
2020Publication Year

2021-01-19T12:32:02ZAcceptance in OA@INAF

A Very Young Radio-loud MagnetarTitle

Esposito, P.; Rea, N.; Borghese, A.; Zelati, F. Coti; Viganò, D.; et al.Authors

10.3847/2041-8213/ab9742DOI

http://hdl.handle.net/20.500.12386/29845Handle

THE ASTROPHYSICAL JOURNAL LETTERSJournal

896Number



A Very Young Radio-loud Magnetar

P. Esposito1,2 , N. Rea3,4 , A. Borghese3,4 , F. Coti Zelati3,4 , D. Viganò3,4 , G. L. Israel5 , A. Tiengo1,2,6 ,
A. Ridol� 7,8 , A. Possenti7,9 , M. Burgay7 , D. Götz10, F. Pintore2 , L. Stella5 , C. Dehman3,4 , M. Ronchi3,4,
S. Campana11 , A. Garcia-Garcia3,4 , V. Graber3,4 , S. Mereghetti2 , R. Perna12,13 , G. A. Rodríguez Castillo5 ,

R. Turolla14,15 , and S. Zane15
1 Scuola Universitaria Superiore IUSS Pavia, Palazzo del Broletto, piazza della Vittoria 15, I-27100 Pavia, Italy;paolo.esposito@iusspavia.it

2 INAF—Istituto di Astro� sica Spaziale e Fisica Cosmica di Milano, via A. Corti 12, I-20133 Milano, Italy
3 Institute of Space Sciences(ICE, CSIC), Campus UAB, Carrer de Can Magrans s/ n, E-08193, Barcelona, Spain

4 Institut d’Estudis Espacials de Catalunya(IEEC), Carrer Gran Capità 2-4, E-08034 Barcelona, Spain
5 INAF—Osservatorio Astronomico di Roma, via Frascati 33, I-00078 Monteporzio Catone, Italy

6 Istituto Nazionale di Fisica Nucleare(INFN), Sezione di Pavia, via A. Bassi 6, I-27100 Pavia, Italy
7 INAF—Osservatorio Astronomico di Cagliari, Via della Scienza 5, I-09047 Selargius, Italy

8 Max-Planck-Institute für Radioastronomie, Auf dem Hugel 69, D-53121 Bonn, Germany
9 Department of Physics, Università di Cagliari, S.P. Monserrato-Sestu km 0,700, I-09042 Monserrato, Italy

10AIM-CEA/ DRF/ Irfu/ Service d’Astrophysique, Orme des Merisiers, F-91191 Gif-sur-Yvette, France
11 INAF—Osservatorio Astronomico di Brera, via E. Bianchi 46, I-23807 Merate(LC), Italy

12Department of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794, USA
13Center for Computational Astrophysics, Flatiron Institute, 162 5th Avenue, New York, NY 10010, USA

14Dipartimento di Fisica e Astronomia“Galileo Galilei” , Università di Padova, via F. Marzolo 8, I-35131 Padova, Italy
15Mullard Space Science Laboratory, University College London, Holmbury St. Mary, Dorking, Surrey RH5 6NT, UK

Received 2020 April 8; revised 2020 May 12; accepted 2020 May 22; published 2020 June 17

Abstract

The magnetar Swift J1818.0–1607 was discovered in 2020 March when Swift detected a 9 ms hard X-ray burst and
a long-lived outburst. Prompt X-ray observations revealed a spin period of 1.36 s, soon con� rmed by the discovery
of radio pulsations. We report here on the analysis of the Swift burst and follow-up X-ray and radio observations.
The burst average luminosity wasLburst�� �2�× �1039erg sŠ1 (at 4.8 kpc). Simultaneous observations with XMM-
Newton and NuSTAR three days after the burst provided a source spectrum well� t by an absorbed blackbody
NH = (1.13�± �0.03)�× �1023cmŠ2 andkT�= �1.16�± �0.03 keV) plus a power law(� �= �0.0�± �1.3) in the 1–20 keV
band, with a luminosity of� 8�× �1034erg sŠ1, dominated by the blackbody emission. From our timing analysis, we
derive a dipolar magnetic� eld B�� �7�× �1014 G, spin-down luminosity � _ � qE 1.4 10rot

36�� erg sŠ1, and
characteristic age of 240�yr, the shortest currently known. Archival observations led to an upper limit on the
quiescent luminosity< 5.5�× �1033erg sŠ1, lower than the value expected from magnetar cooling models at
the source characteristic age. A 1 hr radio observation with the Sardinia Radio Telescope taken about 1 week after
the X-ray burst detected a number of strong and short radio pulses at 1.5 GHz, in addition to regular pulsed
emission; they were emitted at an average rate 0.9 minŠ1 and accounted for� 50% of the total pulsed radio� uence.
We conclude that Swift J1818.0–1607 is a peculiar magnetar belonging to the small, diverse group of young
neutron stars with properties straddling those of rotationally and magnetically powered pulsars. Future
observations will make a better estimation of the age possible by measuring the spin-down rate in quiescence.

Uni� ed Astronomy Thesaurus concepts:Magnetars(992); Neutron stars(1108); Transient sources(1851); X-ray
bursts(1814); Radio pulsars(1353)

1. Introduction

The emission of magnetars is believed to be powered by
the dissipation of their unstable strong magnetic� elds
(B�� �1014–1015G; see Kaspi & Beloborodov2017; Esposito
et al.2018for recent reviews). At variance, in the vast majority
of radio pulsars, rotational energy provides the energy budget
for particle acceleration, ultimately leading to their radio to
gamma-ray emission. However, a well-de� ned dichotomy
between the two classes was shown to be inadequate. In
particular, magnetar-like X-ray activity was found from pulsars
with powerful rotational energy loss rate, such as PSR J1846
Š0258(Gavriil et al.2008) and PSR J1119Š6127(Archibald
et al.2016), whereas pulsed radio emission was detected from
several magnetars in outburst. Moreover, enigmatic magnetars
having dipolar magnetic� elds as low as a few 1012G (Rea
et al.2010, 2013) or spin periods of the order of a few hours
(De Luca et al.2006; Rea et al.2016) were discovered. These
� ndings hint at a complex, more compounded picture.

On 2020 March 12, the Burst Alert Telescope(BAT) on
board the Neil Gehrels Swift Observatory(Gehrels et al.2004)
triggered on a burst, which was soon recognized to have
characteristics typical of those of short bursts from magnetars
(Evans et al.2020). The Swift X-ray Telescope(XRT) started
to observe the� eld about 64 s afterwards, and detected a new
uncatalogued X-ray source, Swift J1818.0–1607 (henceforth
dubbed Swift J1818). Follow-up observations with the Neutron
star Interior Composition Explorer(NICER) detected a
coherent periodic X-ray signal at 1.36 s(Enoto et al.2020).
Furthermore, radio observations from several antennas
identi� ed Swift J1818 as the� fth radio-loud magnetar
(Karuppusamy et al.2020) and provided a� rst measurement
of the spin period derivative of 8.2�× �10Š11 s sŠ1 (Champion
et al. 2020), converting to a dipolar magnetic� eld of
B�� �6.8�× �1014 G and a very small characteristic age< 300 yr.

This Letter reports on(i) the burst detected by Swift/ BAT
that led to the discovery of Swift J1818,(ii ) prompt
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simultaneous X-ray observations using XMM-Newton and
NuSTAR, (iii ) the Swift/ XRT monitoring campaign over the
� rst three weeks of the outburst, and(iv) radio observations
with the Sardinia Radio Telescope(SRT) in the P (0.34 GHz)
and L (1.5 GHz) bands, performed one week after the burst
detection (Sections2 and 3). Summary of the results and
discussion follow(Section4).

2. X-Ray Emission

2.1. Observations and Data Analysis

2.1.1. Swift

After the Swift/ BAT detection of the burst and the prompt
slew of the spacecraft(obs.ID 00960986000), several Swift/
XRT observations of Swift J1818 were carried out, in both
photon counting(PC; charge-coupled device(CCD) readout
time of 2.5 s) and windowed timing(WT; readout time of
1.8 ms) modes(see Table1). The data were processed and
analyzed using standard procedures and software packages
(HEASOFT v. 6.25, CALDB 2020 January 9). The source
photons were selected within a 20 pixel radius(1 pixel= 2 36).
Swift/ BAT mask-tagged light curves, images and spectra were
created only for the burst event.

2.1.2. XMM-Newton

Swift J1818 was observed with the European Photon
Imaging Camera(EPIC) on board the XMM-Newton satellite

on 2020 March 15 for an on-source exposure time of 22.1 ks
(Table1). The EPIC-pn(Strüder et al.2001) was set in large
window mode(LW; timing resolution of 47.7 ms), while both
MOS detectors(Turner et al.2001) were operating in small
window (SW; timing resolution of 0.3 s) mode. In this Letter,
we use only the data acquired with the EPIC-pn camera, owing
to its higher time resolution and better capability to model
diffuse emission around the source(Section2.2.2) compared to
the central CCD of the MOS operated in SW. The raw data
were analyzed with theSAS v. 18.0.0 software package. We
cleaned the observations from periods of high background
activity; in the EPIC-pn, this resulted in a net exposure
of 14 ks.

We detected diffuse emission around the source(Figure1).
To quantify its spatial extension, we extracted the radial pro� le
of the observed surface brightness up to a radial distance of
300� from the source. We then modeled it using a King
function reproducing the EPIC-pn point-spread function(PSF;
Ghizzardi 2002) plus a constant term accounting for the
background level. A photon excess associated with the diffuse
emission is present at radial distances within the� 50� –110�
range(Figure1). We selected the source photon counts from a
circle of 40� radius, and those of the diffuse emission from an
annulus with radii of 50� and 110� . The background level was
estimated using a 100� circle far from the source, on the same
CCD. The average background-subtracted surface brightness of
the diffuse emission was(0.086�± �0.002) counts arcsecŠ2

(0.3–10 keV).

Table 1
Observation Log

Instrumenta Obs.ID Start Stop Exposure Count Rateb

YYYY-M-DD hh:mm:ss(TT) (ks) (counts sŠ1)

ROSAT/ PSPC 50311 1993 Sep 12 20:55:04 1993 Sep 13 18:09:28 6.7 < 10Š3

Chandra/ ACIS-I (TE) 8160 2008 Feb 16 06:46:59 2008 Feb 16 07:51:04 2.7 < 2.5�× �10Š3

XMM / EPIC-pn(FF) 0152834501 2003 Mar 28 04:35:03 2003 Mar 28 07:26:37 8.4 < 0.062
Swift/ XRT (PC) 00032293013 2012 Mar 17 15:03:55 2012 Mar 17 15:25:56 1.3 < 0.026
Swift/ XRT (PC) 00044110002 2012 Oct 12 17:14:05 2012 Oct 12 17:16:55 0.2 < 0.089
Swift/ XRT (PC) 00044110003 2012 Oct 17 13:08:36 2012 Oct 17 13:11:55 0.2 < 0.113
Swift/ XRT (PC) 00044111003 2012 Oct 23 21:07:27 2012 Oct 23 21:12:56 0.3 < 0.043
Swift/ XRT (PC) 00087426001 2017 Jul 24 19:11:45 2017 Jul 24 21:00:52 2.2 < 8.1�× �10Š3

Swift/ XRT (PC) 00087426002 2017 Jul 27 21:45:57 2017 Jul 27 23:37:52 2.7 < 4.9�× �10Š3

XMM / EPIC-pn(FF) 0800910101 2018 Apr 8 21:27:40 2018 Apr 9 14:24:19 60.4 < 8.3�× �10Š3

Swift/ XRT (PC) 00960986000 2020 Mar 12 21:18:22 2020 Mar 12 21:36:48 1.1 0.15�± �0.01
Swift/ XRT (PC) 00960986001 2020 Mar 12 22:57:45 2020 Mar 13 05:13:02 4.9 0.14�± �0.01
Swift/ XRT (WT) 00960986002 2020 Mar 13 20:47:55 2020 Mar 13 21:21:15 2.0 0.16�± �0.01
Swift/ XRT (PC) 00960986003 2020 Mar 15 00:10:37 2020 Mar 15 03:36:52 1.5 0.14�± �0.01
NuSTAR/ FPMA 80402308002 2020 Mar 15 03:58:21 2020 Mar 15 15:58:03 22.2 0.443�± �0.005
XMM / EPIC-pn(LW) 0823591801 2020 Mar 15 07:57:47 2020 Mar 15 14:41:12 22.1 1.45�± �0.01
Swift/ XRT (WT) 00960986004 2020 Mar 19 09:33:11 2020 Mar 19 11:16:56 1.7 0.19�± �0.02
Swift/ XRT (WT) 00960986005 2020 Mar 20 04:34:19 2020 Mar 20 04:49:56 1.8 0.20�± �0.01
Swift/ XRT (WT) 00960986006 2020 Mar 22 02:35:21 2020 Mar 22 03:01:56 1.6 0.16�± �0.01
Swift/ XRT (WT) 00960986007 2020 Mar 24 05:51:38 2020 Mar 24 09:02:56 1.2 0.13�± �0.01
Swift/ XRT (WT) 00960986008 2020 Mar 26 05:40:29 2020 Mar 26 23:20:56 1.1 0.19�± �0.01
Swift/ XRT (WT) 00960986009 2020 Mar 28 03:40:53 2020 Mar 28 18:07:56 1.2 0.18�± �0.02
Swift/ XRT (WT) 00960986010 2020 Mar 29 16:25:13 2020 Mar 30 21:03:56 1.3 0.16�± �0.01
Swift/ XRT (WT) 00960986011 2020 Apr 1 19:17:34 2020 Apr 1 19:25:56 0.5 0.17�± �0.02

Notes.
a The instrumental setup is indicated in brackets: TE= timed exposure, FF= full frame, PC= photon counting, WT= windowed timing, and LW= large window.
b The count rate is in the 0.3–10 keV energy range, except for ROSAT(0.1–2.4 keV) and NuSTAR(3–20 keV); if the source was not detected, we give a 3� upper
limit.
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2.1.3. NuSTAR

NuSTAR (Harrison et al.2013) observed Swift J1818 on
2020 March 15 for an on-source exposure time of 22.2 ks
(Table 1). We reprocessed the event lists and� ltered out
passages of the satellite through the South Atlantic Anomaly
using theNUPIPELINEscript in theNUSTARDAS 1.9.3 package
with the latest calibration� les (v. 20200429). Stray-light
contamination from a source outside the� eld of view is evident
for both modules, but particularly strong in the FPMB data.
Swift J1818 was detected up to� 20 keV and� 15 keV in the
FPMA and FPMB, respectively. A circle with a radius of 100�
was used to collect source photons(� 90% enclosed energy
fraction; Madsen et al.2015), while background counts were
extracted from a 100� circle located on the same chip as the
target. To study the source emission up to the highest energies
we used only the data from the FPMA. We extracted light
curves and spectra and generated instrumental response� les
usingNUPRODUCTS.

2.2. Results of the X-Ray Analysis

2.2.1. Burst Properties

The burst had a T90 duration(the time interval containing
90% of the counts) of 8�± �2 ms and a total duration of� 9 ms.
These values were computed by the Bayesian blocks algorithm
BATTBLOCKS on mask-weighted light curves binned at 1 ms in
the 15–150 keV range(the light curve of the event is shown in
Figure2), where essentially all the emission is contained.

We tested a blackbody, a power law, and an optically thin
thermal bremsstrahlung to the time-averaged spectrum.
All models provided good� ts, with reduced� 2, � 2

� �= �0.62
for 56 degrees of freedom(dof) in the case of a blackbody
(temperature of kT�= �6.4�± �0.7 keV), �D ���O 0.702 / 56 dof
for the power law(photon index�( �� ��

��3.1 0.2
0.3), and �D ���O

2

0.65/ 56 dof for the bremsstrahlung( �� ��
��kT 21 4

5 keV). From the
blackbody� t we found an average� ux (6.2�± �0.9)�× �10Š7 erg
cmŠ2 sŠ1 in the 15–150 keV range, corresponding to an
isotropic luminosity of � o � qd1.7 0.3 1039

4.8
2( ) erg sŠ1, where

d4.8 is the source distance in units of 4.8 kpc(Karuppusamy
et al.2020).

2.2.2. Persistent Emission

The XMM-Newton/ EPIC-pn and NuSTAR/ FPMA back-
ground-subtracted spectra were grouped so as to have at least
100 and 50 counts per bin, respectively. The spectral analysis
was performed withXSPEC. Absorption by the interstellar
medium was modeled using theTBABS model with the
abundances from Wilms et al.(2000). We extracted the spectra
in the 0.3–10 keV range but, after inspecting the data, we
limited the analysis to the 1–10 keV energy range, because of
the very low signal-to-noise ratio(S/ N) of Swift J1818
below 1 keV.

First, we� t the EPIC-pn spectrum of the diffuse emission
with an absorbed blackbody model, deriving a temperature

� � � okT 0.88 0.02diff ( ) keV. We then modeled the Swift J1818
EPIC-pn spectrum with two absorbed blackbody components,
by � xing the � rst temperature tokTdiff and leaving all
normalizations free to vary. We derived a column density
of NH = (1.12�± �0.03)�× �1023cmŠ2, a source temperature of
kTBB�= �(1.17�± �0.03) keV and an emitting radius of
RBB�= �(0.57�± �0.02) km (at 4.8 kpc). The observed� uxes of
the source and diffuse blackbody components in the 1–10 keV
range were FBB�� �1.4�× �10Š11erg cmŠ2 sŠ1, and
Fdiff� � �4�× �10Š13erg cmŠ2 sŠ1, respectively. At a distance
of 4.8 kpc this corresponds to a source luminosity of
� 7�q d1034

4.8
2 erg sŠ1.

We then performed a joint� t of the EPIC-pn and FPMA
spectra using the above-mentioned model plus a power-law
component to model the source high-energy emission. We removed
the FPMA data below 8 keV to minimize contamination
from diffuse emission at lower energies. All parameters were tied
between the two spectra. The best-� tting values resulted:NH
= (1.13�± �0.03)�× �1023cmŠ2, kT�= �(1.16�± �0.03) keV, RBB�=
(0.58�± �0.03) km (at 4.8 kpc) and photon index� �= �0.0�± �1.3
(� 2

� �= �1.1 for 109 dof; see Figure2). The total observed� ux after
subtracting the contribution from the diffuse emission was
� 1.5�× �10Š11 erg cmŠ2 sŠ1 (1–20 keV), giving a luminosity
of � _ � q d8 1034

4.8
2 erg sŠ1 (1–20 keV). The observed� ux of

the blackbody component was� 1.3�× �10Š11 erg cmŠ2 sŠ1

(1–20 keV), accounting for most of the observed X-ray emission,
and corresponding to a luminosity of� _ � qd6.8 1034

4.8
2 erg sŠ1

(1–20 keV).
Given the short exposure, poor statistics and S/ N of the

Swift/ XRT observations, their analysis was mainly aimed at
sampling the long-term� ux evolution of Swift J1818, and
supplementing the XMM-Newton and NuSTAR timing
analysis. For this reason, we� t simultaneously all the Swift
spectra with an absorbed blackbody model(NH was kept frozen
at the above-mentioned value). Figure2 shows the long-term
light curve of Swift J1818. From the XMM-Newton spectral
analysis, we estimate that the systematic uncertainty of� uxes
and luminosities resulting from contamination by the diffuse
emission is� 15% (if steady in time).

The � eld of Swift J1818 was observed several times with
sensitive imaging instruments before 2020 March(Table 1;
Mereghetti et al.2012). The source was not detected in any
observation(see Table1 for the 3� upper limits on the count
rate). The Chandra and the 2018 XMM-Newton observations
provided the deepest limits. Using theWEBPIMMS tool16 and
assuming an absorbed blackbody withkT�= �0.3 keV and
NH�= �1. 2�× �1023cmŠ2, both their limits translate into a

Figure 1.Observed X-ray surface brightness up to a radial distance of 300� from
the source in the 0.3–10 keV energy range(note that the error bars are smaller
than the symbols). The red curve represents the PSF model. The inset shows a
false-color X-ray image from the EPIC-pn observation. Red, green, and blue
colors correspond to the 2–4, 4–7.5, and 8.5–12 keV energy bands, respectively.

16 Seehttps:// heasarc.gsfc.nasa.gov/ cgi-bin/ Tools/ w3pimms/ w3pimms.pl.
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0.3–10 keV� ux of < 3.4�× �10Š14 erg cmŠ2 sŠ1, corresponding
to a luminosity of�� �q d5.5 1033

4.8
2 erg sŠ1. We also note that in

the 2018 XMM-Newton observation, the diffuse emission was
not detectable, with an upper limit implying an emission at
least� 10 times fainter(A. Tiengo et al. 2020, in preparation).

2.2.3. Timing Analysis

For the timing analysis, we referred the photon arrival times
to the solar system barycenter using our best Swift position
( ��R.A. 18 18 00. 16h m s , ���� �n �a �´decl. 16 07 53.2, J2000.0; uncer-
tainty of 2� at 90% c.l.). By a phase-� tting analysis of
the X-ray data, we measured a periodP�= �1.363489(3) s
and a period derivative � � � q��P 9 1 10 11( )�� s sŠ1 (with
epoch MJD 58,922.31 and valid over the MJD range
58,923.5–58,928.5), compatible with previous radio timing
measurements reported by Champion et al.(2020). The energy-
resolved pulse pro� les extracted from EPIC-pn and NuSTAR
data are shown in Figure2. The background-subtracted peak-
to-peak semi-amplitude increases with energy from(52± 2)%
to (66± 2)% over the 1–10 keV band(as measured with the

EPIC-pn), and is equal to(58± 13)% in the 10–20 keV range.
The latter values are not corrected for the underlying diffuse
emission component, which should affect the pulsed fraction
values by a few percents.

3. Radio Emission

We observed Swift J1818 with the SRT on 2020 March 19 at
05:05 UTC for 1 hr, using the coaxialL/ P band receiver to
observe simultaneously in two frequency bands, centered at
1548 MHz and 336 MHz, respectively. In theL band, we
recorded the total intensity signal in incoherent search mode
over a usable bandwidth of� 390 MHz with frequency
resolution of 1 MHz and time resolution of 100� s. We
de-dispersed and folded the data using our position of the
source and the spin parameters and dispersion measure
(DM) by Champion et al.(2020). We extracted topocentric
times-of-arrival and used them to determine the DM�=
700.8(6) pc cmŠ3, the spin frequency� �= �0.7333920(2) Hz
(P�= �1.3635273(4) s, compatible within 1� uncertainty with
the measurement of Champion et al.(2020) and the pulse

Figure 2. Top panel: BAT light curve(15–150 keV, bin time: 2 ms; the start time is arbitrary). The inset shows the evolution of the 0.3–10 keV luminosity of
Swift J1818 measured with Swift/ XRT since the burst trigger(MJD 58,920.8867). Bottom-left panel, top: broadband unfolded spectrum extracted from the
simultaneous XMM-Newton/ EPIC-pn(in black) and NuSTAR/ FPMA (red) data. The solid line shows the best-� tting model. The blue, black, and red dotted lines
indicate the diffuse emission component, the source blackbody and power-law components, respectively. Bottom-left panel, middle: post-� t residuals. Bottom-left
panel, bottom: residuals after removing the power-law component from the model. Bottom-right panel: energy-resolved pulse pro� les of Swift J1818 extracted from
the EPIC-pn(in black) and NuSTAR/ FPMA (red) data.
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