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Abstract. We present the results of the systematic study of all magnetar outbursts observed
to date through a reanalysis of data acquired in about 1100 X-ray observations. We track
the temporal evolution of the luminosity for all these events, model empirically their decays,
and estimate the characteristic decay time-scales and the energy involved. We study the
link between different parameters (maximum luminosity increase, outburst peak luminosities,
quiescent X-ray and bolometric luminosities, energetics, decay time-scales, magnetic field, spin-
down luminosity and age), and reveal several correlations between different quantities. We
discuss our results in the framework of the models proposed to explain the triggering mechanism
and evolution of magnetar outbursts. The study is complemented by the Magnetar Outburst
Online Catalog (http://www.magnetars.ice.csic.es), an interactive database where the user can
plot any combination of the parameters derived in this work and download all reduced data.

1. Introduction

Magnetars are strongly magnetized (up to B ~ 10'* — 10'5 G) isolated X-ray pulsars with spin
periods P ~ 2 — 12s and secular spin-down rates P ~ 1072-10"!1 s s71, whose emission is
ultimately powered by the decay and the instability of their ultra-strong magnetic field [1-3].
Magnetars unpredictably undergo outbursts, in which the persistent X-ray luminosity increases
by a factor of ~ 10 — 1000 up to ~ 103% — 1036 erg s~!, and declines back to the quiescent level
on a time-scale ranging from a few weeks up to several years.

Magnetar outbursts are likely triggered by local internal magnetic stresses that deform
irreversibly part of the stellar crust and convert mechanically its magnetic energy into heat
[4]. Part of the released heat is then conducted up to the surface and radiated, producing
the observed thermal emission. The crustal displacements also implant a strong twist in the
magnetosphere, likely confined to a bundle of current-carrying closed field lines anchored in the
crust. The charged particles flowing along the field lines of the twisted bundle hit the star,
providing an additional source of heat [5]. According to this scenario, the outburst evolution is
regulated by the dissipation of the twist: the spatial extent of the bundle gets gradually more
limited, the area on the star surface hit by the charges shrinks and the luminosity decreases.

Here we present the results of a systematic and homogeneous analysis of the spectral
properties for 23 outbursts (from the very first active phases throughout their decays) from
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17 magnetars using all the available data acquired by the Swift, Chandra and XMM-Newton
X-ray observatories, as well as data collected in a handful of observations by the instruments

aboard BeppoSAX, ROSAT and RXTE. This sums up to about 1100 observations, for a total
dead-time corrected on source exposure time of more than 12 Ms.

2. Data analysis

We adopted standard procedures to extract source and background spectra and create or assign
the response and auxiliary files starting from the raw Swift, XMM-Newton and Chandra data
files publicly available. We performed the spectral analysis separately for data of different
instruments (owing to known cross-calibration uncertainties) within XSPEC (v. 12.9.0; [6]).

To model the continuum emission, we fitted either a blackbody, a power-law, a blackbody
plus a power-law, the superposition of two blackbodies or a resonant cyclotron scattering model
(NTZ; [9,10]) to the spectral data sets. The NTZ model accounts for the repeated resonant
cyclotron up-scatterings of thermal photons from the star surface onto the charges flowing in
a twisted magnetosphere, and is based on three-dimensional Monte Carlo simulations. The
topology of the magnetic field is assumed to be a globally twisted, force-free dipole in the
model, and its parameters are the surface temperature (assumed to be the same over the
whole surface), the bulk motion velocity of the charged particles in the magnetosphere (assumed
constant through the magnetosphere), the twist angle and a normalization constant. In a few
cases, the higher statistics quality available from XMM-Newton observations allowed us to probe
more complicated models, such as the sum of three black-body components. The photo-electric
absorption by the interstellar medium along the line of sight was described via the Tuebingen-
Boulder model with cross-sections from [7] and chemical abundances from [8].

The absorbed and unabsorbed fluxes for the additive components and the total one (all in
the 0.3-10 keV energy range) were computed for each fitted spectrum. Unabsorbed fluxes were
converted to luminosities (as measured by an observer at infinity) assuming isotropic emission
and the most reliable value for the distance of the source (e.g., [1]).

Figure 1 shows the temporal decays of the bolometric luminosities for all outbursts.
We refer each curve to the epoch of the outburst onset, defined as the time of the first
burst detection from the source, or of the giant flare in the case of SGR 1806—20. For
XTE J1810—197 and 1E 1048.1—-5937, for which no bursts were detected, we adopted the epoch
of the observation where an increase in the X-ray flux was first measured as the reference
epoch. Our bolometric luminosities do not take into account the emission of magnetars in
the hard X-ray range, which in some sources was observed to give a relevant contribution
to the total luminosity, especially during the initial phases (weeks) of the outburst (e.g.,
[11]). However we note that, if we consider all the hard X-ray observations of magnetar
outbursts performed so far, our values for the bolometric fluxes are underestimated for a
few sources (SGR1806—20, 1E 22594586, 1E 1547—5408, SGR 1745—2900, SGR 1935+2154,
PSR J1119-6127 and 1E 161348—5055) mainly only at the outburst peak, yielding negligible
differences in the estimated outburst energetics and decay timescale (see below).

2.1. Outburst decay time-scale and energetics
We modelled the decays of the X-ray luminosities of the single spectral components and of the
bolometric luminosities using a constant (representing the quiescent level) plus one or more
exponential functions. The number of required exponential functions was evaluated by means of
the F-test, i.e., an additional exponential function was included only if it yielded an improvement
in the fit of at least 30. L, was fixed at the quiescent value or, in cases of non detections,
constrained to be lower than the upper limit.

We estimated the outburst energy by integrating the best-fitting model for the bolometric
light curves over the whole duration of the event, and extrapolating it to the quiescent value for
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Figure 1. Left-hand panel: temporal evolution of the bolometric (0.01-100 keV) luminosities
for the most densely monitored magnetar outbursts re-analysed in the present work. Right-hand
panel: models reproducing the temporal evolution of the bolometric luminosities.

the cases where the observational campaign was not extended enough to follow completely the
return to the pre-outburst state. For the sources that are still recovering from their outbursts
(i.e., 1E1547—5408, SGR 1745—2900, 1E 1048.1—5937, PSR J1119—6127 and 1E 161348—5055),
we assumed no changes in the decay pattern down to quiescence for the estimate of the time-
scales and energetics (in these cases the values derived should be considered only as upper
limits).

3. Correlations

Our systematic analysis allows us to search for correlations between different parameters for
all sources of our sample and their outbursts. Table 1 lists the significance for the correlations
according to both the Spearman and Kendall 7 rank correlation tests, and also reports on the
shape of the correlation according to a power-law regression test. Figure 2 shows the results for
some of the (anti-)correlations unveiled from our systematic study. To have a more complete
sample, we also included SGR 1900414, 4U 0142+61 and 1E 1841—045, for which re-brightenings
or subtle variations around their persistent activity were reported throughout the last 15 years,
as well as the other few magnetars (black stars), the central compact objects (grey crosses), the
rotation-powered pulsars with evidence for a clear thermal component (red diamonds) and the
X-ray dim isolated neutron stars (orange crosses) already reported by [12]. PSR J1119—-6127
and the magnetars XTE J1810—197, 1E 1547—5408 and SGR 1745—2900, for which radio pulsed
emission has been detected [13-15], are marked by black circles. Upper and lower limits are
indicated by black arrowheads.

4. Results

We carried out the first systematic study of all sources experiencing magnetar-like outbursts up
to the end of 2016, and for which extensive X-ray monitoring campaigns of their outbursts are
available. We re-analysed in a coherent way about 1100 X-ray observations, adopting the same
assumptions and spectral models throughout the whole sample. This work allows us to study
possible correlations and anticorrelations between several different combinations of parameters,
and put the results in the context of the models proposed to explain the triggering mechanism
and evolution of magnetar outbursts.
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Table 1. Results of the search for (anti-)correlations between different parameters. Letters
in parentheses indicate the case of a correlation (c¢) or an anti-correlation (a). Values for the
power-law index indicate the shape of the (anti-)correlation, and were estimated via a power-law
regression test.

First parameter Second parameter Corr/Anticorr, Significance (o) PL index
(c) or (a), Spearman / Kendall 7
Quiescent X-ray luminosity Maximum luminosity increase (a) ,5.7 /4.9 -0.7
Dipolar magnetic field Quiescent bolometric luminosity (c) , 3.2 / 2.9 2.0
Dipolar magnetic field Peak luminosity (¢),25/24 0.5
Dipolar magnetic field Outburst energy (¢),37/33 1.0
Characteristic age Outburst energy (a),3.3/3.0 -04
Peak luminosity Outburst energy (c),4.0 /3.7 14
Outburst energy Decay time-scale (¢),39/36 0.5

4.1. On the relation between the outburst luminosity increase and the quiescent luminosity

It was already noted a few years ago that magnetars characterized by low quiescent luminosities
(Lg ~ 1031733 erg s71) experience large luminosity increases when in outburst, whereas highly
luminous sources in quiescence (Lg ~ 1034735 erg s71) undergo only subtle enhancements in
luminosity during their outbursts ([16]; see also the top-left panel of Figure 2). This discovery
also clarified that the distinction between ‘transient’ and ‘persistent’ sources within the magnetar
population is deceptive, and only dependent on the initial quiescent luminosity of each source.

The anticorrelation between magnetars quiescent luminosities and their luminosity increases
during outbursts is observed at a significance of 5.70 (according to the Spearman test; see
Table?2). This result suggests the existence of a limiting luminosity of ~ 1036 erg s=! for
magnetar outbursts (regardless of the quiescent level of the source), and was interpreted in
the framework of the internal crustal heating model as the observational manifestation of the
self-regulating effect resulting from the strong temperature-dependence of the neutrino emissivity
[16]: the surface photon luminosity for injected energies larger than ~ 10*3 erg reaches a limiting
value of ~ 1035 erg s~! because the crust is so hot that most of the energy is released in the form
of neutrinos before reaching the star surface. The observed anticorrelation is expected also in the
scenario of the untwisting magnetospheric bundle, where the maximum theoretically expected
luminosity might be of a few 103¢ erg s=! even for the generous case of a twist with ¢ ~ 1 rad
affecting a large part of the magnetospheric volume. The generally lower values observed for
the peak luminosity are interpreted, in this model, as a consequence of the limited size of the
current bundle and the twist [5].

The epoch of the outburst onset was defined throughout this study as the time of the first
burst detection from the source (mostly with Swift BAT or Fermi GBM), or of the giant flare
in the case of SGR 1806—20. This might represents a somewhat arbitrary choice, because the
increase of the persistent flux during the time interval preceding the detection of magnetars
bursting activity is usually missed by X-ray instruments. However, given the large sample,
and the clear trend observed over several orders of magnitude, we do not expect to measure
significantly different values for the outburst peak luminosity.

Different estimates on the time-scale of the luminosity increase were proposed in the past
years. The internal crustal cooling models [16] show that the internal heat wave takes some
time to propagate from the location in the crust where the energy is injected up to the surface
layers. Therefore, the luminosity increase is not instantaneous but relatively fast, and might
range from a few hours up to a few days depending on the depth of the region where heat is
released. On the other hand, simplified one-dimensional models [17] show that the time-scale
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Figure 2. From left to right, top to bottom: quiescent X-ray luminosity versus maximum
X-ray luminosity increase; quiescent bolometric luminosity relative to the thermal component
versus the dipolar component of the magnetic field; total energy released during the outburst
as a function of the dipolar component of the magnetic field; total energy released during the
outburst as a function of the characteristic age; total energy released during the outburst versus
maximum X-ray luminosity at the peak of the outburst; decay time-scale as a function of the
total energy released during the outburst.
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of magnetospheric twisting by a large thermoplastic wave (corresponding to the rise time of
the outburst) can span from days to weeks. Within the large uncertainties, both models are
compatible with a typical rise time of a few days.

4.2. On the quiescent luminosity versus the dipolar magnetic field
The top-right panel of Figure 2 shows the quiescent thermal bolometric luminosity as a function
of the surface dipolar magnetic field. We observe a significant correlation (3.20 according to
the Spearman test) when including all sources belonging to the different classes considered in
this study. The correlation is even more significant (3.90) after excluding the central compact
objects, and is naturally explained in terms of magnetic field decay and Joule heating [18,12].
The central compact objects clearly depart from the general trend. The peculiar behavior
of these objects might be explained in the framework of the ‘hidden magnetic field’ scenario:
hypercritical accretion onto the neutron star surface during the initial stages of the star life can
bury a magnetic field of a few 10!3 G into the inner crust, yielding a strength for the external
magnetic field that is significantly lower than the internal ‘hidden’ magnetic field. The large
luminosity observed for these objects is most probably due to the toroidal and higher order
multipolar components of the magnetic field trapped inside the crust [19-22]. The magnetic
field might eventually re-emerge, after a few thousand years, settling on a value comparable
to that at birth. If this picture is correct, we would expect a ‘shift’ of the central compact
objects towards the right in the quiescent luminosity versus dipolar magnetic field diagram, as
the CCOs get older. Some of the rotation powered pulsars also depart slightly from the observed
trend (e.g., PSR J0538+2817, PSRB1055—52 and PSR J0633+1746). This might be possibly
due to an additional contribution to the surface heating from slamming particles onto the stellar
surface, as typically observed for pulsars with a high rotational energy loss rate.

The shape of the correlation can be approximated as Lgpo B]%,di , in line with the
dependence reported in a previous study using a reduced sample of sources [23].

4.3. On the dipolar magnetic field versus the outburst properties

We investigated possible correlations between the strength of the surface dipolar magnetic field
and all the outburst parameters derived in the present study. There is no clear correlation
between the magnetic field and either the outburst peak luminosity or the decay time-scale.
Moreover, in a few cases the same source was observed to undergo two different outbursts with
distinct properties. The correlation between the magnetic field and the outburst energetics is
more evident (3.40 according to the Spearman test; see the middle-left panel of Figure 2), and
supports the idea that the energy reservoir of the outbursts is mainly provided by the dissipation
of the magnetic field. We observe a sort of limiting energy as a function of age (see the middle-
right panel of Figure 2). Young magnetars tend to experience more energetic outbursts than
older magnetars, a characteristic that can be explained simply in terms of field decay. Previous
estimates on the expected energetics distribution did not find a significant dependence of the
energy of the events with age, but the fact that magnetic field decay limits the energy budget
available for old magnetars, compared to young sources [24].

4.4. On the outburst energy versus other properties

The outburst energy correlates with the peak luminosity (at a significance of 4.00 according to
the Spearman test; see the bottom-left panel of Figure 2), but not with the quiescent X-ray
luminosity (< 20). These results suggest that a larger luminosity at the peak of the outburst
results in a larger energy released during the outburst event, regardless of the quiescent level of
the source, and indicate similar patterns for the decay curves of magnetar outbursts. This is
expected in both internal crustal cooling and untwisting bundle scenarios, since it only reflects
the normalization of the decay curve.
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The decay time-scale significantly correlates with the energetics (at a significance of 3.90
according to the Spearman test; see the bottom-right panel of Figure 2): the longer the outburst,
the more energetic. This suggests again that the decay pattern is similar from outburst to
outburst. For example, we never observe a magnetar undergoing a rather weak outburst and
then returning to quiescence over an extremely long time interval, or a magnetar showing an
extremely powerful outburst and then rapidly decaying back to quiescence.
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