
of the X-ray observations is �1040 erg s−1. Therefore, the thermal
photon luminosity is several orders of magnitude lower than the
spin-down luminosities, ∼1049 erg s−1 (given in Table 1), leading
to the expectation of a higher pulsed fraction.

This analysis has shown that a periodic signal resulting from a
magnetar spinning down via dipole radiation would be detectable
by Swift/XRT in WT mode observations for these SGRBs and rea-
sonable combinations of the efficiency and beaming angle. Note this
analysis assumes that the plateau emission contains a highly pulsed
component which is detectable above the continuum emission, in
Section 4 we discuss the likelihood of this.

3 TI M I N G A NA LY S I S M E T H O D A N D R E S U LT S

3.1 X-Ray Data

In view of our preceding discussion, we analysed two targeted
Swift/XRT observations on the two GRBs previously discussed.
We used only data recorded with a time resolution of 1.766 ms
(WT-mode) and we extracted the source counts from a circular
region of radius 30 arcsec centred on the brightest pixel and in the
energy range 0.5–10 keV. The background was calculated from a
similar extraction region placed as far as possible from the source
location. A summary of the total length of the observations, the total
number of photons, the background count rate and the observation
ID are summarized in Table 3.

3.2 Simple periodicity search

The first type of pulse search we adopted is the simplest one and is
based on a by-eye inspection of power spectra of different length.

We calculated Fourier transforms with length between 4 s and 128 s
with no background subtraction and/or dead time correction applied
prior to the calculation. Then we averaged each power spectrum by
Leahy-normalizing them by subtracting a Poissonian (counting)
noise level incorporating dead-time effects as explained in Zhang
et al. (1995).

We first looked for candidate pulsations with a power exceeding
a threshold power of 30, which would correspond to a 3σ detection
(single trial). We then produced dynamical power spectra of 4-s
length each and looked for patterns in the peak powers. In neither
case we had a candidate to follow up. If we assume that the pulse
power remains in one Fourier frequency bin during the entire ob-
servation, then we can place upper limits on the root-mean-square
(rms) pulse amplitude under the assumption that the power spectrum
contains only white (counting) noise (van der Klis 1988):

rms = [2(S/N ) · (S + B)]1/2 S−1T
−1/2

obs , (10)

where S and B are the signal and background count rates, respec-
tively, S/N is the target signal-to-noise of the pulsations (i.e. the
single trial significance) and Tobs is the length of the power spec-
trum (in seconds). Upper limits for an S/N ≈ 5 are of the order of
10 per cent rms for both observations. When looking at the 4-s long
dynamical power spectra, we would have detected a signal with an
S/N ≈ 3 if the rms amplitude of the pulsations had been in excess
of approximately 50 per cent.

We caution that since we expect a very rapid drift of the pulse
frequency over time the power will spread across multiple bins.
Therefore our assumption of having the power in one Fourier fre-
quency bin breaks down and the aforementioned 10 per cent upper
limits become unrealistic. The amount of bins over which the power
spreads depends on the deceleration of the pulsar.

3.3 Deceleration search

As a first approximation we can consider a neutron star decelerating
at a constant rate. The maximum number of bins zmax over which
the spin frequency power will spread is thus (Ransom, Eikenberry
& Middleditch 2002):

zmax = amaxT
2

obsNharm ν

c
, (11)

where amax is the maximum allowed (radial) deceleration, Nharm is
the harmonic number and c is the speed of light. The acceleration
can be calculated from our estimated ν̇ in the preceding sections.
Since the maximum ν̇ is of the order of −0.01 Hz s−1, our maximum
acceleration would give a drift of the order of 50 000 m s−2 and a
maximum number of bins of the order of a few hundreds.

To begin with, we performed a deceleration search with the soft-
ware PRESTO (v.17Mar15) on our Swift/XRT time series (Ransom
et al. 2002). The search uses matched filtering techniques to add
power of a drifting spin frequency under the assumption that the
drift is approximately constant in time (i.e. there is a constant de-
celeration). The search was carried for frequencies in the range
10–283 Hz (i.e. our Nyquist frequency) and for zmax = 800. We
searched pulsations under the assumptions that no harmonic con-
tent was present in the data, which is a good assumption if the
expected pulse emission patters is nearly sinusoidal (as is the case
for a Lambertian emitter like a hotspot). The significance is cal-
culated by looking at the power returned by the matched filtering
technique and then it is transformed into a false alarm probability
from a chi-square distribution. No candidate above 3σ was found
in any of the GRB used.
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Table 4. Summary of grid values used for signal injection in our simulated
time series. Here ν and ν̇ are the spin frequency and the spin frequency
derivative of the injected signal.

Parameter Initial value Step size Number of steps

ν (Hz) 10 10 27
ν̇ (Hzs−1) −0.01 0.003 3
rms Amplitude ( per cent) 10 2 20
Braking index 2.5 0.5 3

3.4 Sensitivity and upper limits

To determine the sensitivity of our search we performed a set of
Monte Carlo simulations where we generated simulated time series
having the same sampling time, number of photons (following a
Poisson distribution) and duration of the original Swift/XRT time
series. The simulated time series contain an injected sinusoidal
signal whose phase evolves in time. The time evolution is described
in terms of a frequency, frequency derivative and braking-index,
whose values cover a 3D grid (see Table 4). The deceleration search
is then applied to the time series. The procedure is then repeated by
increasing the amplitude of the signal from a minimum of 10 per cent
rms in steps of 2 per cent up to 50 per cent rms.

Since we are working under the assumption that our deceleration
is constant, we also investigated the effect of the braking index n,
by setting it to zero while exploring the other grid parameters. The
simulations show that the effect of a varying braking index on the
detection sensitivity is small. This is indeed expected, since the total
length of the observations is short and thus the variation of ν̇ is not
dominant.

For both GRB090515 and GRB090510, the deceleration search
shows a robust detection (>3σ ) when the the rms amplitude of the
pulsations is larger than about 30 per cent rms in all grid points (with
the exception of the lowest spin frequency injection at 10 Hz). The
minimum rms amplitude for which we have a detection is about
15 per cent rms. This means that if a signal of 30 per cent rms or
more had been present in one of the two GRBs analysed, we would
have certainly detected a signal at any of the frequencies accessible.
We summarize the results in Fig. 3.

The Swift/XRT suffers of a known drop-off in power at high
frequencies related to the read-out mode. To verify whether such
an effect is present in our data we created power density spectra
that were then inspected to verify the presence of a drop-off. GRB
090510 shows no clear drop-off at all frequencies considered. GRB
090515 shows instead a small drop-off above a Fourier frequency of
≈100 Hz. Therefore for this GRB, the number quoted in this work
should be considered reliable up to ≈100 Hz.

4 D ISCUSSION OF POSSIBLE ORIGINS O F
PULSATIONS

In the previous sections, we assumed that there would be a periodic
signal associated with the spin frequency of a rapidly spinning
down magnetar in the light curve. We showed that this periodic
signal would be detectable in the WT mode observations when
using a deceleration search and found no periodic signal in excess
of ≈15–30 per cent rms of the total flux. In this section, we discuss
the potential sources of periodic emission and the likelihood that
they would be detectable.

Figure 3. Results of the Monte Carlo simulations on GRB 090515. The
vertical grid lines refer to the spin frequency signal injected in the different
simulations. The horizontal line is the 3σ threshold for a detection. The
purple circles are injections with an rms amplitude of 14 per cent, the black
squares 21 per cent and the grey asterisks 28 per cent. All injected frequen-
cies (except the 10 Hz one) are recovered with a significance >3σ when the
rms amplitude is equal to 28 per cent. Below the 14 per cent rms amplitude
there are no detections above the 3σ level. Very similar results are recovered
for GRB 090510.

Our first consideration is the environment of the magnetar. If it
is surrounded by an optically thick cloud of material, the fractional
amplitude of the pulsed emission drops exponentially with optical
depth and, hence, very difficult to detect. During the merger process,
a very dense ejecta is expected and this has been modelled in sim-
ulations. The ejecta is not isotropic and with a preferred direction
along the equatorial plane (e.g. Rosswog et al. 1999), leaving the
region along the rotation axis reasonably clean. As we are observ-
ing emission from the relativistic jet, we know the viewing angle is
close to the rotational axis, while the relativistic jet itself is optically
thin (e.g. Piran 2004; Metzger et al. 2011). So our viewing angle is
most favourable for the periodic emission to escape.

4.1 Quasi-periodic emission from disc procession

The accretion disc around the central object (black hole or mag-
netar) may become warped via differential precession and the am-
plitude peaks when the spin axis of the central object is highly
misaligned relative to the accretion disc (Roland, Frossati &
Teyssier 1994; Blackman, Yi & Field 1996; Portegies Zwart, Lee
& Lee 1999; Reynoso, Romero & Sampayo 2006; Liu et al. 2010;
Stone et al. 2013). The initial quasi-periodic signals have spin peri-
ods of the order of 50 ms (Stone et al. 2013). However, for SGRBs
the accretion disc is expected to be gone within a few seconds
(Rezzolla et al. 2011) and hence this signal would only be expected
during the prompt emission and not during our observations so we
rule out this mechanism for our analysis. This signal has been sought
in periodicity searches of a set of BAT, GBM and BATSE SGRBs
by Dichiara et al. (2013) but remains undetected to date.

4.2 Pulsar emission

The magnetar central engine is a highly magnetised, millisecond
pulsar so we might expect it to emit pulses similar to those ob-
served from known pulsars and magnetars, assuming that the ob-
served emission originates directly from the magnetar. We observe
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periodic emission from pulsars due to a misalignment between the
magnetic axis and the rotation axis; a hotspot at the magnetic poles
sweeps in and out of view as the neutron star rotates giving a charac-
teristic pulse. The maximal signal occurs when the magnetic axis is
orthogonal to the rotation axis and the viewer is also orthogonal to
the rotation axis. However, as we have observed an SGRB, we know
that the viewing angle is along the initial jet and, hence, close to the
rotation axis so very little pulsed emission is expected. There is a
chance that the observing axis is off the rotation axis as the jet has
a particular opening angle (predicted to be 1–20 degrees; Popham
et al. 1999; Ruffert & Janka 1999; Aloy et al. 2005; Rosswog 2005;
Rezzolla et al. 2011), so there may still be a periodic component to
the emission.

However, the magnetic fields and rotation axis are also expected
to be highly aligned due to the dynamo mechanism that produces the
high magnetic fields (Cheng & Yu 2014; Giacomazzo et al. 2015).
Cutler (2002) show that the rotation axis and dipole field can be-
come orthogonal on a given time-scale, the dissipation time-scale,
if this is less than the electromagnetic spin-down time-scale (i.e.
<103Tem, 3 s). The dissipation time-scale is defined by Cutler (2002)
as:

1

τDIS
= 3 × 10−8s−1

(
104

n

) (
ν

300 Hz

)(
εB

10−7

)
, (12)

where n is a factor related to the spin-down mechanism and εB is
the quadrupolar distortion of the neutron star due to the magnetic
field. This is ∼107 s with typical parameters and hence is orders of
magnitude longer than the electromagnetic spin-down time-scales
of the magnetars considered in this paper. Dall’Osso, Shore & Stella
(2009) extend this analysis to consider the special case of new born
magnetars and show the condition for the two axes to become
orthogonal is given by:

EB

1050 erg
� 2.1

M1.4

P 2
−3

(
3 + ln
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10B15
+ ln
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0.48R4
6

)
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where EB is the internal magnetic energy. Using typical parame-
ters alongside the predicted magnetic fields and spin periods for
the magnetars considered in this analysis, we find the magnetars
considered in this paper are typically rotating too slowly for their
axes to become completely misaligned on the spin-down time-scale.
Therefore, we expect the magnetic axis and the rotational axis to be
close to aligned throughout the spin-down time-scale (note that even
in the case where the rotational axis and magnetic axis are perfectly
aligned, the system is still expected to spin-down via dipole radi-
ation; Goldreich & Julian 1969). Recently Lasky & Glampedakis
(2016) considered the time-scale for the axes to become misaligned
using the neutron star cooling time-scale, showing that for very
low values of magnetic field-induced ellipticity it is possible for the
axes to become misaligned before the temperature of the neutron
star drops significantly. Therefore, the magnetic axis and the rota-
tional axis could become misaligned for the magnetars we consider
in this publication as they are likely to have very low values of
magnetic ellipticity. We also note that the analysis above considers
the internal toroidal magnetic field axis of the neutron star and,
following Lasky et al. (2017), we have assumed that the surface
dipole field axis is locked to this internal field. Observations of
known magnetars suggest that the magnetic field and spin axes are
typically slightly misaligned (Kaspi & Beloborodov 2017).

Therefore, very little periodic emission from a pulsar component
may be expected due to two reasons:

(i) The viewing angle is very close to the rotation axis, so only
a small proportion of the emission is expected to be pulsed even if
the magnetic and rotation axes are completely orthogonal.

(ii) The magnetic and rotation axes are likely to be highly aligned
at birth and are unlikely to become orthogonal on the spin-down
time-scales of the magnetars studied in this paper.

In their studies of PSR J0821-4300, Gotthelf, Perna & Halpern
(2010) calculated the pulsed fraction of the X-ray emission as a
function of the viewing angle and hotspot angle from the rotation
axis. They show that once these angles are greater than 
5 degrees,
the pulsed X-ray fraction exceeds ∼20 per cent (note there is also
an energy band dependence). Therefore, assuming we are directly
observing hotspot emission (similar to that in standard pulsars), our
upper limits on the pulsed fraction show that the observing angle
and magnetic field axis need to be �5 degrees from the rotation
axis.

Considering pulsed emission from magnetars, our limits of 15–
30 per cent are probing many of the typical pulsed fractions observed
in known magnetars (Israel et al. 1999; Kargaltsev et al. 2012; Kaspi
& Beloborodov 2017). We have used the full energy band of Swift
to obtain sufficient photons, 0.3–10 keV, where the pulsed fraction
may be lower (Vogel et al. 2014). However, we note that these
photons we observe are redshifted and hence we are probing higher
energy emission where the pulsed component is expected to be
larger.

4.3 Pulsations from time-dependent scattering in the
magnetosphere

The detection of X-ray pulsations during the radio quiet mode of
PSR B0943+10 (Hermsen et al. 2013) presents an alternative to
the standard pulsar model described in Section 4.2. During the
radio quiet mode, the X-ray data has a 100 per cent pulsed thermal
component in addition to a non-thermal component, consisting of
∼50 per cent of the total X-ray emission. PSR B0943+10 has a
rotation axis which is thought to be only 9 degrees away from the
observer angle and has a nearly aligned magnetic axis, similar to
the expected configuration for the magnetar central engine model.
Hermsen et al. (2013) suggest that the X-ray pulsations originate
from a scattered component from within closed magnetic field lines.
This model could also be applicable to the magnetars considered in
this analysis and, assuming we are able to directly observe the pulsar
magnetosphere, may lead to a detectable pulsation signal during the
X-ray plateau. As we rule out a pulsed fraction of ∼15–30 per cent,
we are not directly observing this emission.

4.4 Reprocessing of emission

The observed light curves are consistent with the energy origi-
nating from the spin-down luminosity of a magnetar (Zhang &
Mészáros 2001; Metzger et al. 2011) however, it is not clear where
or how the observed X-ray photons are emitted. The mechanisms
discussed in Sections 4.2–4.4 assumed we were directly observ-
ing the magnetar or its immediate surroundings, however, this is
unlikely and the emission is most likely to be reprocessed. The
magnetar central engine is expected to emit a strong wind that inter-
acts with itself and the local environment (e.g. Metzger et al. 2011).
This magnetar wind could produce the observed emission via mag-
netic reconnection or shocks and we consider the likelihood that a
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periodic signal, from one of the mechanisms outlined earlier, could
be retained after reprocessing via these mechanisms:

(i) Direct energy injection via forced reconnection:
This theory was originally proposed to explain emission observed in
the Crab nebula (Lyubarsky 2003). The neutron star emits a magne-
tized wind which interacts with a surrounding nebula giving a shock
at ∼1017 cm. As the neutron star rotates the magnetic field within
the wind alternates so, when it reaches the shock front, magnetic
reconnection occurs. However, the alternating magnetic fields may
not be present due to the alignment of the magnetic field and rota-
tion axis (as discussed in Section 4.2). This model is comparable
to models proposed for the prompt emission of GRBs via turbulent
magnetic reconnection when there is a collision between two shells
with differing magnetic fields (e.g. Zhang & Yan 2011; Metzger
et al. 2011) and would occur at ∼1015–1016 cm. This model is con-
sistent with the steep decay phase observed in some light curves, as
the magnetar wind will stop rapidly when the magnetar collapses to
form a black hole. The model proposed by Zhang & Yan (2011) sug-
gests there will be two variability time-scales, one from the central
engine and the second from random relativistic turbulence within
the emitting regions. In this model there would be some imprint of
the millisecond periodic signal from the central engine assuming
that the magnetic and rotation axes are misaligned. However, this
is likely to be on similar time-scales to the relativistic turbulence
and hence only constitute a small percentage of the observed signal,
making it undetectable in our observations. Even if it is present, a
signal of this size would be extremely difficult to detect with current
X-ray facilities.

(ii) Direct energy injection via up-scattering of photons in the
forward shock:
There is a continued outflow from the central engine, e.g. a magne-
tar wind, which up-scatters the synchrotron photons left behind the
forward shock (Panaitescu 2008). If there is a pulsed component in
the magnetar wind, due to misaligned magnetic and rotation axes,
this could potentially cause a periodic up-scattering of the photons
but is likely to be cancelled out due to the variability time-scales
in the forward shock only being weakly dependent on the input
signal time-scale (Sari, Narayan & Piran 1996). This emission is
predicted to occur at ∼1016–1017 cm and, if the incoming electrons
are hot, this can lead to a scattered signal which is significantly
higher luminosity than the standard forward shock emission. The
model can explain rapid steep decay phases after the plateau if the
scattering outflow suddenly decreases significantly, consistent with
the magnetar wind rapidly switching off as the source collapses to
a black hole. However, this signal is expected to be brighter for a
wind environment, which is not expected for SGRBs. Another dis-
advantage of this theory for SGRBs is the expectation that SGRBs
occur in a very low density environment, hence the forward shock
component is expected to be faint - i.e. few photons are available to
be up-scattered.

(iii) Indirect energy injection via a refreshed forward shock:
In this scenario, the energy from the magnetar wind is injected
directly into the forward shock and hence contributes to the
standard forward shock emission (e.g. Dall’Osso et al. 2011).
Therefore, as with the up-scattering mechanism, it is unlikely to re-
tain the periodic component (Sari et al. 1996). However, this model
cannot explain the steep decay phases sometimes observed when
the central engine rapidly stops injecting energy into the system.
Additionally, this mechanism requires a standard forward shock,
which is expected to be weak for SGRBs occurring in low-density
environments.

(iv) Indirect energy injection via a reverse shock:
Alternatively energy injection, such as from a magnetar wind, is
expected to boost the reverse shock (Leventis, Wijers & van der
Horst 2014; van Eerten 2014). This model is compatible with the
low-density environments expected with short GRBs and is capa-
ble of explaining the steep decay following the plateau phase (van
Eerten 2014). This is a very promising mechanism as it is consis-
tent with the observed emission properties and the magnetar central
engine model. Unfortunately, as with the forward shock, this mech-
anism of reprocessing the emission would most likely obliterate any
periodic component in the energy injection.

All these are viable emission mechanisms within the magnetar
central engine model, but only the forced reconnection model holds
the potential of retaining some of the underlying temporal structure
from the central engine, however, the periodicities we are searching
for are comparable to the random reconnection time-scales. There-
fore, with the sensitivity of current X-ray facilities, if the magnetar
emission has been reprocessed we are very unlikely to be able to
extract a periodic signal from the random noise component.

5 C O N C L U S I O N S

Plateaus in the X-ray light curves of short GRBs are signatures of
energy injection that are thought to originate from a newly formed
magnetar’s rapidly spinning down due to the emission of dipole
radiation. Using the magnetar central engine model, we are able
to predict the spin-down frequency and rate that may result in an
evolving periodic component in the observed X-ray emission (simi-
lar to that observed in pulsars and Galactic magnetars). In this paper,
we show that the frequency of the periodic component is detectable
within the capabilities of the WT mode of the XRT onboard the
Swift satellite and calculate the optimal parameter space to search
for 2 SGRBs.

We have conducted a deceleration search for a periodic signal
during X-ray plateaus following these SGRBs and, taking into ac-
count rapid spin-down via dipole radiation, do not detect any peri-
odic component to a limit of ≈15–30 per cent rms. The rotation and
magnetic axes of the magnetar are likely to be close to alignment,
unfavourable for the production of a significant periodic component
(see however Lasky & Glampedakis 2016). We show that this signal
is still potentially attainable if we are directly observing emission
from the magnetar central engine. However, the emission is likely to
be reprocessed by the magnetar wind interacting with the forward or
reverse shocks and the reprocessing mechanisms are likely to reduce
any periodic component to a few per cent of the total emission. With
future, more sensitive instrumentation (e.g. enabling us to check for
energy dependencies in periodic emission; Vogel et al. 2014) and
more complex search models it will be possible to place much
more stringent limits on the presence of a periodic component or
lead to a detection that would confirm the magnetar central engine
model.
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