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• X-ray astronomer of neutron stars. Launched a new 
research group at RIKEN in January, 2020 (8 members). 


• A chair of the Magnetar and Magnetosphere working 
group of the NICER X-ray observatory.


• We are planning to launch a 6U-size CubeSat X-ray 
observatory “NinjaSat” in 2022.


• Spin-off research for high-energy atmospheric physics 
of lightning (photonuclear reactions) and thunderstorms.


• Open for RIKEN SPDR (基礎特研) fellows.

NinjaSat
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1. Transient magnetars & NICER results of the Galactic 
FRB magnetar


2. X-ray enhancement associated with the Crab GRPs


3. Magnetar candidates in binary systems?


4. Free precession of magnetars?
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• 2007   Lorimer burst in 2001 was reported (Lorimer et al., Science, 2007)

• 2013   Further 4 FRBs reported from the Parkes (Thronton et al., Science, 2013)

• 2015   FRBs were discriminated from “Peyton” (Petroff et al., MNRAS, 2015)

• 2016   Repeating FRB 121102 was discovered (Spitler et al., Nature, 2016)

• 2016   Bright FRB 150827 with polarization detection (Ravi et al., Science, 2016)  

• 2017   Host galaxy of FRB 121102 was identified (Chatterjee et al., Nature, 2017) +2

• 2018   DM-brightness of two populations? (Shannon et al., Nature 2018)

• 2019   The second repeating FRB was found (CHIME/FRB collaboration, Nature, 2019)

• 2019   Host galaxy of non-repeating FRB 180924 & 190523 (Bannister et al., 2019, 

Science; Ravi et al., Nature 2019)

• 2019   New 8 repeating FRBs were reported (CHIME/FRB collaboration, ApJ, 2019)

• 2020   FRB from a Galactic magnetar SGR 1935+2154 (many papers…)

• 2020   Periodicities detected from repeating FRBs (CHIME/FRB collaboration+)

FRB observations
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→ Highly magnetized NS?



• >2,500 known pulsars


• 105 in our Galaxy?


• Multi-wavelength observations from 
radio, optical, X-rays, and gamma rays.
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• >2,500 known pulsars


• 105 in our Galaxy?


• Multi-wavelength observations from 
radio, optical, X-rays, and gamma rays.


• Challenge to unification of different 
neutron star classes 


• Some of FRB properties suggest young & 
highly magnetized neutron stars?

Diversity of neutron stars
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Which type of neutron stars or related 
phenomena are the origin of FRBs?
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Energy sources of neutron stars 

7

Radio Pulsar 
(Millisecond Pulsar)

Compact Central Object 
X-ray Dim Isolated NS

High Mass X-ray Binary 
Low Mass X-ray binary

Soft Gamma Repeater 
Anomalous X-ray Pulsar

Rotation

Thermal

Accretion

Magnetic



X-ray flux decay of outbursts of transient magnetars
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results with previous ones. When the HXC is detected in the
15–60 keV band, it was expressed by an additional single
power law. We further added a plasma emission model when
analyzing the 1E1841−045 and CXUJ171405.74−381031
data to describe the surrounding SNRs Kes73 (Kumar et al.
2014) and CTB37B (Sato et al. 2010), respectively, as
described in Appendix A.

The intrinsic SXC spectrum is conventionally fitted by a
model comprising two blackbody components (hereafter the
2BB model) or a combination of a blackbody plus an additional
soft power law (BB+PL model). The second high-energy
component of both models is considered to represent either a
temperature anisotropy over the stellar surface, an upscattering
of soft photons in the magnetosphere, or the effects of a
magnetized neutron star atmosphere (e.g., Lyutikov & Gavriil
2006; Rea et al. 2008; Güver et al. 2011). These empirical 2BB
and BB+PL models roughly explain the data, though only
approximately sometimes. The low and high blackbody
temperatures in the 2BB model, kTL and kTH, are known to
follow a relation of _kT kT 0.4L H (Nakagawa et al. 2009), and
thus the number of free spectral parameters is expected to be
three rather than four for the 2BB or BB+PL models.
Since the SXC spectral modeling has not reached a

consensus, we utilize an empirical blackbody shape with a
Comptonization-like power-law tail (hereafter CBB model,
Tiengo et al. 2005; Halpern et al. 2008; Enoto et al. 2010b, and
Paper I). This CBB model is mathematically described by three
parameters: the temperature kT, the soft-tail power-law photon
index (s, and the normalization corresponding to the emission
radius R. The model reproduces the soft tail at 5 keV of the
BB+PL model without the large NH that is needed by the 2BB.
We present the Suzaku CBB best-fit parameters in Table 5

and the corresponding O OF spectra in Figure 8. The NuSTAR fit
results are given in Table 5 together with some O OF examples in
Figure 9. The NuSTAR O OF shapes of the bright AXPs, 4U0142
+61 and 1E1841−045, are consistent with those of Suzaku.
The HXC of 1E2259+586 was detected with NuSTAR (Vogel
et al. 2014), but not with Suzaku.

3.2. Correlations among Spectral Parameters

3.2.1. Ratio of HXC to SXC versus Magnetic Field

In Paper I, we proposed a broadband spectral evolution of
this class, i.e., (i) the hardness ratio of the HXC to SXC is
positively (or negatively) correlated to their Bd (or Uc), and (ii)
the HXC photon index (h becomes harder toward the weaker
Bd sources (see also Kaspi & Boydstun 2010).
Based on our updated sample shown in Figure 8, we revised

these correlations. Figure 10, top-left panel, shows the ratio of
absorbed fluxes, I � � �F F15 60 1 10, as a function of Ṗ, which is
derived from the pulsar timing information independently from
the spectroscopy. The Spearman’s rank-order test of this
correlation gives a significantly high value, rs=0.94. The
correlation is fitted as

I �
� o q

� �
� � o( ) ( ˙ ) ( )

F F

P0.59 0.07 10 s s , 1
15 60 1 10

11 1 0.51 0.05

Table 3
List of Archived NuSTAR and Swift Observations of SGRs and AXPs Used in this Work

Name NuSTAR Swift/XRT References
ObsID Obs. Date (ks) ObsID Obs. Date (ks)

1E1841−045 30001025[04, 06, 08, 10, 12] 2013 Sep 5–23 273 00080220004 2013 Sep 21 1.8 [1]
4U0142+61 300010230[02, 03] 2014 Mar 27–30 168 000800260[01–03] 2014 Mar 27–30 24 [2]
1E2259+586 300010260[02, 03, 05] 2013 Apr 24–27 157 000802920[02, 03, 04] 2013 Apr 25–28 30 [3]
1E2259+586 30001026007 2013 May 16–18 88 000802920[05, 07] 2013 May 16–18 8.7 L

Note. Data for the Galactic center soft gamma repeater SGR1745−29 (80002013002–26) are not yet available.
[1] An et al. (2013), [2] Tendulkar et al. (2015), [3] Vogel et al. (2014).

Figure 6. Background-subtracted NuSTAR (>2.5 keV) and Swift X-ray spectra
of 4U0142+61 in 2014 March.

Figure 7. Absorbed 2–10 keV flux decay of eight known outbursts of transient
SGRs and AXPs with time onsets defined at the first short burst detected by
Swift/BAT or Fermi/GBM listed in Table 4. Star symbols (same color as the
legend) represent Suzaku/XIS observations. The 2–10 keV flux of q �2 10 11

erg cm−2 s−1 corresponds to 1 mCrab intensity.
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(Enoto et al., ApJ 2017)

Absorbed 2-10 keV (Swift, RXTE)



• Spin-down luminosity


• Rotation powered pulsars: Lx < Lsd


• c.f., Eddington luminosity ~1038 erg/s


• Persistent magnetars: Lx >~ Lsd


• Transient magnetars: Lx → <Lsd


• Possibility that many neutron stars can 
exhibit magnetar-like outbursts? 

Spin-down luminosity Lsd vs. X-ray luminosity Lx
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Review
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higher generation pairs [321, 415, 701, 756]. The coherent 
radio emission would be related to the pair cascade process, 
although the emission mechanism remains highly uncertain 
(e.g. [546]). The luminosity in gamma-ray, x-ray, optical and 
radio bands relative to the spin-down luminosity Lsd are 10−2–
1, 10−5–10−3, 10−8–10−5, and 10−7–0.111, respectively (!gure 
13). The light curve of the non-thermal components shows 
sharp peak(s) because of the formation of caustics [144, 575, 
701] and sometimes of a bridge emission. Most gamma-ray 
pulse pro!les display a double-peaked structure [131] and are 
in general different from those observed in the other energy 
bands (e.g. [526]).

RPPs evolve in the P–Ṗ diagram (equations (11) and (46) for 
the cases of steady and decaying magnetic dipole !eld, respec-
tively), and after crossing the ‘death-line’, their electromagnetic 
radiation becomes undetectable. The ‘death-line’ in the P–Ṗ  
diagram corresponds to the boundary condition where electron-
positron pairs can or cannot be produced in the RPP magne-
tosphere. A rotationaly-induced electric potential difference 
across the open magnetic !eld lines sets a limit on the maxi-
mum particle energy as γmec2 ! e∆φ, where γ is a Lorentz 
factor of a particle. This potential difference is determined with 

the magnetic !eld Blc at the light cylinder Rlc at which radius 
the co-rotation velocity reaches the speed of light, i.e.

Rlc =
c
Ω

=
cP
2π

. (41)

The potential difference is given by

∆φ =
1
2

BlcRlc

=
1
2

BdR3
ns

R2
lc

∝ BdP−2.
 

(42)

Let us consider the curvature radiation from the maximally 
accelerated particles as parent photons, of which the charac-
teristic energy is Ecur ∝ γ3 ∝ (BdP−2)3 ∝ L3/2

sd . The pair pro-
duction criterion is given by

Ecur >
2mec2

sin θ
, (43)

where θ is the angle of the momentum of the photon to the 
magnetic !eld for magnetic pair creation or the collision angle 
for two-photon pair creation. In the case of sin θ ∼ 1, the con-
dition of the pair production (‘death line’) is given as Lsd = 
const. (see also [615]). This death line is almost consistent 
with those derived by [140, 705] at Bd > 1011 G, and is obser-
vationally consistent with the region where RPPs lose power 
to radiate radio emission.

Figure 12. Pulsar x-ray luminosity (Lx) measured with x-ray spectra, compared with their spin-down luminosity (Lsd) determined 
from timing information. The value of Lx of a rotation-powered pulsar (RPP) is smaller than  ∼1% of its spin-down luminosity, whereas 
magnetars, XINSs, and CCOs appear above the Lx = Lsd line. Filled-box symbols show decaying x-ray luminosity during magnetar 
outbursts monitored by Swift, RXTE, and other x-ray observatories. Red arrows indicate the low-luminosity state of transient magnetars 
below detection limit of monitoring observatories. The data are complied from [227, 600, 724] and references therein.

11 Although the ef!ciency of radio emission in some pulsars appears to 
have  >0.1 in !gure 13, the ef!ciency generally has large errors, which are 
mainly due to uncertainties of the distance and the radio energy spectrum.

Rep. Prog. Phys. 82 (2019) 106901

Lsd � Ṗ /P 3

(Review) Enoto, Kisaka, and Shibata, 
ROPP (2019) 


https://iopscience.iop.org/article/
10.1088/1361-6633/ab3def

https://iopscience.iop.org/article/10.1088/1361-6633/ab3def
https://iopscience.iop.org/article/10.1088/1361-6633/ab3def


X-ray outburst of magnetars
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Magnetar spectral evolution with B-field?
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information of all AXPs and SGRs. Combining INTEGRAL,
RXTE, Suzaku (with seven detections), and NuSTAR,
which provided the HXC detections for 1E2259+586

(Vogel et al. 2014) and SGRJ1745−29 near Sgr A* (Mori
et al. 2013; Kaspi et al. 2014), the HXC has been confirmed
from nine objects among ∼23 confirmed sources, and the

Figure 10. Hardness ratios of the HXC to the SXC (Table 6), defined using the absorbed fluxes F F15 60 1 10I � � � (left panels) or using the unabsorbed luminosities
L Lh sI � (right panels), as a function of Ṗ (top panels). Bd (middle), and cU (bottom). Filled circles and triangles are the data from Suzaku and NuSTAR, respectively.

All the upper limits (arrows) are also indicated. The solid black line is the best-fit regression model calculated in the linmix package (Kelly 2007). Green lines are
samples from the corresponding posterior distribution of the model parameters.
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16 ENOTO ET AL.

τc objects (e.g., SGR 1806−20, SGR 1900+14, and
1E 1547.0−5408) show a large HXC contribution to the
SXC band (!10 keV). To avoid this contamination and
to correct the photo-absorption in the soft X-rays, we
further defined the absorption-corrected luminosity ratio
between the two components, η = Lh/Ls, same definition
as Paper I. Individual η values are listed in Table 8. Sig-
nificance of η-Bd, -τc, and -Ṗ correlations are rs = −∗∗,
∗∗ and ∗∗ in the Spearman’s rank-order, respectively.
Employing η, the correlations become tighter than those
of η and the best-fit slopes become steeper as,

ξ=Lh/Ls (11)

= (0.045+0.024
−0.016)× (Bd/BQED)

1.44±0.19 (12)

= (3.13+0.60
−0.50)× (τc/1 kyr)

−0.68±0.06 (13)

= (0.60+0.09
−0.08)× (Ṗ /10−11 s s−1)0.73±0.06. (14)

Updated from Paper I, we added in Figure 13 the
NuSTAR data which are consistent with the proposed
relations; i.e., not only the similar η or ξ values of
4U 0142+61 and 1E 1841−045 as Suzaku observations
but also the HXC detections of 1E 2259+586 (Vogel
et al. 2014) and 1E 1048.1−5937 (this paper) as ex-
pected from the relations. A galactic center source
SGR J1745−29, although the archival data has not yet
been opened, seems to follow the correlation since its
wide-band spectrum resembles 1E 1547.0−5408 (Mori
et al. 2013) and implies η ∼ ∗∗ from references (the
absorbed *–* and *–** keV fluxes are ** and **, re-
spectively; XXX). The upper limit for the second lowest
Bd-field source Swift J1822.3−1606 (Bd = 1.4 × 1013 G,
i.e.,Bd/BQED ∼ 0.32) is also consistent with the result.
Thus, the empirical relations still hold when adding the
revised Suzaku sample and early NuSTAR observations.
As the another prediction of Paper I, we compared

representative νFν spectra in Figure 14 (top). The HXC
exhibits a tendency of spectral hardening toward weaker-
Bd objects which is more clearly shown in Figure 14 (bot-
tom). This Γh-Bd correlation is represented as

Γh = (0.19± 0.17)× (Bd/BQED)
0.76±0.16. (15)

On this relation, Γh of persistent sources (e.g.,
4U 0142+61, SGR 1806−20, and 1E 1841−045) are
stable in a long-time scale, while Γh of transient
(1E 1547.0−5408) seems to change during the outbursts.
Such a spectral hardening, was also reported during the
∼400 days INTEGRAL monitoring from Γ ∼ 1.4 to
∼ 0.9, after the onset of X-ray outburst (Kuiper et al.
2012).
The present results, though still an empirical approach,

have three implications. Firstly, the present relations
provided an unified spectral interpretation of SGRs and
AXPs, although two categories were originally regarded
as distinct manifestations of highly magnetized neutron
stars. Our spectral studies showed another evidence
that SGRs and AXPs are intrinsically a same class, as
already discussed from their common feature of short
bursts (Gavriil et al. 2002). Secondly, the broad-band
spectral shape is related with timing information of P ,
Ṗ , Bd and τc independently measured from the spec-
troscopy. This is not only practically useful to predict
HXC intensity from P , Ṗ , and F1−10, but also poten-
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Figure 14. (top) Comparison of representative X-ray spectra of
after correcting their distances. (bottom) The photon index Γh of
the HXC as a function of the magnetic field Bd. Symbols are the
same as Figure 13.

tially important for the emission mechanism. Finally,
an important control parameter was revealed to be the
dipole magnetic field Bd. This reinforced the “magne-
tars” hypothesis.
Our sample provided a present spectral overview of

this class during the Suzaku operation, but left three is-
sues for future investigation. At first, the Suzaku sam-
ple can not covered potential HXC souces, a radio-loud
magnetar candidate PSR J1622−4950 (***), newly iden-
tified source CXOU J171405.7−381031 (***), or XXX
1714-38 XX (**) due to observation schedules, nearby
contamination sources, or weak X-ray fluxes. Next, the
transient behavior is sometime complicated (Mereghetti
et al. 2005). It is not yet clear how ξ or η behaves on
the correlation in Figure * and * during the outburst For
example, the HXC decay speed was faster than the SXC
during the outburst of SGR 0501+4516 (Rea et al. 2009;
Enoto et al. 2010c). Finally, The present correlations are
derived from studies of total emission without deconvo-
lution into pulsed and un-pulsed components due to lim-
ited photon statistics of several Suzaku sources. Since
the pulsed and un-pulsed emissions are reported to have

Enoto et al., ApJL 2010

Enoto et al., ApJS 2017

https://ui.adsabs.harvard.edu/abs/2010ApJ...722L.162E/abstract
https://ui.adsabs.harvard.edu/abs/2017ApJS..231....8E/abstract
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Abstract
Young and rotation-powered neutron stars (NSs) are commonly observed as rapidly-spinning 
pulsars. They dissipate their rotational energy by emitting pulsar wind with electromagnetic 
radiation and spin down at a steady rate, according to the simple steadily-rotating magnetic 
dipole model. In reality, however, multiwavelength observations of radiation from the NS 
surface and magnetosphere have revealed that the evolution and properties of NSs are highly 
diverse, often dubbed as ‘NS zoo’. In particular, many of young and highly magnetized NSs 
show a high degree of activities, such as sporadic electromagnetic outbursts and irregular 
changes in pulse arrival times. Importantly, their magnetic !eld, which are the strongest in the 
universe, makes them ideal laboratories for fundamental physics. A class of highly-magnetized 
isolated NSs is empirically divided into several subclasses. In a broad classi!cation, they 
are, in the order of the magnetic !eld strength (B) from the highest, ‘magnetars’ (historically 
recognized as soft gamma-ray repeaters and/or anomalous x-ray pulsars), ‘high-B pulsars’, 
and (nearby) x-ray isolated NSs. This article presents an introductory review for non-
astrophysicists about the observational properties of highly-magnetized NSs, and their 
implications. The observed dynamic nature of NSs must be interpreted in conjunction 
with transient magnetic activities triggered during magnetic-energy dissipation process. In 
particular, we focus on how the !ve fundamental quantities of NSs, i.e. mass, radius, spin 
period, surface temperature, and magnetic !elds, as observed with modern instruments, 
change with evolution of, and vary depending on the class of, the NSs. They are the foundation 
for a future uni!ed theory of NSs.

Keywords: neutron star, magentar, magnetic !eld, pulsar, evolution
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Python code to daw P-Pdot diagram

https://colab.research.google.com/drive/1hrA6KDAILf1IJT9NinFYlR6X9iskG_td

https://iopscience.iop.org/article/10.1088/1361-6633/ab3def


Neutron star Interior Composition ExploreR
• NICER mission: Soft X-ray (0.2-12 keV) timing spectroscopy 

for neutron star structure, dynamics, and energetics. 
• Platform: ISS external attached payload with active pointing 

• Launched June 3, 2017; Installed on ISS, June 13 
• Duration: 18 months science mission + GO extension

(c) NICER Team (PI: K. Gendreau, NASA/GSFC)



Neutron star Interior Composition ExploreR
• NICER mission: Soft X-ray (0.2-12 keV) timing spectroscopy 

for neutron star structure, dynamics, and energetics. 
• Platform: ISS external attached payload with active pointing 
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(c) NICER Team  
(PI: K. Gendreau, NASA/GSFC)

• Energy band : 0.2-12 keV (Resolution : 85 eV @ 1 keV, 140 eV @ 6 keV) 
• Time resolution : <100 ns RMS (absolute) 
• Non-imaging FOV 6 arcmin diameter 
• Background : < 0.5 cps  
• Sensitivity: 1×10-13 erg/s/cm2 (5σ, 0.5-10 keV, 10 ksec exposure for Crab-like) 
• Max rate: ~38,000 cps (3.5 Crab) 

Gendreau et al., SPIE (2012), Arzoumanian et al., (2014)
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Large Effective Area of NICER 

(K. Gendreau, et al., SPIE, 2012; Z. Arzoumanian, et al., SPIE, 2014)

• 56 parallel X-ray Timing Instruments (XTIs) 
• XTI = X-Ray Concentrator (XRC) + Sillicon Drift Detector (SDD)  
• Large effective area (x2 of XMM at 1.5 keV), Dedicated to NS surface emission.



A new magnetar Swift J1818.0-1607
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• Discovered by Swift and NICER on March 12, 2020. Radio and X-ray pulsation at 1.36 sec

Hu et al., ApJ (2020)

• Very young characteristic age ~470 yr. A missing link between magnetars and high-B pulsars. 

https://arxiv.org/abs/2009.00231


Detection of single X-ray pulses from XTE J1810-197

18Pearlman et al., 2020, arXiv:2005.08410 

https://ui.adsabs.harvard.edu/abs/2020arXiv200508410P/abstract


• Title
NICER results of the Galactic FRB magnetar  
SGR 1935+2154



• Galactic magnetar SGR 1935+2154 


• discovered in 2014 (~9 kpc?)


• P=3.24 s, Pdot=1.43e-11 s/s


• B ~ 2.2e+14 G


• A burst was detected with Swift Burst Alert 
Telescope on April 27, 2020.


• X-ray follow-up monitoring by several X-ray 
observatories, including NICER.


• X-ray burst forest was found from the Galactic 
magnetar SGR 1935+2154 on 2020 April 28. 


• A FRB was found during this activated state!

A FRB was found from a Galactic magnetar!!

20Younes et al., arXiv:2009.07886

3

Figure 1. Upper panel. NICER light curve of observation ID 3020560101 shown at 64 ms resolution in the 1-10 keV energy range. The dashed
blue vertical line is the time of FRB 200428. The gray dashed vertical lines delimit the first GTI when the burst forest occurred. The arrow
indicates that the count rate is outside the y-axis limit. Middle panel. A “zoom-in” view of the burst forest. We detect more than 217 bursts
during ⇠1120 seconds. The inset is a zoom-in at the area delimited with a dotted gray box , representing the most intense bursting period.
Lower panel. The light curve (with 0.5 s resolution) of the burst forest after eliminating all identified bursts.

tion time intervals, �T (e.g., Gavriil et al. 2004). We then
create a light curve with 4 ms resolution within each �T ,
resulting in a total number of N = 25000 bins per interval.
Next, we calculate the probability Pi of the total counts in
each 4 ms time bin, ni, to be a random fluctuation around

the average � (the ratio of the total counts within �T over
�T ) as Pi = (�ni exp(��))/ni!. Any time bin satisfying
the criterion Pi < 0.01/N , is flagged as part of a burst. The
procedure is reiterated until no more bins are identified in a
�T . To capture the weaker tails of bursts as well as fainter

https://ui.adsabs.harvard.edu/abs/2020arXiv200907886Y/abstract


• Two-peak FRB coincided with a magnetar 
X-ray burst (Insight-HMXT, INTEGRAL, 
AGILE, and Konus-Wind)

A FRB was found from a Galactic magnetar!!

21

Figure 2: The lightcurve and the hardness evolution during the burst of SGR J1935+2145 observed

with Insight-HXMT. The reference time is T0 (2020-04-28 14:34:24 UTC). The vertical dashed

lines indicate two peaks in the lightcurves and the hardness evolution. The separation between the

two lines are 30 ms. (a): The lightcurve observed with Insight-HXMT/HE with a time resolution

of 1 ms near the peak and 10 ms outside the peak. Due to the saturation effect, there are bins near

the peak with no photons recorded for both HE and LE. (b) and (c) are the lightcurves observed

with ME and LE with a time bin of 5 ms, respectively. (d): The hardness ratio between the counts

in 50–250 keV and 27–50 keV. The inset plot in (d) shows the details of the hardness ratio near the

peak. (e): The hardness ratio between the counts in 10–30 keV and the 1–10 keV. (see Methods

for details of the saturation and the deadtime correction.)
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Figure 1: Burst waterfalls. Total intensity normalized dynamic spectra and band-averaged
time-series (400.1953125-MHz arrival time referenced to the geocentre) of the detections by (a)
CHIME/FRB and (b) ARO, relative to the geocentric best-fit arrival time of the first sub-burst based
on CHIME/FRB data. For CHIME/FRB, the highest S/N beam detection is shown. Dynamic spec-
tra are displayed at 0.98304-ms and 1.5625-MHz resolution, with intensity values capped at the
1st and 99th percentiles. Frequency channels masked due to radio frequency interference are re-
placed with the median value of the off-burst region. The CHIME/FRB bursts show a “comb-like”
spectral structure due to their detection in a beam sidelobe as well as dispersed spectral leakage
that has an instrumental origin (see Methods).

8

The CHIME/FRB Collaboration, 
arXiv:2005.10324

Li et al., arXiv 2005.11071

https://arxiv.org/abs/2005.10324
https://arxiv.org/abs/2005.10324
https://ui.adsabs.harvard.edu/abs/2020arXiv200511071L/abstract


• Compared with extra-
Galactic FRBs, this 
Galactic FRB is 


• Higher fluence 


• Lower luminosity


• Implication: FRB 
coherent (?) radio 
emission and 
incoherent X-ray burst 
are related with each 
other. 

Galactic FRB vs. Cosmological FRBs

22

Figure 2: Comparison of short radio burst energetics. The observed burst fluences at radio fre-
quencies from 300 MHz to 1.5 GHz for Galactic neutron stars and extragalactic FRBs are plotted
with their estimated distances. The fluence ranges include the uncertainties in fluence measure-
ments as well as ranges of individual bursts for repeating FRBs and pulsars. FRBs colours indicate
their detection telescope: CHIME/FRB (purple), ASKAP (red), DSA-10 (green, FRB 190523),
Arecibo and Parkes (orange). Galactic sources are plotted in blue. For SGR 1935+2154 the blue
rectangle indicates the nominal range of 400–800-MHz fluences measured for the two bursts while
the light blue region incorporates the possible systematic uncertainty in the CHIME/FRB fluence
as described in the text. The STARE2 lower limit on the fluence at 1.4 GHz is also shown. Gray
diagonal lines indicate loci of equal isotropic burst energy with an assumed fiducial bandwidth of
500 MHz. FRB distances are estimated from their extragalactic dispersion measure contribution
including the simulated variance 36. Pulsar distances are estimated based on the NE2001 Galactic
electron distribution model 14. Objects with accurately measured distances (parallax or host galaxy
redshift) are indicated with vertical lines.

9

The CHIME/FRB Collaboration, arXiv:2005.10324

https://arxiv.org/abs/2005.10324


FRB-associated burst vs. Other magnetar bursts

23
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Figure 1. Left panels: Light curves of one of the 24 bursts analyzed in this Article as seen with 
Fermi/GBM (upper-panel) and NICER (Lower-panel). No signal distinguishable from the 
background was observed above ~100 keV by GBM.  The X-axis is time in seconds from a fiducial 
burst start time. Right-panels: NICER+GBM spectrum of this burst in photon flux space, FE 
(upper-panel). The dots represent the data, binned for clarity, color-coded by instrument (NaI 6, 
NaI 7 are the two GBM detectors used for this burst). In all panels, the error bars are presented at 
the 1σ level. The solid curves define the best-fit CPL model. The dashed lines constitute the best 
fit CPL model to a simulated spectrum based on the spectral properties of the FRB-associated burst 
as seen with HXMT.11 Residuals of the best-fit model to our NICER+GBM spectrum are shown 
in the lower-panel in standard deviation units σ. 
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• Example of a magnetar short burst from SGR 
1935+2154 observed with NICER+GBM 
compared with the FRB-associated event. 

Canonical magnetar burst

fitted by a cutoff-power law


(NICER+GBM)
FRB-associated event 


(insight-HMXT)

https://ui.adsabs.harvard.edu/abs/2020arXiv200611358Y/abstract


X-ray burst spectrum: FRB-associated vs. others

24Younes et al.., arXiv: 200611358

 6 

 
 

Figure 2. Grey-solid lines represent the probability density function (PDF) of the CPL index (left 
panel) and high-energy cutoff Ecut (right panel) for our sample of 24 bursts. In both panels, the 
black-solid lines are the PDF of a Gaussian kernel for the corresponding 24 PDFs. The blue dot-
dashed lines are the PDFs of the index (left) and the high-energy cutoff (right) as measured in the 
FRB-associated burst. The probability of the FRB-associated burst to have an index drawn from 
our population of bursts is 1.4x10-4, while the probability of Ecut to be drawn from our sample is 
1.0x10-16, highlighting the unique properties of the FRB-associated burst compared to the rest of 
the burst population. 
 
 
 
 
 
 
 
 
 
 

  

• Probability distribution function of X-ray spectral parameters of 24 short bursts from 
SGR 1935+2154: Cutoff power-law index (left) and cutoff energy (right). 


• The FRB-associated burst is different from the other X-ray bursts? 

https://ui.adsabs.harvard.edu/abs/2020arXiv200611358Y/abstract


X-ray burst spectrum: FRB-associated vs. others

25Younes et al.., arXiv: 200611358

• Cutoff energy vs. X-ray flux 
in 1-250 keV.


• Brighter magnetar short 
burst shows higher cutoff 
energy. 


• X-ray flux of the FRB-
associated burst is in the 
distribution of the other 
(canonical) magnetar bursts.


• However, the cutoff energy 
of the FRB-associated one 
is higher than the others. 

 7 

                     
 
Figure 3. Cutoff energy, Ecut, versus flux in the 1-250 keV range for the 24 bursts in our sample 
(black-squares). A 20% systematic uncertainty was added to all flux values (see methods). The 
grey-shaded area is the 3s best fit linear model to 10000 simulated sets of data points drawn from 
a bivariate Gaussian distribution with mean and standard deviation as measured in the actual data 
points. A positive correlation is clearly seen in our sample. The FRB-associated burst is shown as 
a blue-diamond. While possessing a typical flux, the Ecut of the FRB-associated burst is >15s away 
from this correlation. We do not detect any other statistically significant correlation between any 
other pairs of spectral parameters in our sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://ui.adsabs.harvard.edu/abs/2020arXiv200611358Y/abstract


At which pulse phase the FRB event happened?

26Younes et al., arXiv:2009.07886

1 Day after the burst

• Pulse profile of SGR 1935+2154 at 1 day and 21-39 days after the burst

• Folded burst peak time (light blue) does not show a clear pulse profile. 

• The pulse phase of the FRB event happened at the peak of the pulse profile. 

https://ui.adsabs.harvard.edu/abs/2020arXiv200907886Y/abstract


27Chandra, Hubble, and Spitzer image (NGC 1952)

X-ray enhancement associated with the Crab 
GRPs



Time (millisecond)

Rotating RAdio Transients = RRATs

28

McLaughlin et al. 2005

• Rotating pulsars sometimes exhibit single radio 
pulses


• More than 100 RRATs have detected (P and Pdot 
measurements only for ~25% of them). 

(Enoto, Kisaka, and Shibata 2019)

https://iopscience.iop.org/article/10.1088/1361-6633/ab3def


Giant radio pulses (GRPs)
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Figure 4. Fluence histograms dN/dF of MPGRPs in the four
bands P, LL, LH, and S. Dashed lines show the fitted power law
function ∝ FΓ. The numbers in the figure are corresponding Γ.

Table 3
Power-law index Γ for the fluence distribution.

Band Γ (Sample Number)
MPGRP IPGRP

P −2.61+0.13
−0.15 (760) −2.73+0.55

−0.83 (101)

LL −2.98+0.11
−0.12 (2166) −2.88+0.37

−0.50 (171)

LH −2.97+0.13
−0.15 (2574) −2.75+0.72

−0.87 (192)

S −2.68+0.11
−0.13 (2681) −3.62+0.55

−0.70 (192)

wide band spectra in our samples are consistent with
single power-laws (hereafter SPLs). The GRP spectra
are fitted by the SPL as a function of frequency ν,

F (ν) = F0.3

( ν

325.1MHz

)α
, (2)

with a normalization parameter F0.3 and index α. The
goodness-of-fit test is done by means of the χ2 statis-
tic. All the fluences from P to S bands are not always
determined. Even if upper limits are included in some
frequency bands, we can test the consistency with a SPL
for each GRP by the modified χ2 statistic as

χ̂2=
∑

i

χ2
i,det +

∑

j

χ2
j,UL. (3)

For the band i where a certain fluence Fi is determined,
its contribution to the χ2 statistic is written as

χ2
i,det≡

(

Fi − F (νi)

σi,tot

)2

, (4)

where σi,tot is the 1σ total error for the given time in-
terval in the band i (see Appendix A). For the band j
where a fluence upper limit Fj,max (see Appendix A) is
set, its contribution is

χ2
j,UL≡−2 ln

∫ Fj,max

−∞

exp

(

−(F ′
−F (νj))2

2σ2
j,tot

)

√

2πσ2
j,tot

dF ′, (5)

(Avni et al. 1980; Sawicki 2012).

Figure 5. Examples of the GRP spectra consistent with SPLs.
The best-fit power-law functions are plotted with the dotted lines.
The obtained parameters with 68% confidence intervals and the
minimum χ̂2 are also shown.

Figure 6. Examples of the GRP spectra inconsistent with SPLs:
hard-to-soft (left), soft-to-hard (middle), and other (right) spectra.
The minimum χ̂2 values and corresponding SPL functions (dotted
lines) are shown.

We set a critical value of χ̂2 to reject the SPL hypoth-
esis assuming that χ̂2 follows a χ2 distribution with n−2
degrees of freedom (DoFs) for n data points. In the case
of the spectra for P–S bands, the number of the data
points implies 2 DoFs for χ2 distribution. We adopt a
critical value of χ̂2 = 5.99 (significance level of 5%).
For the GRPs whose spectra are consistent with SPLs,

we estimate the confidence intervals or the upper-limits
of the fitting parameters as follows. For each pair of the
parameters (F0.3,α), we calculate χ̂2, and express

χ̂2 = χ̂2
min +∆χ̂2, (6)

where χ̂2
min is the minimum value of χ̂2. According to

Lampton et al. (1976), we assume that∆χ̂2 follows a chi-
square distribution with p DoFs, where p is the number
of fitting parameters. A 68% confidence interval of each
fitting parameter is that satisfying

∆χ̂2 = 2.3, (7)

for p = 2 in our case.
First, we focus on the GRPs detected at all the four

frequency bands. The fractions of such ideal samples
are relatively small, 8.4% and 18% for MPGRPs and
IPGRPs, respectively (see Table 4). In those samples,
we find that 86 of 268 (32%) MPGRPs, and 27 of
46 (59%) IPGRPs are consistent with SPL spectra at
a significance level of 5%. The spectral index widely

(Mikami et al., 2016)
Fluence histogram

S band (2.2 GHz), L-band (1.4-1.6 GHz) 

(Sallmen et al., 1999)
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• Sporadic sub-millisecond bursts 102-3 times brighter than the normal radio pulses.


• Only from known ~12 sources, power-law fluence distribution, 

29



Giant radio pulses (GRPs)

30

Review

16

!elds than normal RPPs [115, 172, 197, 386, 405, 407, 541, 
542]. It is yet unclear whether the observed P–Ṗ  distribution 
of RRATs is genuinely related to their pulsar-intrinsic prop-
erties or is rather an observational selection effect whereby 
longer-periods RPPs are detected with higher signal-to-noise 
ratios in single-pulse searches [540].

Among RRATs, PSR J1819−1458 is one of the most stud-
ied objects. Its magnetic !eld strength inferred from the meas-
ured period and its derivative is Bd = 5 × 1013 G [542], which 
is at a similar level to those of low-B magnetars (section 3.3), 
high-B pulsars (section 3.4), and XINS (section 3.5) and is 
close to the upper end of the scale of the magnetic !eld Bd for 

Figure 16. Pulsar distribution in the P–Ṗ  diagram of (upper-left panel) nulling and mode-changing pulsars which show a discontinuous 
change in the radio pro!le, (upper-right) intermittent pulsars which have a correlation between the discontinuous radio change and spin-
down state, (bottom-left) RRATs which exhibit sporadic radio pulses, and (bottom-right) pulsars with a giant radio pulse(s) (GP). The 
data are taken from [82, 115, 117, 270, 331, 587, 674, 829, 833, 856] for nulling and mode-changing pulsars, [124, 436, 493, 505] for 
intermittent pulsars, the RRATalog (table A1 in appendix) for RRATs, and [153, 169, 228, 229, 373, 402, 403, 419–421, 451, 452, 726, 
739] for pulsars with a GP. As in !gure 1, large open black circles, pentagons, diamonds, and squares are for magnetars, XINSs, HBPs with 
x-ray emission, and CCOs, respectively.

Rep. Prog. Phys. 82 (2019) 106901

(Enoto, Kisaka, and Shibata 2019)

Chandra, Hubble, and Spitzer image (NGC 1952)
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Optical enhancement coincided with GRPs

31

• Radio


• 103-4 enhancement


• Optical


• Discovery of 3.2% 
enhancement (7.2σ) 
coincidences with 
Crab GRPs


• X-ray & Gamma rays


• Only upper-limits 
from Chandra, 
Suzaku, Fermi… etc
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Figure 2. Spectral energy distribution of the average emission of the Crab nebula
(blue) and the phase averaged emission of the Crab pulsar (black). The data for
the nebula were taken from Meyer et al. (2010) with the addition of the Fermi-LAT
measurement reported in Buehler et al. (2012). The pulsar spectrum is reproduced
from Kuiper et al. (2001). Additionally shown are infrared measurements reported in
Sollerman et al. (2000) and Tziamtzis et al. (2009), radio measurements referenced in
Thompson et al. (1999) and gamma-ray measurements referenced in Fig. 8. Please
note, that the low frequency radio data (! 1 GHz) comes from non-contemporaneous
measurements, which are likely affected by time varying interstellar scintillation
(Rickett & Lyne 1990). The luminosity shown on the right axis was calculated assuming
a distance of 2 kpc.

and swings from PA ≈ 90◦ to PA ≈ 180◦ during P2.

2.2. The Crab nebula

The appearance of the nebula in the sky is approximately ellipsoidal with a major axis of

∼ 7 arc minutes and a minor axis of ∼ 4.6 arc minutes. This corresponds to a projected

length of ∼ 4.1 pc and ∼ 2.7 pc, respectively. As one observes the nebula at higher

frequencies, a toroidal structure becomes increasingly apparent. Images of the inner

region in X-rays and optical are shown in Fig. 4. A torus surrounding the pulsar and
a jet emerging perpendicular to it are apparent. It is striking that there is no bright

emission in the region within ∼ 10 arc seconds of the pulsar (Hester et al. 1995, Hester

et al. 2002, Mori et al. 2004, Temim et al. 2006). The pulsar wind is apparently

radiationless (or “cold”), until interaction with the ambient medium happens. The

first interaction is commonly thought to occur at the “inner ring” observed in the X-ray

image (Weisskopf et al. 2000).
As can be seen in Fig. 4, the inner nebula is a highly dynamical place. Thin arcs of
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Nebula: radiation from 
shock-accelerated 
relativistic electrons

Pulsar: radiation from 
e+/e- accelerated in the 
pulsar magnetosphere(Buhler & Blandford, 2014)

(Shearer et al., Science ,2003; Strader et al., ApJL 2013)
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Crab Pulsar — Simultaneous with Radio 
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Crab Pulsar — On-orbit actual NICER data

X-ray profile appears with accumulation in a short exposure (~1 sec) !



Discovery of X-ray enhancement at GRPs
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• Radio


• 103-4 enhancement


• Optical


• Discovery of 3.2% 
enhancement (7.2σ) 
coincidences with 
Crab GRPs


• X-ray 


• Discovery of 3.8% 
enhancement
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Figure 2. Spectral energy distribution of the average emission of the Crab nebula
(blue) and the phase averaged emission of the Crab pulsar (black). The data for
the nebula were taken from Meyer et al. (2010) with the addition of the Fermi-LAT
measurement reported in Buehler et al. (2012). The pulsar spectrum is reproduced
from Kuiper et al. (2001). Additionally shown are infrared measurements reported in
Sollerman et al. (2000) and Tziamtzis et al. (2009), radio measurements referenced in
Thompson et al. (1999) and gamma-ray measurements referenced in Fig. 8. Please
note, that the low frequency radio data (! 1 GHz) comes from non-contemporaneous
measurements, which are likely affected by time varying interstellar scintillation
(Rickett & Lyne 1990). The luminosity shown on the right axis was calculated assuming
a distance of 2 kpc.

and swings from PA ≈ 90◦ to PA ≈ 180◦ during P2.

2.2. The Crab nebula

The appearance of the nebula in the sky is approximately ellipsoidal with a major axis of

∼ 7 arc minutes and a minor axis of ∼ 4.6 arc minutes. This corresponds to a projected

length of ∼ 4.1 pc and ∼ 2.7 pc, respectively. As one observes the nebula at higher

frequencies, a toroidal structure becomes increasingly apparent. Images of the inner

region in X-rays and optical are shown in Fig. 4. A torus surrounding the pulsar and
a jet emerging perpendicular to it are apparent. It is striking that there is no bright

emission in the region within ∼ 10 arc seconds of the pulsar (Hester et al. 1995, Hester

et al. 2002, Mori et al. 2004, Temim et al. 2006). The pulsar wind is apparently

radiationless (or “cold”), until interaction with the ambient medium happens. The

first interaction is commonly thought to occur at the “inner ring” observed in the X-ray

image (Weisskopf et al. 2000).
As can be seen in Fig. 4, the inner nebula is a highly dynamical place. Thin arcs of
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a distance of 2 kpc.
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• X-ray enhancement coincided 
with GRPs from the Crab Pulsar


• Enhancement: 3.8±0.7 %


• Significance: 5.4σ


• Since the energy band extends 
to X-rays, the total emitted 
energy from a GRP is revealed 
to be tens to hundreds of 
times brighter than previously 
thought.

Discovery of X-ray enhancement at GRPs
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• Hypothetical bright GRP is a candidate for the origin of FRBs especially repeating 
source.


• The energy source of FRBs is assumed to be the spin-down luminosity.


• The discovery of X-ray enhancement suggests: 


• Since the broadband luminosity of the Crab pulsar GRPs, including the X-ray 
emission is revealed to be 102-3 times higher than we previously thought, the 
simple GRP model became more difficult for the FRB origin.


• the connection between the coherent radio emission and incoherent X-ray 
radiation in the neutron star magnetosphere. This is also shown the FRB-
associated bursts from SGR 1935+2154.Hypothetical bright GRP is a candidate 
for the origin of FRBs especially repeating source.

Implication of X-ray detection of the Crab GRPs

39Kashiyama  & Murase, 2017; Kisaka, Enoto, Shibata 2017
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Magnetar candidates in binary systems? 



Reported periodicities of FRBs
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The periodicity could also reflect a reduction in effective radio opacity 
at apastron, where the radio bursts do not pass through the compan-
ion wind or disk20,21. Bursts could also be lensed by companion wind 
clumps or disk material near periastron24—but if so, the preference 
for a downward-drifting frequency structure is puzzling (see Fig. 2). 
With a companion casting material in the orbit, phase-dependent 
DM or rotation measure variations could eventually be observed, 
especially with wideband or lower-frequency observations. Periodic 
variation could also arise from classical binary precession, which is 
seen in some stellar–neutron star binaries25. In Galactic binaries com-
posed of a massive star and a pulsar, bright X-ray and γ-ray emission 
can be observed26; if detected in this system, such emission would 
be a strong diagnostic (but the 149-Mpc distance10 here will make a 
detection challenging). A compact-object companion to the emitter 
is also possible. Given the location10 of the source in the outskirts of 
a massive spiral galaxy, a supermassive black hole companion seems 
unlikely; however, an intermediate- or stellar-mass black hole com-
panion is possible and could result in periodically observed bursts if 
there is relativistic orbital precession.

Isolated compact-object scenarios may present challenges. One 
popular model used to explain repeating FRBs invokes a magnetar 
central engine17–19. A periodicity could arise from the rotation of such 
a star. However, known Galactic magnetars27 have rotation periods 
<12 s. One young 6.67-h X-ray pulsar has been argued to be a mag-
netar28, that has been spun down by torque from a disk of material. 
However, simulations of such ‘fallback disks’29 suggest it is difficult 
to produce periodicities of several hours (the timescale of possible 
aliased periods), let alone several weeks. A handful of known radio 

pulsars show intermittent, quasi-periodic emission intervals with 
periods of several days, and which are known to be magnetospheric 
in origin30 (though otherwise poorly understood). However, the radio 
luminosities of those sources are at least nine orders of magnitude 
lower than that of FRB 180916.J0158+65 and all other FRB sources. 
Long-term precession in an isolated spinning pulsar could modulate 
the visibility of bright bursts produced through an exotic mecha-
nism. However, long-lived precession in isolated neutron stars has 
been thought to be impossible because of rapid damping owing to 
superfluid-vortex-line pinning in the stellar interior31—more recent 
work32,33 incorporates modifications to the superfluid properties and 
may allow for precession. If the source were precessing, the bursts 
would probably be emerging from a fixed region on the star—probably 
a magnetic pole—and the 30% active phase of the source would sug-
gest either a small viewing angle or a large polar region, possibilities 
that may be distinguishable using observations of the variation of the 
position angle of linearly polarized emission.

To test for an aliased periodicity, we encourage observations with 
exposure functions different from those of CHIME. Future observa-
tions, both intensity and polarimetric and at all wavebands, could 
distinguish among the proposed models, and the generality of the 
phenomenon may be determined by searches for periodicities in other 
repeaters.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
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Fig. 2 | Timeline of the daily exposure of CHIME/FRB to FRB 180916.
J0158+65. Downward triangle markers on the top axis indicate arrival times for 
detections with CHIME/FRB or EVN; the number of detections in each active 
phase is indicated above the markers. The upward triangle marker on the 
bottom axis indicates the epoch of non-detection of the source by the 
Effelsberg telescope. The grey shaded regions show a ±2.7-d interval around 
the estimated epochs of source activity. a, The exposure to the source within 

the FWHM of the synthesized beams at 600 MHz is shown in black. We truncate 
our reported exposure on 30 September 2019 owing to an upgrade of the 
software (see Methods). b, The variation in the daily relative root mean square 
(r.m.s.) noise at the position of FRB 180916.J0158+65, depicted as coloured 
points with 1σ uncertainties, measured using a collection of pulsars detected 
by CHIME/FRB. There is clearly substantial exposure and nominal sensitivity to 
the source well outside the regions of observed activity.

• FRB 180916.J0158+65


• 16.35±0.16 day periodicity (CHIME/FRB collaboration, Nature, 2020 )


• Burst-active phase depends on frequencies (150 MHz, 600 MHz, & 1.4 GHz)


• FRB 121102


• 161 days periodicity (Rajwade+2020, Cruces+2021)



Two scenarios to explain the periodicities
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• Binary model (e.g., Ioka & Zhang 2020)

• NS binary motion (orbital separation & mass)

Zhang, Nature (2020)

• Precession model (e.g., Levin et al. 2020)

• NS deformation (ellipticity)

https://www.nature.com/articles/d41586-020-01713-x


Binary model: Compared with the Corbet diagram
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and the dimensionless parameter ξ(∼ 0.4–1) depends on the 
con!guration of the accretion "ow and  micro-physical param-
eters such as magnetic diffusivity [105, 283, 454, 666]. Note 
that the mass accretion rate is estimated from the observed 
luminosity (Ṁ ∝ Lx; see section  2.3). The accreting matter 
loses (or gains) an angular momentum until the spin period 
of the pulsar matches the Kepler period at rm. In most accre-
tion-powered x-ray pulsars, the spin-up (or -down) timescale 
is much shorter than their ages (e.g. [220]). Then, the magne-
tospheric radius equals to the co-rotation radius rco given by

rco =

(
GMnsP2

4π2

)1/3

. (16)

Using the approximation rm ≈ rco, the magnetic !eld is 
estimated from the spin period and the luminosity with the 
equation

B ∼ 7 × 1012 G ξ−7/4
(

P
100 s

)7/6 ( Ṁ
10−11M"yr−1

)1/2

.

 (17)

Figure 7. (Top) Scatter plot of x-ray binaries hosting neutron stars on the binary-orbital-period versus pulsar-spin-period plane (called 
the Corbet diagram, [157]). Be/x-ray binaries (circle symbols) and OB supergiant x-ray binaries (squares) are shown for Galactic sources 
and those in the Magellanic Clouds [440, 485, 651, 848]. Five sources of supergiant fast x-ray transients (SFXT, [702]), a symbiotic x-ray 
Binary (SyXB) GX 1+4, !ve low-mass x-ray Binaries (LMXBs), and three extragalactic bright pulsars (ULX pulsars M82 X-2 [55], NGC 
5907 ULX−1 [364], and 3XMM J004301.4+413017 [235]) are also plotted. All the sources in this plot are accretion-powered. (Bottom) 
Same Corbet diagram, but compared with other binary systems. Accreting millisecond pulsars (orange squares) and rotation-powered 
ones in binary systems (light-blue circles) whose spin periods are below  ∼1 s taken from the ATNF catalogue [522] are plotted. The spin 
periods of pulsars are shorter than those of the accreting sources, the fact of which is thought to be evidence for the recycle process (see 
section 1.3). Gamma-ray binaries (magenta squares) and double NS systems (black pentagons) are also plotted. The sources in this plot 
include accretion-powered and rotation-powered NSs.

Rep. Prog. Phys. 82 (2019) 106901

16 day 161 day

Enoto, Kisaka, and Shibata, ROPP (2019)

of same spectral type. The observed IR excess and emission lines in the optical/IR spectra of Be stars
are attributed to the presence of a gaseous equatorial circumstellar disk. The phenomena involved in
the formation of the circumstellar disk still remain highly debated. It is widely accepted that Be stars
are fast rotators spinning at ⇠200 km s�1 or more (i.e. between 0.5 to 0.9 of their critical velocity)
and that they have a strong stellar wind with high mass loss rate. Circumstellar disks around the Be
stars are formed from the equatorially ejected material from the fast-spinning central star.

In Be/X-ray binary systems, the neutron star (pulsar), while orbiting around the common center of
mass, spends most of the time away from the circumstellar disk of the companion star. A schematic
diagram of a Be/X-ray binary system is shown in Fig. 1. During the periastron passage, the pulsar
passes through/closest to the circumstellar disk of the Be star and accretes a significant amount of
matter because of its strong gravity. At the periastron passage, the abrupt accretion of a huge amount
of matter onto the pulsar results in strong outbursts (Okazaki & Negueruela 2001) during which X-
ray emission from the pulsar can be transiently enhanced by a factor more than ⇠10. Optical/IR
observations of the companion Be star during these outbursts showed that the increase in the X-ray
intensity of the pulsar is coupled with the decrease in the optical/IR flux of the companion star. Along
with the change in observed optical/IR flux, there are several occasions when extreme changes in
the emission line profiles have been detected in the optical/IR spectra of Be stars. Therefore, for a
detailed and thorough understanding of the evolution of these systems, a multi-wavelength program of
observations (in optical, IR, and X-ray wavebands) are required. Using the IR and optical observations
of these objects, the physical conditions of matter in the Be circumstellar disk from which the neutron
star accretes, can be determined. In combination with the X-ray timing and spectral observations, we
can get a clear picture of the accretion process in these systems. In the following sections, the X-ray
properties of the pulsar during Type I outbursts and related changes observed in optical/IR wavebands
in Be/X-ray binaries are briefly discussed.

Figure 1: A schematic diagram representing a
Be/X-ray binary system is shown here. The com-
pact object in the binary system is a neutron star
whereas the companion is a Be star with a huge
equatorial circumstellar disk around it. During
the periastron passage, X-ray outbursts occur be-
cause of the abrupt increase in the mass accretion
from the circumstellar disk of the Be star.
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Figure 2: The outburst profiles of the Be/X-
ray binary pulsars EXO 2030+375 (top) and
A0535+262 (bottom) are shown in the 15-50 keV
energy band, as observed by Swift/BAT. Type I
and Type II X-ray outbursts seen in these pulsars
are marked in both panels.

Neutron stars in Be/X-ray binary systems are generally quiescent and show periodic normal
(Type I) X-ray outbursts that coincide with its periastron passage and giant (Type II) X-ray outbursts
which are extremely rare and do not show any clear orbital dependence (Negueruela et al. 1998).
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Fig. 3.—The 9–100 keV spectrum of X0115!63 observed by BeppoSAX
in the descending edge of the main peak. Count rate spectra from the HPGSPC
and PDS, together with the best-fit model, which includes the NPEX contin-
uum, and three absorption features are shown in the upper panel. The lower
panel shows the residuals in units of j revealing evidence for an absorption
feature at ∼48 keV.

Fig. 4.—Unfolded spectrum of the descending edge of the main peak of
X0115!63.

TABLE 1
Best-Fit Spectral Parametersa

Value

Parameter NPEX Cutoff Power Law

a1 . . . . . . . . . . . . . . 1.37 ! 0.05 1.3 ! 0.05
a2 . . . . . . . . . . . . . . 0.41 ! 0.05 )
kT (keV) . . . . . . . 11.0 ! 0.05 17.4 ! 0.5
E (keV) . . . . . .cyc
1 12.74 ! 0.08 12.78 ! 0.08

j1 (keV) . . . . . . . . 1.34 ! 0.25 1.52 ! 0.14
D1 . . . . . . . . . . . . . . 0.21 ! 0.04 0.23 ! 0.02
EW1 . . . . . . . . . . . . 0.75 ! 0.04 0.87 ! 0.07
E (keV) . . . . . .cyc
2 24.16 ! 0.07 24.0 ! 0.07

j2 (keV) . . . . . . . . 2.11 ! 0.18 1.94 ! 0.11
D2 . . . . . . . . . . . . . . 0.52 ! 0.02 0.50 ! 0.02
EW2 . . . . . . . . . . . . 2.7 ! 0.07 2.4 ! 0.1
E (keV) . . . . . .cyc
3 35.74 ! 0.35 36.00 ! 0.35

j3 (keV) . . . . . . . . 2.53 ! 0.5 1.98 ! 0.4
D3 . . . . . . . . . . . . . . 0.46 ! 0.04 0.43 ! 0.04
EW3 . . . . . . . . . . . . 2.8 ! 0.4 2.13 ! 0.3
E (keV) . . . . . .cyc
4 49.5 ! 1.2 49.8 ! 1.4

j4 (keV) . . . . . . . . 6.3 ! 2.3 4.8 ! 2.0
D4 . . . . . . . . . . . . . . 0.35 ! 0.06 0.3 ! 0.06
EW4 . . . . . . . . . . . . 5.2 ! 1.0 3.4 ! 1.0

(dof) . . . . . . .2xdof 1.24 (262) 1.34 (262)
a Uncertainties at 90% confidence level for a single

parameter.

and (2) a power law with a"a !a1 2(AE ! BE ) exp ("E/kT )
high-energy cutoff, . Here f(E) is the"af (E) = AE exp ("E/kT )
photon flux, kT is the e-folding energy, and a is the photon
index. Independent of the continuum model used, at least three
absorption-like features were required in the fit. These features
were introduced in the model(s) as Gaussian filters in absorp-
tion, i.e., , wherecyc 2 2G (E) = 1" D exp ["(E" E ) /(2j )]i i i i

, ji, and Di are the centroid energy, width, and depth ofcycEi
each feature. Introducing the third absorption feature at
∼38 keV (in addition to the first two harmonics at ∼12 and 24
keV) led to a pronounced improvement in the fit, with the
reduced decreasing from 2.5 (268 degrees of freedom [dof])2xdof
to 1.7 (265 dof) in the case of the NPEX model. An F-test
shows that the probability of chance improvement is ∼10"21.
The HPGSPC and PDS count spectra of the descending edge

of the main peak (pulse phase 0.2–0.3) together with the best-
fit model described above are shown in Figure 3 (upper panel):
an additional feature centered around ∼48 keV is clearly ap-
parent in the residuals of both the HPGSPC and PDS spectra
(Fig. 3, bottom panel). This prompted us to introduce a fourth
absorption feature, G4, in the model; the minimum de-2xdof
creased to 1.24 (262 dof, NPEX continuum), corresponding to
an F-test probability of chance improvement of ∼10"15. Fig-
ure 4 shows the unfolded spectrum of X0115!63. Best-fit
parameters and equivalent widths are summarized in Table 1.
In the same table, best-fit parameters obtained by using the
power law with an exponential cutoff are also given.
We also performed a fit with all the line centroids constrained

to an integer harmonic spacing. The resulting minimum is2xdof
1.58 (259 dof) for the NPEX model and 1.67 (259 dof) for the
power-law plus cutoff model. An F-test gives a probability of

chance improvement for the models with nonconstrained line
centroids less than 10"10 in both cases.
A preliminary analysis of the spectra from other phase in-

tervals also shows significant variations of the line features
with the pulse phase confirming previous findings from Ginga
and RXTE (Heindl et al. 1999; Nagase et al. 1991). Variations
up to 10% in centroid energy are observed. Three lines are

4U 0115+63 
Santangelo+99, ApJ
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Magnetar in a binary system? (1) CRSF B-feild
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• Electron cyclotron resonance scattering features 
(CRSF) are detected from ~20 accretion 
powered X-ray pulsars as X-ray absorption lines.
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where χ is the inclination angle of the dipole magnetic axis 
relative to the rotation axis. Using a coef!cient k, the general 
spin-down is given by (e.g. [523]),

Ω̇ = −kΩn. (10)

Here the braking index n determines the direction of move-
ment of a pulsar in the P–Ṗ  plane where its slope is 2  −  n. 
For a magnetic dipole radiation case (Lsd = Lmd), the braking 
index is n  =  3 derived from equations (8) and (9). For some 
of other loss processes, n  =  1 for a particle wind braking, and 
n  =  5 for a GW braking (∝ ε2Ω6), where ε = (I1 − I2)/I3 is 
equatorial ellipticity, Im(m  =  1,2,3) are the principal moments 
of inertia, and I3 is assumed to be aligned with the spin axis 
[719]. Observed braking indices (n ! 3) are summarized in 
[232] and plotted in the P–Ṗ  diagram in !gure 6. Isolated NSs 
spin down gradually, and the solution of equation (10) is

P(t) =






Pi

[
1 − (n−1)t

2τc

]− 1
n−1

(n "= 1)

Pi exp
[

t
2τc

]
(n = 1),

 (11)

where Pi is an initial period (i.e. Pi = P(t = 0)).
Pulsar ages are typically estimated using the spin-down 

‘characteristic-age’, τc, given by

τc ≡
P

2Ṗ
, (12)

where Pi ! P  and n  =  3 are assumed. The estimated ages are 
overlaid in !gure 1. The historical records of the eight estab-
lished galactic SNe, each of which is either a Ia-type SN or 
CCSN, are tabulated in table  1 (see [149, 741] for reviews 
on East Asian historical documents). Among CCSNe, the 

Figure 5. Magnetic !elds of NSs and WDs compared with their stellar rotation (P–B diagram). The NS sample includes the same 
isolated NSs as those for the P–Ṗ  diagram (!gure 1) and accreting x-ray pulsars, the x-ray spectra of which exhibit CRSFs, taken from 
[740]. Magnetic !elds for the former and latter groups are evaluated using the spin-down method and the absorption energy of CRSFs, 
respectively. The magnetic WDs from [247] are shown for comparison.

Figure 6. Zoomed-in view of the P–Ṗ  diagram (!gure 1) around 
the NSs with the known braking index. Red arrow indicates the 
currently-evolving direction (with a slope of 2  −  n) of each pulsar. 
Yellow arrows for three sources indicate the second braking index 
measured after a pulsar glitch. The curves correspond to a decay 
model in equation (48) with αd ≈ 1.5 and P∞ ≈ 10.8 s suggested 
by [178] for Bi ≈ 1015 G, 1014 G, 1013 G, and 1012 G from right to 
left. The breaking indices are taken from [37, 38, 41, 42, 147, 231, 
232, 243, 486, 488, 501, 532, 704].

Rep. Prog. Phys. 82 (2019) 106901

• Electron CRSF up to ~100 keV

• Magnetic fields up to 1013 G

• No confirmed magnetar in binary 

systems via the CRSF method.

• (Note) Proton CRSFs are 

reported from isolated magnetars
Enoto, Kisaka, and Shibata, ROPP (2019)
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The rotation periods of accreting pulsars range from  ∼0.1 s 
to  ∼104 s for HMXBs, and from  ∼10−3 s to  ∼1 s for LMXBs. 
Figure 7 shows the diagram of the spin period versus orbital 
period, so-called ‘Corbet’ diagram.

The magnetic "eld of accreting x-ray pulsars, B, is also 
measured directly from a spectral feature, called electron 
cyclotron resonance scattering feature (CRSF). Accretion 
matter from a companion star is channelled into NS magnetic 
poles along the strong dipole magnetic "eld, forming accre-
tion columns. X-ray pulsation originates from these one or 
two ‘hot’ accretion columns. In the strong magnetic "eld close 
to the surface of a NS of this type, the movement of electrons 
is restricted to one direction along the strong "eld lines, and 
their transverse energies are quantized to Landau levels,

En =

√

m2
ec4

(
1 + 2n

B
Bcr

)
+ p2

‖c2 (18)

which is a function of the electron rest mass energy 
mec2, quant um number n, the electron momentum parallel to 
the magnetic "eld p‖, and the magnetic "eld strength B nor-
malized to the critical "eld,

Bcr ≡
m2

ec3

!e
= 4.414 × 1013 G. (19)

In the non-relativistic momentum case (p‖ ! mec) and 
B < Bcr, the energy is approximately8

En − mec2 = mec2 B
Bcr

n. (21)

X-ray emission from the accretion column are scattered by 
electron in the magnetic "eld, provoking transition of elec-
tron energy between these Landau levels. This information 
has been used to measure the magnetic "eld of accretion-
powered x-ray pulsars (B ∼ 1012 G), and more recently, that 

of magnetars (B ∼ 1014–1015 G) using signatures of proton 
cyclotron resonance [101, 102, 700, 788]. ‘Electron’ CRSFs 
are typically detected in absorption at an energy Ecyc of (con-
verted from equation (21))

Ecyc = 11.6
(

Bcyc

1012 G

)
keV, (22)

where Bcyc is the magnetic "eld strength at the scattering loca-
tion [150, 518]. Electron CRSFs have been detected from 35 
pulsars at the time of writing, using phase-averaged or phase-
resolved x-ray spectroscopy. Table in [740] tabulates the full 
list (see also "gure 8).

The dipole magnetic "eld Bd of a few highly-magnetized 
NSs (e.g. magnetars section 3.3) exceeds the quantum critical 
"eld Bcr (equation (19), "gure 5), at which the Landau level 
separation becomes equal to the rest mass energy of electrons. 
Exotic physical processes, e.g. vacuum birefringence and 
photon splitting [320] are observed above this critical "eld 
Bcr. X-ray spectral analyses potentially enable us to investi-
gate electromagnetic interactions under ultra-strong magnetic 
"elds in strongly magnetized NSs.

Figure 9 shows the distribution of the B-"elds of vari-
ous NS classes, compared with those of isolated and binary 
magn etic WDs [247]. The magnetic "elds of isolated WDs are 
observationally in a range of 103–109 G, while those of binary 
magnetic WDs are in a range of 7 × 106–2 × 108 G, deter-
mined using Zeeman and cyclotron spectroscopies.

2. Energy sources of neutron stars

The radiation from highly-magnetized NSs is primarily pow-
ered by rotation, accretion, internal heat, and/or magnetic-"eld 
energy9. Observationally, the primary interest is the effects of 
different energy sources on the radiation and each phenom-
enon of NSs. In this section, we use Q = 10xQx in CGS units.

2.1. Rotation-powered neutron stars

A rotation-powered NS dissipates their rotational energy by 
emitting pulsar wind and electromagnetic radiation and spin 
down at a steady rate. They are primarily detected in the radio 
frequency, and some of them are also detected in optical, 
x-ray, and/or gamma-ray bands. They collectively account for 
a majority of the observed NSs ("gure 1). Most radio pulsars 
and MSPs are classi"ed as rotation-powered pulsars (RPPs).

Let us consider the radiation originates from rotational 
energy of a NS. The moment of inertia I of a NS is very high,

I ∼ 1.61 × 1045 g cm2
(

Mns

1.4M!

)(
Rns

12 km

)2

. (23)

With the high moment of inertia and rapid rotation (the typical 
period of P  =  0.01–1 s), the rotational energy (equation (7)) is 
also high, as given by

Erot ∼ 3.18 × 1046 erg P−2
0 . (24)
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Figure 8. Observed energies of cyclotron resonance scattering 
feature listed in table A1 of [740] shown in green. Yellow sources 
are ‘candidate sources’ listed in table A2 of [740].

8 It is interesting to compare this with the well-known electron energy levels 
in a hydrogen atom (Bohr model),

En = −α2

2
mec2 1

n2 ,
 

(20)

which is a function of the "ne structure constant, α . Transitions among the 
energy levels of atoms provide a copious amount of information about the 
plasma environment. Similarly, transitions among Landau levels provide 
information about strongly magnetized plasma around a NS.

9 Nuclear reactions are another energy source in x-ray bursts from weakly 
magnetized NSs.

Rep. Prog. Phys. 82 (2019) 106901

https://iopscience.iop.org/article/10.1088/1361-6633/ab3def
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RA~108 cm
v = r� =

�
GM

r
• Accretion disk rotate at the rotational (Keplerian) 

ferocity and interacts with a neutron star at the 
Alfven radius.


• Strongly-magnetized pulsars interact at larger 
Alfven radii where the disk rotates slowly. Thus, 
at the equilibrium, the NS rotates more slowly.


• (e.g., B ∝ P 7/6 for disc accretion)


• Are long-period pulsars in high-mass X-ray 
binaries (HMXBs) magnetars?


• 4U 2206+54 (P~1.6 hour, Patel+2007)


• IGR J16358-4726 (1.6 h, Reig+2002)


• 4U 0114+65 (2.7 h, Li+1999)

12 ENOTO ET AL.

Fig. 1.— Distribution of NS rotation periods in HMXBs (Liu et al. 2006), LMXBs (Liu et al. 2007), and confirmed SyXBs. Measured
rotation periods of SyXBs are ∼18300 s (4U 1954+319), ∼110 s (Sct X-1), and ∼150 s (GX 1+4). The 4U 1954+319 is in the HMXB
range.

Fig. 2.— Long-term light curve of 4U 1954+319. (a) 2–10 keV RXTE/ASM (triangle, green) and 15–50 keV Swift/BAT (filled circle,
orange) light curves of 4U 1954+319 since 1994. The solid blue curve represents a running average of the X-ray intensity with the window
size of 20 d. The detected pulse period history by the Swift/BAT is overlaid as black filled circles (right hand axis). Two MAXI detections
of the flaring activity of this source are also shown: MAXI trig 1 on 2012 June 29 (Sugizaki et al. 2010) and trig 2 on 2012 October 5 (see
text). The two Suzaku observations are indicated as red star symbols. (b) Enlarged version of the light curves around the two Suzaku
observations, showing the 7 days averaged X-ray intensity from Swift/BAT (orange).

Enoto, et al., ApJ (2014)

RA � B4/7

Davidson+1973, Alpar+82 etc; also wind/non-equilibrium models

https://ui.adsabs.harvard.edu/abs/2014ApJ...786..127E/abstract


Symbiotic X-ray binary 4U 1954+319 (P~5.4 hr)

47

• Symbiotic X-ray binary (SyXB): 


• NS (long spin period) + an M-type giant


• Discovered in 1970’s but virtually forgotten for 20 
years. 5.4-hour pulsation varies by ~7% for 8 years 
→ spin period close to the equilibrium.


• If the disk accretion, B >~ 1015-16 G


• No magnetar-like intense short bursts, but Irregular 
short flares (∆t ~10-103 s). 


• Typical timing & spectral features of wind-fed X-ray 
pulsar of B > 1012 G field


• Quasi-spheric accreting in a wind-fed system 
with a NS of B~1013 G can explain the long spin 
period and the duration of short flares.

Enoto, et al., ApJ (2014)
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• Sub-class of high-mass X-ray binaries with 
different features from other X-ray binaries

• Dominant non-thermal emission to TeV

• 2 (or 3) systems have pulsars


• LS5039: Stable X-ray light curve → wind? 

• Orbital period 3.9 days, e=0.35 

• Companion star: O-type, 22.9 Msun

• Compact object: NS os BH, >1.5 Msun

Gamma-ray binaries as a candidate of the FRB binary model?

48

Source Opt. Period Orbital

LS 5039 O ? 3.9 day

FGL J1018.6-5856 O ? 16.6 day

LMC P-3 O ? 10.2 day

4FGL J1405.1-6119 O ? 13.7 day

Source Opt. Period Orbital

HESS J0632+057 Be ? 315.5 day

LS I+61 303 Be ? 26.5 day

PSR J2032+4127 Be 143 ms 50 year

PSR B1259-53 Be 43 ms 3.4 year

No. 1, 2009 LONG-TERM STABILITY OF X-RAY ORBITAL MODULATION IN LS 5039 L3

Figure 1. Orbital variations of photon index and unabsorbed flux in the energy
range of 1–10 keV. Each color indicates the data of XMM-Newton (blue,
cyan, and green), ASCA (red), and Chandra (magenta). The black filled and
open circles represent the Suzaku observation. Fitting parameters are shown in
Table 1.

which is obtained from the phase-averaged Suzaku spectrum.
Also, phase-resolved ASCA spectra were fit using NH frozen at
the phase-averaged value. As seen in Figure 1, the photon indices

obtained in the past observations follow the tendency seen in
the Suzaku data, where the indices become smaller (Γ ! 1.45)
around apastron and larger (Γ ! 1.60) around periastron. TeV
γ -ray emission presents similar trends in flux and photon indices
(Aharonian et al. 2006) as those of X-rays. Remarkably, the
X-ray flux shows almost identical phase dependency between
the Suzaku and the other data sets as seen in the bottom panel
of Figure 1. The similar tendency in fluxes and photon indices
were also presented in Bosch-Ramon et al. (2005), although the
data were background contaminated and this prevented a proper
photon index determination. The results above indicate that the
overall orbital modulation has been quite stable over the past
eight years. Variability on shorter timescales is studied in the
following subsection.

3.2. Temporal Analysis

The Suzaku light curves by Takahashi et al. (2009) revealed
variability on short timescales of ∆φ ! 0.1. To investigate
the long-term behavior of the X-ray modulation, we compared
the light curve by Suzaku and those obtained in the past
observations. To directly compare the light curves obtained
with the different detector systems, we need to convert detected
counting rate to absolute energy flux for each bin of the light
curves. For all the data other than the Suzaku, we assumed
power-law spectra with parameters shown in Table 1 and
converted the counting rate of each time bin to power-law
flux (unabsorbed flux). We adopted variable bin widths to have
equalized errors for different data sets. For the Suzaku data,
since the spectral parameters, particularly photon indices, are
significantly changed during the observation, we converted the
observed counting rate assuming the power-law parameters
obtained for each phase interval of ∆ = 0.1. The left panel
of Figure 2 shows the resulting light curves in the energy
range of 1–10 keV. Also, a magnified plot of the light curve
is shown in the right panel of Figure 2. The phase-folded

(a)

(b)

Figure 2. (a) Orbital light curves in the energy range of 1–10 keV. Top: Suzaku XIS data with a time bin of 2 ks. Overlaid in the range of φ = 0.0–2.0 is the same
light curve but shifted by one orbital period (open circles). Bottom: comparison with the past observations. Each color corresponds to XMM-Newton (blue, cyan with
each bin of 1 ks, and green with each bin of 2 ks), ASCA (red with each bin of 5 ks), and Chandra (magenta with each bin of 2 ks). Fluxes correspond to unabsorbed
values. The blue solid lines show periastron and apastron phase and the red dashed lines show superior conjunction and inferior conjunction of the compact object.
(b) Close up in 1.2 ! φ < 1.8.

Kishishita+09



• LS5039 is the brightest gamma-ray binary with a 
short orbital period (3.9 day), being observed 
extensively over the entire orbit. 


• We found a periodicity at 8.96±0.01 s from the 
Suzaku/HXD hard X-ray observation with a 
chance probability of 1.1×10-3.


• In the NuSTAR data 11 years after the Suzaku 
one, the periodic signal was also found at 
9.046±0.009 s with smaller significance.


• Further confirmation is needed. If the compact 
object is a 9-s rotating pulsar, period derivative is 
Pdot~3×10-10 s/s.

Signature for hard X-ray pulsations of LS 5039 
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https://ui.adsabs.harvard.edu/abs/2020PhRvL.125k1103Y/abstract


80− 60− 40− 20− 0 20 40 60
x sin i (light-sec)

80−

60−

40−

20−

0

20

40

60

y 
si

n 
i (

lig
ht

-s
ec

)

INFC

SUPC
Φ = 0.0

Φ = 0.1

Φ = 0.2

Φ = 0.3

Φ = 0.4

Φ = 0.5

Φ = 0.6

Φ = 0.7

Φ = 0.8

Φ = 0.9

Φ = 0.046

Φ = 0.670observer

O star

• Is the dominant MeV component synchrotron emission in strong magnetic fields?

• Peat at ~20 keV → efficient particle acceleration (η < 10)

• Not to overestimate the TeV emission →  strong magnetic field (B >~ 3 G)

• Hard photon index → hard electron spectrum (s < 2)
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Reconnection model of a magnetar in a binary system?
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Stellar Wind
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• Observed L~1036 erg/s

• Spin-down luminosity

• P~9 s & Pdot ~ 3x10-10 s/s → 

Lsd ~ 1034 erg/s (not enough)

• Accretion powered? 

• Non-thermal, different from 

accreting powered pulsars, No 
timing variability


• Stellar wind 


• Magnetic energy (reconnection)

Yoneda, Makishima, Enoto et al., PRL (2020); Yoneda et al., in prep (2021)

8.1. ENERGY SOURCE OF THE EMISSION OF LS 5039 127

Strictly speaking, an accreting pulsar can spin down, when the accretion rate decreases

and the Alfvén radius becomes larger than the co-rotation radius (see Section 2.1 in Chap-

ter 2). Since the change of the accretion rate is unstable, the luminosity of these accreting

pulsars also varies with time. It changes by a factor of ∼ 4 with a time scale of one year

(Yatabe et al., 2018). This feature is quite different from the observational results of LS 5039

since in Chapter 4 we found that the luminosity in 3–10 keV varies by just ∼ 10% in 8 years.

Moreover, the Ṗ of these accreting pulsars varies following the change in the luminosity. In

the accreting pulsar X Persei, Ṗ changes from −1.5× 10−8 s s−1 to 0.5× 10−8 s s−1 (Yatabe

et al., 2018). If we measure the spin period of LS 5039 again and confirm that Ṗ is stable, we

can reject definitively the possibility that the neutron star in LS 5039 is an accreting pulsar

which spins down.

8.1.3 Kinetic energy of stellar winds

Even when the mass accretion is somehow hampered, some energy is still available when

the stellar winds hit the pulsar’s magnetosphere. Assuming that the massive star launches

isotropic stellar winds with a velocity vw at a mass-loss rate Ṁw, the kinetic energy Lw of

the stellar winds which interact with the pulsar’s magnetosphere is calculated as

Lw ∼ 1

2
Ṁwv

2
w × πR2

A

4πD2
sep

= 6× 1030 ×
(

Ṁw

10−6M" yr−1

)(
vw

2000 km/s

)2( RA

2× 1010 cm

)2( Dsep

50 light sec

)−2

erg s−1

(8.2)

where Dsep is the binary separation and RA is the Alfvén radius (see below). Note that

10−6M" yr−1 is the upper limit of the mass loss rate of the wind reported in an optical

observation (Casares et al., 2005). Again, this is orders of magnitude too low to explain the

bolometric luminosity of LS 5039.

8.1.4 Magnetar binary hypothesis

The remaining possibility is that the magnetic field of the neutron star is the energy source

of the emission of LS 5039 in a similar way as magnetars. Magnetars are neutron stars

with ultra-strong magnetic field of ∼ 1015 G, which is higher by two orders of magnitude or

more than those of ordinary neutron stars including pulsars (Thompson & Duncan, 1993).

Their emission, mostly in soft to hard X-rays, is thought to be produced by dissipation of

their huge magnetic energy, although details of the magnetic-field dissipation are yet to be
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Strictly speaking, an accreting pulsar can spin down, when the accretion rate decreases

and the Alfvén radius becomes larger than the co-rotation radius (see Section 2.1 in Chap-

ter 2). Since the change of the accretion rate is unstable, the luminosity of these accreting

pulsars also varies with time. It changes by a factor of ∼ 4 with a time scale of one year

(Yatabe et al., 2018). This feature is quite different from the observational results of LS 5039

since in Chapter 4 we found that the luminosity in 3–10 keV varies by just ∼ 10% in 8 years.

Moreover, the Ṗ of these accreting pulsars varies following the change in the luminosity. In

the accreting pulsar X Persei, Ṗ changes from −1.5× 10−8 s s−1 to 0.5× 10−8 s s−1 (Yatabe

et al., 2018). If we measure the spin period of LS 5039 again and confirm that Ṗ is stable, we

can reject definitively the possibility that the neutron star in LS 5039 is an accreting pulsar

which spins down.

8.1.3 Kinetic energy of stellar winds

Even when the mass accretion is somehow hampered, some energy is still available when

the stellar winds hit the pulsar’s magnetosphere. Assuming that the massive star launches

isotropic stellar winds with a velocity vw at a mass-loss rate Ṁw, the kinetic energy Lw of

the stellar winds which interact with the pulsar’s magnetosphere is calculated as

Lw ∼ 1

2
Ṁwv

2
w × πR2

A

4πD2
sep

= 6× 1030 ×
(

Ṁw

10−6M" yr−1

)(
vw

2000 km/s

)2( RA

2× 1010 cm

)2( Dsep

50 light sec

)−2

erg s−1

(8.2)

where Dsep is the binary separation and RA is the Alfvén radius (see below). Note that

10−6M" yr−1 is the upper limit of the mass loss rate of the wind reported in an optical

observation (Casares et al., 2005). Again, this is orders of magnitude too low to explain the

bolometric luminosity of LS 5039.

8.1.4 Magnetar binary hypothesis

The remaining possibility is that the magnetic field of the neutron star is the energy source

of the emission of LS 5039 in a similar way as magnetars. Magnetars are neutron stars

with ultra-strong magnetic field of ∼ 1015 G, which is higher by two orders of magnitude or

more than those of ordinary neutron stars including pulsars (Thompson & Duncan, 1993).

Their emission, mostly in soft to hard X-rays, is thought to be produced by dissipation of

their huge magnetic energy, although details of the magnetic-field dissipation are yet to be
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clarified. Assuming that the pulsar in LS 5039 is powered by the magnetic-field dissipation

in the same way as magnetars, we can estimate the energy release rate Lbf as

Lbf =
B2

NSR
3
NS

6τ
∼ 1037 ×

(
BNS

1015 G

)2( RNS

10 km

)3( τ

500 yr

)−1

erg s−1, (8.3)

where RNS and BNS are the radius and surface magnetic field of the pulsar, respectively;

τ = PNS/(2ṖNS) ∼ 500 yr is the characteristic age of the neutron star in LS 5039 (Shapiro

& Teukolsky, 1983). Accordingly, the energy balance of LS 5039 can be explained if BNS !
3 × 1014 G. Since this is a typical value of a magnetar and all the other energy-source

candidates have been rejected, the neutron in LS 5039 is inferred to be a magnetar. The

detected ∼ 9 s pulsation period also supports this hypothesis, because it falls in the observed

period range of magnetars of 2–11 s (Enoto et al., 2010). Therefore, we conclude that the

compact object in LS 5039 is a magnetar with magnetic field of ∼ 1015 G. Since so far

magnetars are observed only as isolated objects, this is the first time a binary system which

contains a magnetar has been discovered.

The luminosity of 1036 ergs−1 is somewhat higher than the typical value of isolated mag-

netars of ∼ 1035 ergs−1. This fact suggests that the magnetic-energy dissipation in LS 5039

proceeds faster than in isolated magnetars. We explain later that the dissipation process is

enhanced by interactions with the stellar winds. In the following section, we discuss mecha-

nism of the high-energy emission of LS 5039 assuming the magnetar binary hypothesis.

8.2 X-ray Emission in the Magnetar Binary Hypothe-

sis; Shock Acceleration

We cannot apply the shock formation mechanism of the pulsar wind model to our hypothesis

directly because of the following reasons. In the pulsar wind model, the X-ray emission of

LS 5039 is explained as synchrotron emission from electrons accelerated in a shock which

is formed by interactions between the strong pulsar winds and the stellar winds. However,

currently there are no observational evidences that a magnetar has strong pulsar winds

although extended emissions which might be made by the winds are reported from a few

magnetars (Reynolds et al., 2017).

Even if the magnetar in LS 5039 has no stellar winds, a shock can be formed because the

magnetic field pressure is high enough to halt the stellar winds. They are terminated at the

Alfvén radius Ra, where the magnetic pressure of the neutron star PB becomes comparable
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Pulsations discovered from LS I +61 303
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• LS I +61 303 is one of the brightest 
gamma-ray binary, but the 
compact object was yet unknown.


• FAST observed this object 4 times.


• They found a radio pulse from one 
of the observations.


• The period is 269.196 ms with 21 
sigma level !


• This system also contains a 
pulsar?


• A magnetar-like X-ray burst was 
reported before (Torres+12)



Two scenarios to explain the periodicities
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• Binary model (e.g., Ioka & Zhang 2020)

• NS binary motion (orbital separation)

Zhang, Nature (2020)

• Precession model (e.g., Levin et al. 2020)

• NS deformation (ellipticity)

https://www.nature.com/articles/d41586-020-01713-x


Toroidal magnetic field induced NS precession?
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Huge energy reserver is needed inside the magnetars  
  ⇒ Strong toroidal Field inside NSs? (can not be measured by P-Pdot)

Braithwaite+09
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3

at the same period as in the XIS data [19]: some changes
must have taken place in the hard component. Specif-
ically, the hard X-ray power, originally at eq. (1) (and
its harmonics), is likely to have been scattered out over a
period range of Fig. 1. Such smearing may be caused by
pulse-amplitude and/or pulse-shape changes which was
suggested in our 2007 observation [19], or more likely,
by pulse-phase modulations which will more strongly af-
fect the underlying periodicity. We thus came to suspect
that the hard X-ray pulses in the 2009 data suffer, for
unspecified reasons, some phase modulations.
We hence assumed that the 8.69 sec X-ray pulsation in

the 2009 HXD data is slowly phase-modulated, so that
the peak timing t of each pulse is periodically shifted by
∆t = A sin(2πt/T−φ), where T , A, and φ are the period,
amplitude, and initial phase of the assumed modulation,
respectively. Such effects would be effectively removed
by shifting the arrival times of individual HXD photons
by −∆t. Employing a trial triplet (T,A,φ), we hence
applied these time displacements to the HXD data, and
re-calculated the Z2

n
periodograms over an error range

of eq.(1) (with a step 2 µsec) to see whether the pulse
significance changes. Then, we searched for the highest
pulse significance, by scanning the three parameters over
a range of A = 0 − 1.2 sec (0.02–0.05 sec step), φ =
0 − 360◦ (3◦ − 10◦ step), and T = 35 − 70 ksec (1–2.5
ksec step). The search upper limit of A = 1.2 was set in
order to limit ourselves to the cases of A " Psoft. The
range of T was determined considering that the subpeaks
in Fig. 1(b) arise as beats between Psoft and T . The Z2

n

harmonic parameter was chosen to be n = 4. The overall
analysis is very similar to that employed by [22].
This “demodulation” analysis has yielded results

shown in Fig. 3. Under a particular condition of T = 55.0
ksec, the pulse significance has indeed increased drasti-
cally to Z2

4 = 39.2 (panel a) when φ = 75◦±30◦ (panel b)
and A = 0.7 ± 0.3 sec (panel c) are employed. Further-
more, as in panel (d), the modulation period has been
well constrained as T = 55 ± 4 ksec. The errors of φ,
A, and T are represented by the standard deviations of
Gaussians fitted to the distributions (above a uniform
background) in Fig. 3(b)-(d). When the data are demod-
ulated with these conditions, the HXD Z2

4 periodogram,
previously in Fig. 1 (b), changed into Fig. 1 (c); it reveals
a prominent single peak at Phard = 8.68899±0.00005 sec
which is consistent with Psoft.
Figures 2 (b) and (c), respectively, show the HXD pulse

profiles before and after the demodulation, both folded
at Phard. The latter exhibits a significantly larger pulse
amplitude and richer fine structures than the former.
Furthermore, the demodulation process has brought the
HXD pulse-peak phase closer to that of the XIS, in agree-
ment with previous observations [15]. When the HXD
data are divided into two halves with approximately the
same exposure, and demodulated with the same param-
eters as determined above, they gave consistent peri-

odograms and consistent pulse profiles.

If the signals were random, the chance probability
of finding a Z2

4 value higher than the peak in Fig. 3
(Z2

4 = 39.2 = 4.9 × 8) is very low, 4.0× 10−6. To evalu-
ate its actual significance, we must however multiply it by
the number of independent trials in T , A, φ, and P ; these
were estimated respectively as 10=(70-30)/4, 4=1.2/0.3,
12=360/30, and 3, by assuming that two trials in, e.g.,
A, can be regarded as independent if the two values of A
are separated by more than the error ∆A ∼ 0.3 sec as es-
timated above. Multiplying all these numbers, we obtain
a probability of 4.0 × 10−6 × 1440 = 5.8 × 10−3 for the
peak to appear by chance. Since this is still much smaller
than unity, we conclude that the pulse-phase modulation
is real. Analysis with n = 2 and 3 gave consistent results,
though with somewhat lower significances.

For further examination, we applied exactly the same
demodulation search to three blank-sky HXD data sets
with exposure of 95, 10, and 41 ksec, and another data
set for the Crab Nebula (105 ksec) representing high
count-rate signals. However, the Z2

4 statistics always
remained < 30 (with the expected occurrence number
being > 0.30 for each data set). Thus, we can rule out
any instrumental origin for the 55 ksec pulse-phase mod-
ulation in 4U 0142+61. We next re-analyzed the 2007

FIG. 3: Results of the Z2
4 “demodulation” analysis, obtained

by assuming a periodic phase shift in the 15–40 keV HXD
pulses in 2009. (a) A two-dimensional color map, on the (φ, a)
plane, of the Z2

4 maximum found over the period range of
eq.(1). The modulation period is assumed to be T = 55.0
ksec. (b) The projection of panel (a) onto the φ-axis, where
the vertical data scatter reflects differences in A. (c) The same
as panel (b), but projected onto the A axis. (d) The grand
maximum values of Z2

4 found in maps as panel (a), plotted
as T is scanned. The red line indicates the values of Z2

4 for
A = 0 (i.e., without demodulation).

� � 8.69 s
1.5 h

� 1.6� 10�4 Toroidal B-field Bt ~ 1016 G
Makishima, TE et al., PRL, 2014

Prototypical AXP 4U 0142+61 (P=8.69 s, Poloidal field Bd~1.3x1014 G)
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with the HXD in 15–70 keV. Both are comparable within
∼ 15% to those recorded 2 years before [19]. After con-
verting individual photon arrival times to those at the
Solar system barycenter, and analyzing the XIS data via
standard epoch folding analysis with chi-square evalu-
ation, we obtained a soft X-ray periodogram shown in
Fig. 1 (a). Thus, the soft X-rays are clearly pulsed at a
barycentric period (as of 2009 August 12) of

Psoft = 8.68891± 0.00010 sec (1)

which agrees with previous measurements of the period
of this source and its derivative [20]. The folded soft
X-ray pulse profile is shown in Fig. 2 (a).
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FIG. 1: (a) A 1–10 keV XIS periodogram, calculated via stan-
dard folding analysis using 16 phase bins per cycle. Data from
XIS0, XIS1, and XIS3 were co-added, without removing back-
ground. (b) Periodograms from the background-inclusive 15–
40 HXD-PIN data, calculated using the Z2

n
technique with

n = 3 (black) and n = 4 (red). Ordinate is chosen to be
Z2

n
/2n. (c) The same Z2

4 periodogram as in (b), but after
applying the demodulation correction employing the best-
estimate conditions (see text).

Results.— We also searched the 15–40 keV HXD data
for the expected hard X-ray pulsation. Because of lower
statistics of the HXD data, we employed the Z2

n
technique

[21] which, unlike the chi-square technique, is free from

the event binning ambiguity. It plots individual photons
on a unit circle, with the azimuth representing their ar-
rival phases for the assumed period. The overall photon
distribution on the circle is Fourier analyzed, and the
power is summed up to a specified n-th harmonic. If no
periodicity, the data points should distribute uniformly
on the circle, and the Z2

n values should obey a chi-square
distribution of 2n degrees of freedom. Since the hard X-
ray pulse profile of 4U 0142+61 is double-peaked [12, 15]
with possible structurs [19], we tried n=2, 3, and 4.
As presented in Fig. 1 (b), the HXD periodograms with

n = 3 and 4 both show a small peak at ∼ 8.6890 sec,
within the error range of eq.(1), but its significance is
rather low, and higher peaks are seen at different peri-
ods. (The case with n = 2 is similar.) This result was un-
expected, as the hard X-ray intensity and the observing
time were both very similar to those in the 2007 observa-
tion, wherein the hard X-ray pulses were clearly detected
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FIG. 2: (a) A soft X-ray pulse profile, obtained by folding
the 1–10 keV XIS data at the period of Psoft of eq. (1) and
shown for two cycles. (b) The background-inclusive 15–40
keV HXD-PIN data, similarly folded at Phard. A running av-
erage over three adjacent bins was applied. The background
level corresponds to 0.26 c s−1. The error bar represents sta-
tistical ±1 sigma, considering the running average. (c) The
same as (b), but after the demodulation procedure.
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with the HXD in 15–70 keV. Both are comparable within
∼ 15% to those recorded 2 years before [19]. After con-
verting individual photon arrival times to those at the
Solar system barycenter, and analyzing the XIS data via
standard epoch folding analysis with chi-square evalu-
ation, we obtained a soft X-ray periodogram shown in
Fig. 1 (a). Thus, the soft X-rays are clearly pulsed at a
barycentric period (as of 2009 August 12) of

Psoft = 8.68891± 0.00010 sec (1)

which agrees with previous measurements of the period
of this source and its derivative [20]. The folded soft
X-ray pulse profile is shown in Fig. 2 (a).
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FIG. 1: (a) A 1–10 keV XIS periodogram, calculated via stan-
dard folding analysis using 16 phase bins per cycle. Data from
XIS0, XIS1, and XIS3 were co-added, without removing back-
ground. (b) Periodograms from the background-inclusive 15–
40 HXD-PIN data, calculated using the Z2

n
technique with

n = 3 (black) and n = 4 (red). Ordinate is chosen to be
Z2

n
/2n. (c) The same Z2

4 periodogram as in (b), but after
applying the demodulation correction employing the best-
estimate conditions (see text).

Results.— We also searched the 15–40 keV HXD data
for the expected hard X-ray pulsation. Because of lower
statistics of the HXD data, we employed the Z2

n
technique

[21] which, unlike the chi-square technique, is free from

the event binning ambiguity. It plots individual photons
on a unit circle, with the azimuth representing their ar-
rival phases for the assumed period. The overall photon
distribution on the circle is Fourier analyzed, and the
power is summed up to a specified n-th harmonic. If no
periodicity, the data points should distribute uniformly
on the circle, and the Z2

n values should obey a chi-square
distribution of 2n degrees of freedom. Since the hard X-
ray pulse profile of 4U 0142+61 is double-peaked [12, 15]
with possible structurs [19], we tried n=2, 3, and 4.
As presented in Fig. 1 (b), the HXD periodograms with

n = 3 and 4 both show a small peak at ∼ 8.6890 sec,
within the error range of eq.(1), but its significance is
rather low, and higher peaks are seen at different peri-
ods. (The case with n = 2 is similar.) This result was un-
expected, as the hard X-ray intensity and the observing
time were both very similar to those in the 2007 observa-
tion, wherein the hard X-ray pulses were clearly detected
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erage over three adjacent bins was applied. The background
level corresponds to 0.26 c s−1. The error bar represents sta-
tistical ±1 sigma, considering the running average. (c) The
same as (b), but after the demodulation procedure.
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• The NICER M&M team is happy to collaborate 
with radio observatories for transient magnetars 
and galactic giant radio sources. Please let us 
know if you are interested in future 
collaboration. 


• Today: Our reserved ToO was accepted for 
transient magnetars during the NICER Cycle 3.



1. NICER Magnetar and Magnetosphere (M&M) working group has been 
coordinating multi-wavelength (especially X-rays and radio) follow-up campaigns 
of transient magnetars.

• New magnetar Swift J1818.0-1607

• Single X-ray pulse detection from XTE J1810-197

• X-ray burst properties of the Galactic FRB source SGR 1935+2154


2. Using the NICER and radio observatories, we discovered X-ray enhancement 
coincided with giant radio pulses from the Crab pulsar. The total emitted energy 
from a GRP is revealed to be tens to hundreds of times brighter than previously 
thought. The FRB-GRP model is disfavored. 


3. There is no consensus whether magnetars are in binary systems. We reported a 
pulsation signature from LS 5039, which could be interpreted as a magnetar in the 
gamma-ray binary systems. There is also evidence for free precession from 
isolated magnetars. 

Summary
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• RIKEN SPDR fellows (https://www.riken.jp/en/careers/programs/spdr/)


• Period: 3 years


• Salary: 487,000 JPY/month + commuting & house allowances 


• Research fund: 1,000,000 JPY/year


• RIKEN JRA for Ph.D students (https://www.riken.jp/en/careers/programs/jra/)


• Period: maximum 3 years


• Salary: 164,000 JPY/month + commuting allowances


• If you are interested in these systems, please let me know. 


• RIKEN Extreme Natural Phenomena RIKEN Hakubi Team (http://enotolab.com)

RIKEN SPDR (基礎特研) & JRA (大学院生)
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