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Observational quantities of neutron stars
• QCD physicists might want to know the mass, radius and interior of NSs…but

https://www.interactions.org/blog/our-experiment
QCD physicists

NS in supernova remnant Cas A

Astronomers view

NS



Supernova Remnant
Pulsar Wind Nebula

Rotation Period P ~ 1 s 
(~2 ms -- 5 hour) 

(Angular momentum)

Mass M ~1.4M⊙

Radius R~12 km
(~1.0M⊙--2.0M⊙)

(~8 km--14 km)

Important for the 
Equation of State

Source of 
Diversity

Accretion Rate M
•

Normal 
StarNS

Magnetic Field B ~ 1012 G
(~108 G --1015 G)

1 T = 104 G

Temperature T ~ 106 K
(~105 K --107 K)

Observational quantities of neutron stars
• QCD physicists might want to know the mass, radius and interior of NSs…but

https://www.interactions.org/blog/our-experiment
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NS in supernova remnant Cas A

Astronomers view

QCD physicists

NS

Neutron star is much more 
observationally diverse  



Discovery of neutron stars in 1967 (57 years ago)
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We believe we understand their evolution — at least broadly 
— but there are some categories of pulsars that are harder to 
explain. ‘Magnetars’ are considered to be pulsar-like, but with 
much larger magnetic fields (about 1011 T) and may be magneti-
cally powered rather than rotation powered (as are ‘normal’ pul-
sars)7. They have erratically variable radio and X-ray emission 
as well as pulsations. There are also some neutron stars that are 
faintly visible in the optical or X-ray but do not appear to pulse 
or pulse much. Rotating radio transients8 are pulsars that occa-
sionally emit a detectable pulse, but most of their pulses are not 
detected. Consistent with our understanding of the evolution of 
some binary systems, we have found a few in which the neu-
tron star is sometimes a radio pulsar and other times an X-ray-
emitting neutron star9.

There has been some progress in understanding pulsar radio-
emission processes, but with relativistic rotation speeds and huge 
electric and magnetic fields this is a non-trivial problem. Exactly 
how they emit and how this loss of energy slows the rotation is  
still unclear10.

Understanding the interior of a neutron star is an exercise in very 
dense solid-state physics. Its surface density is probably 107 kg m–3 
and its central density is at least ten orders of magnitude larger; we 

have very little information on the behaviour of matter at such den-
sities and consequently there is a plethora of possible models for 
the interior with relatively few observational constraints. We now 
know of one or two heavy pulsars that have masses close to two 
solar masses, which implies some limits to the models11. We also 
know that there must be superfluid inside a neutron star, and that its 
rotation is likely to be quantized with Feynman–Onsager vortices. 
Sudden unpinning of these vortices can cause a ‘glitch’ (a Yiddish 
word that has now entered common vocabulary). In pulsars, a glitch 
is a sudden increase in rotation speed, followed by a gradual (expo-
nential or several-exponential) return to a new normal12.

Pulsars can be used as tools for studying the interstellar medium 
along their lines of sight. Our knowledge of the distribution of free 
electrons in the galaxy is now much improved, but the patchiness of 
this medium is still being revealed13.

Pulsars make remarkably stable clocks (once one gets 1027 tonnes 
spinning, it takes a lot to change that spin!) — their period increases 
by just 10–12–10–21 s per second. Perhaps the most dramatic advances 
using these clocks have been those that test aspects of Einstein’s 
theory of general relativity (GR). Russell Hulse and Joe Taylor, 
using the Arecibo radio telescope, found the first pulsar detected 
in a binary star system in 1974. It proved to be a particularly spe-
cial one: a tight binary with an orbital period of less than 8 hours 
and velocities reaching a significant fraction of the speed of light, 
which means GR effects are important. Doppler shifts of the pul-
sar period give the (changing) pulsar velocity and hence the orbital 
parameters. They were able to show that the orbit was shrinking by 
3.5 m per year, which is consistent with the emission of gravitational 
radiation as predicted by GR. This work won a Nobel Prize, and 
they tell the story in their Nobel Prize lectures14,15.

Pulsars in short-period binary systems have continued to pro-
vide strong tests of GR. The ‘double pulsar’ — a binary system in 
which both components are pulsars — has been especially useful4. 
It is a particularly close binary with an orbital period of 2.4 hours 
(or an orbital diameter half the diameter of the Sun). In addition  
to the five non-relativistic parameters that specify the binary, 
Michael Kramer and colleagues have  been able to determine the 
five relativistic ones and a number of others, giving five indepen-
dent tests of GR. They have shown that this system is consistent with 
Einstein’s theory of gravity and have significantly constrained several 
other theories of gravity16. They expect to be able to measure several 
other pulsar parameters, including the moment of inertia, very soon.

Pulsar astronomers around the world are collaborating to 
search for nanohertz gravitational waves by timing an array of 
pulsars17. Such gravitational waves temporarily distort space and 
alter observed pulsar periods. With an array of pulsars, correla-
tions in the alterations of the observed periods signal the pas-
sage of a gravitational wave. These waves would most likely be 
produced by the merging of supermassive black holes, such as 
those found at the centres of galaxies, and we have good evidence 
that galaxy mergers take place. So far the pulsar arrays have not 
directly detected any mergers, but some theories of galaxy mergers 
are already constrained18.

One of the most recent developments comes following the dis-
covery of a pulsar in a triple-star system, in which the pulsar orbits 
a dwarf star and the pair orbits another more distant dwarf. This is 
on-going work by Scott Ransom and colleagues6, but should allow 
checking of the principle of equivalence in the relativistic regime. 
This principle says that bodies of different composition (for exam-
ple, a feather and a hammer) should fall at the same rate under the 
influence of gravity. Galileo is reputed to have tried to verify this by 
dropping a feather and a heavy object from the leaning tower of Pisa, 
but the air density made the feather waft down gently. The experi-
ment was subsequently repeated (and filmed) on the moon by US 
astronaut Dave Scott, showing that, in the absence of air, the ham-
mer and the feather do fall at the same rate. There have been other 

Fig. 1 | The four-acre array at the Mullard Radio Astronomy Observatory, 
Cambridge, UK. Credit: Graham Woan.

Radio beam

Magnetic axisRotational axis

Magnetic field

Fig. 2 | Simplified schematic of a pulsar. A pulsar is a rapidly rotating 
neutron star with a strong magnetic field that emits beams of radiation 
from its magnetic poles that, when sweeping across the Earth, create the 
pulses for which these objects are famous.
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On the pulse of discovery
What started 50 years ago as a ‘smudge’ on paper has flourished into a fundamental field of astrophysics replete 
with unexpected applications and exciting discoveries. To celebrate the discovery of pulsars, we look at the past, 
present and future of pulsar astrophysics.

Fifty years ago this month, Jocelyn Bell 
Burnell (pictured) had already seen 
the recurring blips on her hundreds-

of-metres-long chart paper that was being 
churned out by the newly minted 4-acre-
array radio telescope at Cambridge, UK. 
Together with her PhD advisor, Antony 
Hewish, they were hard at work trying to 
understand their nature and the source that 
could have generated them. The study of what 
we now know as pulsars has developed into 
a vibrant field of research that touches upon 
almost all areas of astrophysics and beyond: 
from stellar astronomy, to the physics of 
condensed matter, to gravitational waves and 
the very fabric of our Universe. In this  
focus issue we bring together some of the 
most exciting pulsar science and reflect on 
the future directions of the field.

The discovery of pulsars required the 
attentiveness of a self-professed imposter-
syndrome-suffering PhD student (whose 
contribution was disappointingly snubbed 
when the Nobel Prize committee came 
knocking), the prowess of a novel telescope 
probing new parts of parameter space and 
of course the collective thinking of our 
community to figure out what these blips 
were (see the Perspective by Jocelyn Bell 
Burnell). Pulsars are the end products of 
massive stellar evolution, compact stars 
made primarily out of neutrons, often 
spinning at dizzying speeds (up to ~0.24 
times the speed of light) and showing a 
precision in their rotation, for the most 
stable pulsars, rivalling that of atomic 
clocks (10–21 s). They also have prodigious 
magnetic fields, which, when combined with 
their rotation, lead to the emission of the 
pulses we observe.

Neutron stars were first predicted by 
Walter Baade and Fritz Zwicky in 1934 
but the idea of a rotating neutron star 
with a strong magnetic field only arose in 
1967, championed by Franco Pacini, and 
independently in 1968 by Thomas Gold, 
who even made the connection between 
such stars and the discovery reported by 
Hewish and Bell in the same year. The 
importance of this discovery for astrophysics 
and physics in general was perhaps made 
crystal clear by the discovery by Joseph 

Taylor and Russell Hulse in 1975 of a pulsar 
in a binary system with another neutron 
star. The orbit of the pulsar was observed 
to shrink in the exact way that Einstein’s 
general theory of relativity predicted if the 
system was emitting gravitational waves 
(and brought in another Nobel Prize 
for the pulsar field). Today, we are not 
only detecting pulsars and neutron stars 
from space (see the Mission Control by 
Keith Gendreau and Zaven Arzoumanian), 
but a network of pulsars is poised to 
become the largest gravitational-wave 
detector at our disposal (see the Article 
by Chiara Mingarelli and collaborators 
and the Comment by Andrea Lommen). 
Gravitational-wave detection aside, pulsars 
are now being used to probe the most 
fundamental properties of spacetime 
(see the Comment by Kuo Liu and Ralph 
Eatough) and of condensed matter. Some 
of these topics were discussed recently at 
the IAU Symposium 337 on the occasion 
of the pulsar discovery (summarized in the 
Meeting Report by Nanda Rea) that took 
place on the grounds of the Jodrell Bank 
Observatory — itself celebrating 60 years of 
discoveries in pulsar research and beyond  
(see the Perspective by Andrew Lyne  
and Ian Morison).

The discovery of pulsars was not only 
fortuitous but more importantly it was 
serendipitous. When the Cambridge 
radio astronomy group decided to build 
their telescope they had quasars in mind. 
This discovery is reminiscent of another 
discovery that heralded the era of precision 
cosmology — in 1964 Arno Penzias and 
Robert Wilson inadvertently detected the 
echo from the Big Bang. Fifty years later, the 
golden age of serendipitous discovery seems 
to be well and truly over. We find ourselves 
instead in the age of certainty, calculated 
risks, assured returns and zero-sum 
science (see the Correspondence by Maura 
McLaughlin). Have our telescopes become 
too expensive and our experiments too 
involved to allow room for the unexpected?

In some sense, whenever a truly new 
instrument is built (the Laser Interferometer 
Gravitational-wave Observatory 
springs to mind) or whenever we are 

probing a new niche of the phase space, 
serendipitous discoveries are bound to 
happen, as long as we have vigilance and 
an open mind to identify them as such 
— attributes Bell Burnell and Hewish 
did have. Nowadays, however, not many 
astronomers sift through piles of chart 
papers to identify signals. They instead 
build algorithms to do the sifting for them. 
How does one build intuitiveness into an 
algorithm, how does one teach algorithms 
to identify what is practically unknown? 
Unsupervised clustering from deep-
learning neural networks may be a step in 
the right direction but this conundrum is 
something that deserves our community’s 
undivided attention. Data from facilities like 
the Square Kilometre Array will soon be 
pouring into our servers and we need  
to be ready. Who knows what 'pulsars'  
may be hiding there? ❐
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Jocelyn Bell Burnell
Four-acre array at the Mullard Radio Astronomy Observatory, Cambridge, 
UK, Credit: Graham Woan (J. B. Burnell, 2017, Nature astronomy)

Radio observatory for this discovery

Hewish, Bell, et al., Nature (1968)

J. B. BurnellEnoto
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Diversity of Neutron Stars
• >3,000 known pulsars (105 in our Galaxy?) 

• Multi-wavelength observations from radio, 
optical, X-rays, and gamma rays.
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P 3
erg/s

Lmag =
2

3c3
|µ̈|2 =

2
3c3

|µ|2�4 sin2 � � B2

P 4

θ = 回転軸と磁軸のなす角度
μ = BR3 = 磁気双極子モーメント
I  = 慣性モーメント ~ 1045 g cm2

Ω = 角周波数 = 2π / P

真空中で回転する磁石からの
磁気双極子放射を仮定する

スピンダウン光度 (回転エネルギーの減少)

磁気双極子放射

Lrot � Lmag B = 1.0� 1012

����
�

P

1 s

� �
Ṗ
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P 3
erg/s

Lmag =
2

3c3
|µ̈|2 =

2
3c3

|µ|2�4 sin2 � � B2

P 4

θ = 回転軸と磁軸のなす角度
μ = BR3 = 磁気双極子モーメント
I  = 慣性モーメント ~ 1045 g cm2

Ω = 角周波数 = 2π / P

真空中で回転する磁石からの
磁気双極子放射を仮定する

スピンダウン光度 (回転エネルギーの減少)

磁気双極子放射

Lrot � Lmag B = 1.0� 1012

����
�

P

1 s

� �
Ṗ
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P 3
erg/s

Lmag =
2

3c3
|µ̈|2 =

2
3c3

|µ|2�4 sin2 � � B2

P 4

θ = 回転軸と磁軸のなす角度
μ = BR3 = 磁気双極子モーメント
I  = 慣性モーメント ~ 1045 g cm2

Ω = 角周波数 = 2π / P

真空中で回転する磁石からの
磁気双極子放射を仮定する

スピンダウン光度 (回転エネルギーの減少)

磁気双極子放射

Lrot � Lmag B = 1.0� 1012

����
�

P

1 s

� �
Ṗ
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(Espinoza et al. 2011) 

For eight pulsars the braking indices have been measured 

PSR J1734-3333 is moving towards the  

magnetar range in the P – Pdot diagram   
(e.x) Crab Pulsar; τc = 1246 yr 
vs. True age = 956 yr  (Historical record in 1054)
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⇥
Espinoza et al., 2011
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パルサーの減速
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磁気双極子放射(n=3) 重力波放射(n=5)星風(n=1)

dErot

dt
� B2�4

n : braking index
(P-Pdot 傾き 2-n)

�c =
P

2Ṗ
P0 << P なら

(Espinoza et al. 2011) 

(Espinoza et al. 2011) 

For eight pulsars the braking indices have been measured 

PSR J1734-3333 is moving towards the  

magnetar range in the P – Pdot diagram   
(e.x) Crab Pulsar; τc = 1246 yr 
vs. True age = 956 yr  (Historical record in 1054)

�
t =

P 2 � P (0)2

2PṖ

⇥
Espinoza et al., 2011

22

• Characteristic age

P と Pdot からわかるパルサーの磁場

Lrot =
dErot

dt
= � d

dt

�
1
2
I�2

�
= 3.9� 1046 Ṗ
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Diversity of Neutron Stars
• >3,000 known pulsars (105 in our Galaxy?) 

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

• Magnetic field strength 
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⇥
Espinoza et al., 2011

22

• Characteristic age

P と Pdot からわかるパルサーの磁場

Lrot =
dErot

dt
= � d

dt

�
1
2
I�2

�
= 3.9� 1046 Ṗ
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Diversity of Neutron Stars
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Becker+2007No. 1, 1999 SANTANGELO ET AL. L87

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

E1

E2

E3

E4

Magnetic field of accreting X-ray pulsars

En = n��c = mec
2 B

Bc
· n

B

e

Bcr =
m2

ec
3

�e
= 4.4� 109 T

E1

E2

E3

E4Cyclotron Resonance Scattering Feature 
(CRSF)

Accretion flow from the Alfven radius 
Release of the gravitational energy  
Accretion column (kT ~ a few keV)

En~ 11 keV for B=108 T   

En = ��2

2
mec

2 · Z2

n2cf. atom



16

NS rotation period vs. magnetic field strengthReview

6

where χ is the inclination angle of the dipole magnetic axis 
relative to the rotation axis. Using a coefficient 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 figure 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 figure 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 fields 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 (figure 1) and accreting x-ray pulsars, the x-ray spectra of which exhibit CRSFs, taken from 
[740]. Magnetic fields 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 (figure 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].
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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 field 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 field, forming accre-
tion columns. X-ray pulsation originates from these one or 
two ‘hot’ accretion columns. In the strong magnetic field close 
to the surface of a NS of this type, the movement of electrons 
is restricted to one direction along the strong field 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 field p∥, and the magnetic field strength B nor-
malized to the critical field,

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 field, provoking transition of elec-
tron energy between these Landau levels. This information 
has been used to measure the magnetic field 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 field 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 figure 8).

The dipole magnetic field Bd of a few highly-magnetized 
NSs (e.g. magnetars section 3.3) exceeds the quantum critical 
field Bcr (equation (19), figure 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 field 
Bcr. X-ray spectral analyses potentially enable us to investi-
gate electromagnetic interactions under ultra-strong magnetic 
fields in strongly magnetized NSs.

Figure 9 shows the distribution of the B-fields of vari-
ous NS classes, compared with those of isolated and binary 
magn etic WDs [247]. The magnetic fields 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-field 
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 (figure 1). Most radio pulsars 
and MSPs are classified 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 fine 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

• Canonical neutron stars:  
B ~ 1012 G (=108 T) 

• Magnetars B~1014-15 G 

• millisecond pulsars 
B~108-10 G
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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 field, 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 classification, they 
are, in the order of the magnetic field 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 five fundamental quantities of NSs, i.e. mass, radius, spin 
period, surface temperature, and magnetic fields, 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 unified theory of NSs.

Keywords: neutron star, magentar, magnetic field, pulsar, evolution
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Observational quantities of neutron stars
• QCD physicists might want to know the mass, radius and interior of NSs…but
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NS in supernova remnant Cas A

Astronomers view

QCD physicists

NS

Supernova Remnant
Pulsar Wind Nebula

Rotation Period P ~ 1 s 
(~2 ms -- 5 hour) 

(Angular momentum)

Mass M ~1.4M⊙

Radius R~12 km
(~1.0M⊙--2.0M⊙)

(~8 km--14 km)

Important for the 
Equation of State

Source of 
Diversity

Accretion Rate M
•

Normal 
StarNS

Magnetic Field B ~ 1012 G
(~108 G --1015 G)

1 T = 104 G

Temperature T ~ 106 K
(~105 K --107 K)

Mass and Radius 
measurement !?
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Equation of state of neutron star nuclear matter

• The state equation (P, ρ) corresponds 
to the curve of macroscopic mass and 
radius (M, R) 

• and can be expected to be measured in 
astronomical observation.
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1.　天体の質量と半径
宇宙には様々なサイズの天体が存在する．地球のような
岩石惑星や，木星などのガス惑星，太陽を含む主系列星，
ベテルギウスといった赤色超巨星，さらにそれらの星の終
焉を迎えた後に出現するコンパクト天体としてブラック
ホール，中性子星，白色矮星がある．これらの天体の質量
や半径の典型的なスケールは，粒子間距離がどの程度であ
れば重力と圧力がつりあうかを考えることで物理的に導出
できる．*1 図 1には，実際に観測された，あるいは理論的
に導出された天体の質量と半径をまとめている．天体の種
族ごとに，質量と半径の異なる系列に沿って分布すること
が見て取れる．
天体とは重力で束縛された安定な系で，自己重力を外向
きの圧力で支えている．これは重力と圧力勾配のつりあい，

2
d
d
P GM rȡ
r r

（ ）=－   （1）

で記述できる．ここで，圧力をP，半径 r，密度 ȡ，内部質
量M（r），重力定数Gである．天体のミクロ状態を，圧力
と密度，温度 Tで規定する状態方程式を P＝P（ ȡ, T）を与
えれば，積分することでマクロな天体の質量Mと半径 R
に対する質量‒半径関係（M‒R relation）を求めることがで
きる．自己重力で潰れようとする天体を支える外向きの圧
力の起源は天体の種類で異なるため，それに応じて図 1の
ような異なる質量‒半径の系列が現れる．惑星では原子や
イオン同士のクーロン反発力，恒星では核融合で発生する
ガス圧と輻射圧，白色矮星では電子の縮退圧，中性子星の
場合には中性子の縮退圧と核力が，外向きの圧力勾配を
担っている．
図 1において，天体の種類ごとに質量と半径の系列がど

う並ぶかを見るのも興味深い．惑星ではボーア半径程度の
粒子間距離で密度一定としてM∝R3になり，主系列星で
は核反応率や輻射輸送を考慮してM∝Rくらいになる．質
量の小さい恒星が一生を終えた後に残される白色矮星は，
地球ほどの半径に太陽と同程度の質量が詰め込まれ，内部
で電子の縮退圧が効いてくる．隣り合う粒子の波動関数の
重なりが生じる結果，フェルミエネルギーが上がり，粒子
間隔は電子のコンプトン波長ほどである．質量と半径の依
存性は惑星や恒星とは逆の相関（M∝R－1/ 3）なのは，質量
が大きくなると自己重力が増加し，より半径が小さく密度
を高くすることで電子の縮退圧を大きくする必要があるか
らだ．
さて，本稿の主役である中性子星は，大質量星の重力崩
壊による超新星爆発で誕生する．巨大な原子核とも言われ
る中性子星は，その内部の密度は通常の物質よりも 15桁
近くも高く，原子核密度（2‒3）×1014 g cm－3に匹敵あるい

は凌駕し，中性子の縮退圧と核力によって支えられている．
白色矮星における縮退した電子は，粒子間に相互作用のな
い理想フェルミガスとして扱えるのに対し，中性子星にお
ける縮退した核子ガスでは，一般相対論が必要になり，粒
子間に核力が働き理想フェルミ気体でないという 2点が異
なる．この場合，粒子間隔は核子のコンプトン波長程度と
して，中性子星と白色矮星の半径比は電子と核子の質量比
とほぼ同じになり，中性子星の半径は 10‒15 kmほどで，
質量は 1.2‒2.0 M⦿に分布する．この中性子星の質量と半径
の系列が正確にどのような曲線であるのかが本稿の主題で
ある．

2.　中性子星の内部構造と状態方程式
中性子星はその強い重力のため，相対論的に天体の構造
を求める必要がある．そのため，式（1）に相対論的な効果
が加わったトールマン‒オッペンハイマー‒ボルコフ方程式
（TOV方程式）を用いる．

3 2
2

2 2
d 4 //
d 1 2 /
P G M r ʌr P cȡ P c
r r GM r c r

（ ）+=－（ + ）
－ （ ）

｛ ｝
｛ ｝

  （2）

ここで球対称時空を仮定し，cは光速である．この式で，
星の表面（P＝0，r＝R）でも分母に残る相対論的な効果
M/Rが星のコンパクトネス（凝縮度）を表し，近年の宇宙
観測で重要な量である．このコンパクトネスは星の物質と

図 1　宇宙に存在する天体の質量と半径の分布．太陽系の惑星，系外惑星，
主系列星，赤色巨星，白色矮星，中性子星の質量と半径の系列，ブラック
ホールの領域が描かれている．惑星，主系列星，白色矮星のデータは文献
値，3‒5）白色矮星と中性子星の理論曲線は書籍 6）の図 5.5を参照した．図中
には，主系列星で水素燃焼が始まる質量（0.08 M⦿），チャンドラセカール
限界質量（1.4 M⦿），中性子星の限界質量（一般相対論的に不安定にならな
いことから～3 M⦿），原子核，電子縮退，水の密度も描いている．本稿の
主題は，この中性子星の曲線部を精度よく決定することと言える．

 
*1 たとえば，水素ガスが集積した塊を考え，ボーア半径を粒子間距離
とみなして木星のようなガス惑星の質量や半径を見積もれる．ある
いは陽子間のクーロン障壁を超えられる条件から，恒星のスケール
を導出できる．詳しくは，日本語 1）と英語 2）の文献で美しい物理的
考察を学べる．

Outward Gravity

Pressure valance 
(Non relativistic case, 

Relativistic case is  
the TOV equation)
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Stellar mass M and radius R
• M and R of various celestial bodies (self-

gravitational systems) are determined by 
the equation of state (including internal 
structure, composition, pressure…)  
• Planet: electrical repulsion M~R3 

• Star: gas & radiation pressure M~R 
• White dwarf: e-degenerate pressure M~R-1/3 
• Neutron stars: n-degenerate pressure M~R0 

• Observational data is scattered around 
the M-R relation with large uncertainties. 

• Equation of state of neutron stars (and 
thus the M-R relation) requires precise 
astronomical observations in the upper 
left region.
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Astronomical measurements of mass and radius 

M1

M2

a

Radius R 
Temperature T

Distance d

Observer

Mass Radius

• Measurement using pulsation in 
radio, X-rays, gamma rays to 
measure the binary orbital motion 

• Precise 

• Necessary to estimate the radius 
from the surface radiation in X-rays 

• Large uncertainties, e.g., distance 
and atmospheric composition.
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Astronomical measurements of mass and radius 

質量 (M⊙) 質量 (M⊙)

NS-NS

NS-WD

HMXB

Burster

GW170817 Abbott+19
(90%)

NS-NS merger

Gonzalez-Caniulef+19 (1σ)
Thermal emission

PSR J0437–4715

X-ray bursts
(+qLMXB)

Nattila+17
(1σ)4U 1702-429

Steiner+13
(95%)

Lattimer & Steiner+14
(90%)

Ozel+16
(95%)

qLMBX
in GC

Bogdanov+16
(1σ)

47 Tuc X-5

47 Tuc X-7

Steiner+18
(95%)

Baillot d'Etivaux+19
(90%)7 qLMXBs

8 qLMXBs

X-ray profile

Miller+19
(1σ)

Riley+19
(1σ)J0030+0451

Miller+21 (1σ)

Riley+21
(1σ)

半径 (km)

J0740+6620

Mass RadiusMassEnoto, Yasutake, Butsuri, 2021

Mass (Msun) Mass (Msun) Radius (km)
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Astronomical measurements of mass and radius 
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from Steiner et al. 2010)

A lot of papers of M/R measurements  
(see review in detail, Bhattacharyya 2010)

Compactness (M/R) measurement?  
Light bending? Red-shifted Absorption  

Nearby isolated RX J1856.5-3754 
(e.g., T. M. Braje et al. 2002)

If we can precisely measure mass 
and radius…?

(C) Demorest et al. 2010
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• X-ray pulse profile from 
a surface hot spot is 
affected by the 
gravitational light 
bending. Comparison 
between the 
observation and 
precise modeling gives 
the compactness (M/R) 

• Target: Non-accretion 
stable millisecond 
pulsars with a high 
rotation speed and low 
magnetic field. 

Light-bending for compactness measurements
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• X-ray pulse profile from 
a surface hot spot is 
affected by the 
gravitational light 
bending. Comparison 
between the 
observation and 
precise modeling gives 
the compactness (M/R) 

• Target: Non-accretion 
stable millisecond 
pulsars with a high 
rotation speed and low 
magnetic field. 

Light-bending for compactness measurements
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Observational quantities of neutron stars
• QCD physicists might want to know the mass, radius and interior of NSs…but
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NS in supernova remnant Cas A

Astronomers view

QCD physicists

NS

Supernova Remnant
Pulsar Wind Nebula

Rotation Period P ~ 1 s 
(~2 ms -- 5 hour) 

(Angular momentum)

Mass M ~1.4M⊙

Radius R~12 km
(~1.0M⊙--2.0M⊙)

(~8 km--14 km)

Important for the 
Equation of State

Source of 
Diversity

Accretion Rate M
•

Normal 
StarNS

Magnetic Field B ~ 1012 G
(~108 G --1015 G)

1 T = 104 G

Temperature T ~ 106 K
(~105 K --107 K)

Magnetic field
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Magnetar: Soft Gamma Repeater (SGR)
Discovered by “Giant Flares” or recurrent burst activities. ~ 5 SGRs
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Short Bursts

• Exceeding the Eddington Luminosity (~1038 erg/s) by ~6 orders of magnitudes 
• B > 1014 G is required to confine a few dozen keV plasma for ~400 sec
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Magnetar: Anomalous X-ray Pulsar (AXP)
Discovered as pulsed bright persistent X-ray sources. ~15 AXPs

• Exceeding the spin-down luminosity by ~2 orders of magnitudes (Lx >> Lsd)

1E 1841-045 (SNR Kes73)
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Magnetar hypothesis to the establishing model
“SGRs and AXP are ultra-strongly  magnetized NSs with B~1014-15 G powered by 
their stored magnetic energy in the stellar interior.”  

1. SNR association, slow P and large Pdot ⇒ Young (τ<100 kyr) & B~1014-15 G 
2. Lx >> Lsd by 2-3 orders of mag. ⇒ Not rotation-powered pulsars 
3. No evidence of binary system ⇒ Not accretion-powered pulsars 
4. Marginal “proton” cyclotron resonance ⇒ Suggests B > 1014 G 
5. Peculiar burst activities ⇒ Magnetic dissipation (e.g., reconnections)?? 
6. Super-Eddington giant flares ⇒ B > 1014 G & suppression of σ

QED Critical Field

Suppression of σ Distortion of atom Photon Splitting Birefringence

Thompson & Duncan+95, 96
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Magnetar outburst (example 1E 1547.0-5408)
Known as a fast rotation faint AXP (P~2 sec)
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Figure 5. Light curves of the individual short burst events detected by the present Suzaku observation. From top to bottom, panels
refer to those obtained with XIS0, with HXD-PIN, and with HXD-GSO, in the 2–10, 10–70, and 50–150 keV respectively. The time bin
is 15.6 msec.
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Magnetar outburst (example 1E 1547.0-5408)
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Magnetar outburst (example 1E 1547.0-5408)
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Kuiper+12
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Magnetar outburst (example 1E 1547.0-5408)



34

Magnetar energy release and emission

Poloidal Field 
Bp ~ 1014-15 GAccelerated particle
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X-ray flux decay of outbursts of transient magnetars

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.

7

The Astrophysical Journal Supplement Series, 231:8 (21pp), 2017 July Enoto et al.

(Enoto et al., ApJ 2017)

Absorbed 2-10 keV (Swift, RXTE)
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Spin-down luminosity Lsd vs. X-ray luminosity Lx

• 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? 

Review

13

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 (figure 
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 profiles 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 field, 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 field 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 field 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 field 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 efficiency of radio emission in some pulsars appears to 
have  >0.1 in figure 13, the efficiency 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



Toroidal magnetic field induced NS precession?

37

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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Free Precession with period Q

(see., e.g., Landau & Lifshitz textbook)
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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)

2

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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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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Confirmation with NuSTAR (Makishima+2019), Similar signature was detected from 1E 1547.0-5408 (Makishima+2020)



• Motivated by transient pulse of pulsars


• Archival data of 1.4 GHz survey of the 
Magellanic Cloud using the 64-m Parkes 
Radio Telescope in Australia


• Mysterious burst on 24 August, 2001

• Located 3 degree from the SMC

• Single event, not recursive

• Bright 30 Jy (1 Jy = 10-26 W m-2 Hz-1)

• Short duration < 5 msec 

• DM = 375 cm-3 pc (distant? <~ 1 Gpc)

Mysterious “Lorimer burst”

39Lorimer et al., Scence (2007)

Small Magellanic Cloud 
(Hα & HI emission)

Known pulsar name 
(DM in cm-3 pc)

13 beam paintings 
(open circle)

Burst detected 
(square: strongest)

https://ui.adsabs.harvard.edu/abs/2007Sci...318..777L/abstract


• Four FRBs were further reported in 2013.


• Short duration: ~a few ms or less


• Fluence S = 0.6-8.0 Jy ms @ 1.3 GHz


• High Galactic latitude |b| > 41 deg


• RFRB ~ 10-3 / galaxy / year


• RGRB ~ 10-6 / galaxy / year


• RccSN ~ 10-2 / galaxy / year 


• DM = 553-1103 cm-3 pc


• Cosmological distance: z = 0.45-0.81

Fast radio bursts (FRBs)

40Thronton et al., Science, 2013

 

 

 
Fig. 1. The frequency-integrated flux densities for the four FRBs. The time resolutions 
match the level of dispersive smearing in the central frequency channel (0.8, 0.6, 0.9, and 
0.5 milliseconds, respectively). 
  

https://science.sciencemag.org/content/341/6141/53


• Integrated column density (ne) of free 
electrons along the line of sight


• This makes a frequency-dependent 
dispersive delay Δt through a plasma 

Dispersion Measure (DM)

41
• DM (delay) is a good indicator of a source distance!

Thronton et al., Science, 2013

Delay Δt ~ 1000 ms



• Fast radio burst (FRB) characteristics:   
1. Bright radio emission F ~ 0.2-120 Jy @ ~1 GHz 

2. Large DM ~ 300-1600 cm-3 pc                               
→ Cosmological distance (z <~ 1) 


3. Brightness temperature Tb = 1033-37 K                    
→ Coherent radio emission


4. Short duration Δt < 1 ms                                         
→ Compact origin? (R~cΔt~3×102 km~ 30RNS)


5. Fluence S = F Δt = 1-10 Jy ms                                 
→ Energetics E ~ 4×1039 erg (d / 1 Gpc)2


6. High event rate RFRB ~ 104 / sky / day                            
→ RFRB ~ 0.1 RSN ~ 104 RGRB (Common star?)


• Neutron star (NS) related phenomena as the 
promising candidate of FRBs? 

Unsolved origin(s) & emission mechanism of FRB

42
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Galactic magnetar SGR 1935+2154 w/ a faint FRB

43

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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(Younes et al., ApJ, 2020) (Li et al., Nature Astronomy, 2021)

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

• SGR 1935+2154 (~9 kpc?) — P=3.24 s, Pdot=1.43e-11 s/s → B ~ 2.2e+14 G  
• A burst detected with Swift/BAT on April 27, 2020. Magnetar outburst with an intense bursting activity 

for at least 7 hours, e.g., burst forest, 217+ bursts in 20 min.  
• Two-peak FRB coincided with a magnetar X-ray burst (HMXT, INTEGRAL, AGILE, and Konus-Wind) 
• Cutoff energy of the FRB-associated burst is higher than others (Younes et al., Nature astronomy, 2021)

HMXT (27-250 keV)

e.g., CHIME/FRB Collab. Nature, 2020

HMXT (10-30 keV)

HMXT (1-10 keV)

FRB

Burst forest

NICER
(1-10 keV,
64 ms)

after burst eliminating 



Double glitch around a FRB from SGR 1935+2154

44 (Hu, Narita, Enoto, et al., Nature, 2024)

Nature | Vol 626 | 15 February 2024 | 501

approximately ±30 min, these are the best-constrained glitch epochs 
in magnetars and pulsars at high energies8,19. We attempted to fit the 
TOAs with a high-order polynomial but its reduced χ2 value was much 
higher compared with the best-fit two-glitch model (Methods).

At the first glitch, the frequency jumps by ∆ν1 = 3.0(3) × 10−5 Hz,  
corresponding to a fractional change of ∆ν1/ν = 1.0(1) × 10−4. The 
spin-down rate ν ̇also changed by ν∆ = − 1.5(3) × 10 Hz s1

−9 −1̇ . The second  
glitch has a smaller ∆ν2 = 1.9(3) × 10−5 Hz (∆ν2/ν = 6(1) × 10−5) with 

̇ν∆ = 1.5(3) × 10 Hz s2
−9 −1. Uncertainties are obtained through Markov 

chain Monte Carlo (MCMC) simulations (Methods). This observation 
suggests the glitch-recovery timescale could be much shorter than 
typical pulsar glitches (about 100 days), possibly only a few hours.  
The second glitch approximately compensates for the excess  
recovery between the two glitches. Notably, the post-glitch 
ν = − 4.9(1) × 10 Hz s−12 −1̇  is just 30% of its pre-glitch magnitude  
but remains four times higher than the long-term baseline 
(ν = − 1.35 × 10 Hz s−12 −1̇ ; ref. 12). Figure  2 compares the detected  
glitches with previous ones in magnetars and pulsars8,10,11,20,21, 

demonstrating that these two glitches are among the largest observed 
so far. The rotational energy increases for these two glitches are 
3.9 × 1041 erg and 2.6 × 1041 erg, respectively (Methods).

Figure 1b,c shows the frequency evolution and its derivative using 
the two-glitch model. In addition, we obtained the local spin ephemeris 
by overlapping consecutive TOAs and avoiding intervals crossing glitch 
epochs. The  ν ̇  between the two glitches increased by a factor of about 
100 compared with the pre-glitch value, indicating a rapid spin-down 
bracketing the FRB time.

The short-burst occurrence rate in this episode is shown in Fig. 1d. 
The burst-active epoch lasted for at least two days, during which the 
rate remained at approximately one burst per minute. Subsequently, 
the rate peaked at over four bursts per minute at t ≈ −2 h and subse-
quently dropped to less than 10% of the pre-glitch level at tg2. This 
declining phase is contemporaneous with the occurrence of the 
FRB. Such interplay between the X-ray bursts and FRB is similar to 
the behaviour seen during the previous outburst of SGR 1935+2154 
in 202014,22.
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Fig. 1 | Evolution of pulse timing, short X-ray bursts and flux near the 
double-glitch epoch. The time-zero epoch, marked by a vertical red dashed 
line, is defined as the occurrence time of the CHIME FRB. The dashed-dotted 
and dotted vertical lines denote the times of the first glitch and second glitch, 
respectively. a, The evolution of the pulse arrival phase with respect to the 
pre-glitch timing model. The orange line denotes the best-fit timing solution 
and the grey-filled area is the 1σ confidence interval obtained with MCMC 
simulations. The black and grey horizontal lines (labelled A to E) denote the 
time intervals of spectral analysis. b, The frequency evolution derived from the 

best-fit timing model (orange line) and the corresponding 1σ confidence 
interval (grey-filled area). The data points are best-fit frequencies obtained 
from 15 consecutive arrival phases with a moving window of one data point.  
c, The ̇ν evolution obtained using the same procedure as in b. d, The evolution 
of the burst occurrence rate, where blue circles denote the values obtained 
with NICER and green squares denote those obtained with NuSTAR. e, The 
count rate with a time bin size of 16 s of the persistent emission after removing 
the bursts. The error bars are statistical 1σ uncertainties.
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• Another magnetar outburst in 2022 October. 

• Our high-cadence ToO monitoring with 
NICER and NuSTAR serendipitously covered 
a FRB occurrence (e.g., ATel 15697).  

• We detected two strong spin-up glitches and 
a rapid spin-down between them. 

• Released rotational energies at the glitches, 
, are 3.9×1041 erg and 

2.6×1041 erg (comparable), respectively!!  

• Rotational energy loss between the glitches is

 

• Twin double glitches show almost the same 
intensity and energy release. 

Eglitch = 4π2Iν △ ν

dErot = ∫ Lsddt = ∫ (4π2Iν ·ν)dt = 6.5 × 041 erg
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Waiting for nearby repeating FRB discoveries! 
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Crab GRP

SGR 1935+2154

FRB 20200120E 
(M81)

CHIME FRB

FRB20180916B
FRB 121102

CHIME

FAST

Onsala+

RRAT

FRB 20201124ALower limit derived from 
the Usuda observation

[Back-of-envelope calculation] 
Assuming persistent X-ray 
luminosity of Lx~1039 erg/s for 
FRB-related sources or 
phenomena, the Chandra/ACIS 
sensitivity, Fx=4×10-15 erg/s/cm2 
(0.4-6 keV) for a 10 ks exposure, 
corresponds with reachable 
distance up to 50 Mpc. For the 
Swift/XRT of Fx=8×10-14 erg/s/
cm2 (0.2-10 keV) for a 10-ks 
exposure, this becomes 10 Mpc. 
On the X-ray burst detection 
associated with we need 
systematic studies of background 
event properties. 

(Enoto, Kisaka, Terasawa, Astr.Herald 2022)

• X-ray follow-up observations become very important for nearby repeating FRBs 
closer than 50 Mpc. We are looking forward to receive alerts from the BURSTT! 

X-ray detectable?



Summary: message to theoreticians from an astronomer

47

• Neutron stars are observationally diverse. In order to determine the internal 
equation of state, it is necessary to deeply understand the uncertainty 
associated with this diversity. Furthermore, we should further consider to use 
other observational quantities (temperature, B-field, …) in the future. 

• There are several methods for measuring the mass and radius of neutron 
stars, including measuring the motion of binary stars, X-ray bursts, 
gravitational redshifts due to absorption lines and light bending, and 
gravitational waves. NICER is updating the latest EoS measurements.  

• Magnetars are a new target for observing the interior of neutron stars. X-ray 
outbursts from magnetars can be used to measure the response to the 
release of internal energy deposit. Glitches related to fast radio bursts can be 
used to learn about angular momentum transfer in the stellar interior. 


