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• Neutron star (mass M~1.4 
Msun and radius R~10 km) is 
formed via a gravitational 
collapse of a massive star 

1. High-density interior (> nuclear 
density 3×1014 g/cm3)  

2. Strong gravity to generate 
gravitational waves (GWU)  

3. Rapid rotation (~> a few ms) 
makes cosmic-ray outflow 

4. Strong-magnetic field (QED 
critical field, B=4.4×1013 G) 

5. High-intensity radiation fields
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Neutron star (NS) important for physics
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Atmosphere 
Hydrogen, helium, carbon

Outer crust 
Atomic nuclei, free electrons

Magnetosphere 
Reconnection, 
Particle acceleration 
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Inner crust 
Heavier atomic nuclei 
free neutron and  
electrons

Outer core 
Quantum liquid  
Neutrons, protons, 
and electrons in a soup

Inner core 
Unknown ultra-dense matter 
hyperons?

Nuclear density 
3×1014 g/cm3

Neutron star (NS) important for physics
Radio emission

Surface X-rays

Magnetspheric X-rays

• Neutron star (mass M~1.4 
Msun and radius R~10 km) is 
formed via a gravitational 
collapse of a massive star 

1. High-density interior (> nuclear 
density 3×1014 g/cm3)  

2. Strong gravity to generate 
gravitational wave (GW)  

3. Rapid rotation (~> a few ms) 
makes cosmic-ray outflow 

4. Strong-magnetic field (QED 
critical field, B=4.4×1013 G) 

5. High-intensity radiation fields



Multi-wavelength observation and diversity of NSs
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• >3,300 known pulsars discovered 

• 105 in our Galaxy? 

• Multi-wavelength observation by 
radio, optical, X-rays, and γ-rays. 

• Diverse NS species have been 
discovered. Challenge to 
unification of different NS classes  

• Multi-wavelength observations 
have become an essential, and 
multi-messenger observations 
have become gradually popular.
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Multi-wavelength observation and diversity of NSs
• >3,300 known pulsars discovered 

• 105 in our Galaxy? 

• Multi-wavelength observation by 
radio, optical, X-rays, and γ-rays. 

• Diverse NS species have been 
discovered. Challenge to 
unification of different NS classes  

• Multi-wavelength observations 
have become an essential, and 
multi-messenger observations 
have become gradually popular.

Enoto, Kisaka, Shibata, 2019, ROPP



• Cosmic rays (=charged particles, p, e-, e+, heavier ions)  
• Particle acceleration via rotational or magnetic-driven  

• Multi-wavelength photon  
• Radio, optical, X-rays, and γ-rays 

• Neutrinos  
• Supernovae (e.g., SN 1987A)  
• Long-term neutrino cooling in the NS interior 
• Hadronic interaction of protons? 

• Gravitational wave (GW) 
• Indirect GW detection (e.g., PSR B1913+16)  
• Binary NS merger inspiral (e.g., GW 170817) 
• Coherent GW from a fast spinning NS?

Credit: NASA/CXC/SAO/STScI

かに星雲 (Crab Nebula) 
Ｘ線（チャンドラ宇宙望遠鏡）

かにパルサー

Neutron stars (NSs) as a multi-messenger source 

https://chandra.harvard.edu/photo/2017/crab/
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Detected or expected neutrinos from NSs
• Neutrino detection at SN 1987A 
• Indirect estimation of neutrino 

emission from the NS core in the 
long-term NS cooling curve. Review

5

the later phase [616]. Figure  4 shows a "ducial theoretical 
cooling curve in [662], which is affected by neutrino emis-
sion processes, super#uidity, interior composition, strength 
and con"guration of magnetic "elds, chemical composition of 
stellar atmosphere, and masses of NSs [663, 800, 846].

After the "rst con"rmed detection of surface emission by 
the ROSAT x-ray satellite from four NSs, PSR J0835−4510 
(Vela), PSR B0656+14, PSR B0630+18 (Geminga), and 
PSR B1055−52 [251, 317, 595, 596, 800], the surface 
temper atures of an increasing number of NSs have been 
measured ("gure 4). In the cooling curve, the observed pulsar 
ages are estimated from various parameters, including pulsar 
spin-down timescale (see section  1.3), kinematic age from 
the proper motion of the targets, energetics of the associated 
pulsar wind nebulae (PWNe) [760], and ages of the associ-
ated supernova remnants (SNRs). Surface radiation can be 
measured from isolated NSs with ages ! 106 yr and a typi-
cal temper ature of T ∼ 106 K, ranging from 105 to 106.5 K 
(0.01–0.3 keV).

In addition to the entire surface emission, the hotter ther-
mal component in soft x-rays (typically  ∼1–3 × 106 K) is 
the emission from the area of polar caps, which is considered 
to be heated by bombardment of relativistic particles #ow-
ing back to the surface from the pulsar magnetosphere (e.g. 
[317, 861]). This thermal component may pulsate because 
the area of the polar caps relative to the bulk NS surface is 
much smaller than unity, ∼7 × 10−4(P/1 s)−1 in the dipole 
case. The energy of the inwardly #owing relativistic par-
ticles appears to be powered by the rotation of the NS. In 
fact, the luminosity from a pair of heated polar caps, Lpc is 
approximately proportional to the spin-down luminosity (see 
section  1.3), Lpc ∼ 10−3Lsd [68, 70]. Consequently, being 

different from the bulk thermal emission which is signi"-
cantly reduced at the age of ! 106 yr (see "gure 4), the emis-
sion from the polar caps can be observed even in old pulsars 
(τc ! 106 yr) and MSPs.

The hot surface temperature of magnetars further expanded 
our knowledge of the above-mentioned classical cooling the-
ories (sections 2.4 and 3.3). Discovered magnetars are sys-
tematically hotter than ordinary isolated NSs, as shown in 
"gure 4, the NS-class-divided scatter plot of the age and lumi-
nosity. The observations suggest that dissipation of magnetic 
energy inside a NS becomes an additional energy source for 
surface x-ray radiation. A simple model assumes a balance 
between dissipation rate of the magnetic energy and surface 
radiative-cooling rate (e.g. [644, 646]),

S!R
dum

dt
= −SσT4, (5)

where S is a size of the hot spot on the surface of a NS, 
!R ∼ 1 km is a thickness of the crust where the magnetic 
energy is dissipated, and um = B2/8π is a magnetic energy 
density in the crust. When the total magnetic "eld strength 
in the crust, B, is assumed to be B = bBd, where the dipole 
"eld, Bd, is estimated from P and Ṗ  (see section 1.4) and is 
assumed to follow a simple exponential decay on a timescale, 
τd (i.e. dB/dt = −B/τd), equation (5) reduces to

!Rb2B2
d = 4πτdσT4 → T ∝ B1/2

d . (6)

This roughly explains the observed results. In recent years, 
more dedicated magneto-thermal cooling models have been 
developed [14, 820] (section 4.4).

1.3. Stellar rotation period P (and Ṗ )

The stellar rotation (pulsation) period, P, is a fundamen-
tal observable of a NS. The emission from a NS is strongly 
affected by the presence of a magnetic "eld, which can control 
the motion of plasma and can determine the emission geom-
etry. Then, periodic signals with the spin frequency P are 
observed. Typically, P ∼ 1 s; however, it ranges from  ∼2 ms 
for a fast spinning MSP to  ∼5 hours for an accretion-powered 
x-ray pulsar (see "gures 1 and 5).

Using the spin angular velocity Ω = 2π/P, the rotation 
energy of a NS is given by,

Erot =
1
2

IΩ2, (7)

where I is the moment of inertia of a NS. The loss rate of this 
rotational energy, namely the ‘spin-down’ luminosity, is

Lsd = −dErot

dt
=

4π2IṖ
P3 . (8)

One of the energy loss mechanism is the magnetic dipole radi-
ation (e.g. [611]). For a rotating sphere with dipole magnetic 
"eld Bd, the luminosity of magnetic dipole radiation is given 
by

Lmd =
B2

dΩ
4R6

ns

6c3 sin2 χ, (9)

Figure 4. Observed bolometric thermal luminosity of magnetars 
(red circles), XINSs (yellow pentagons), HBPs (purple diamonds), 
CCOs (blue squares), and RPPs (light-blue circles) as a function 
of pulsar ages taken from [255, 629, 820]. The spin-down age is 
used in most cases except SNR ages for CCOs. The solid curve 
shows a theoretical cooling curve calculated by [662] as a "ducial 
basic model. Observed non-thermal x-ray luminosities are also 
plotted (open small diamond symbols) for comparison, considering 
that the non-thermal component is usually contaminated into 
(or even becomes dominant over) the thermal emission in actual 
observations. The non-thermal luminosity data are the same in 
"gure 13.

Rep. Prog. Phys. 82 (2019) 106901

Neutrino cooling

• Ion acceleration (to ~1 PeV) in 
young rapidly rotating neutron stars, 
which would become a neutrino 
source? (Link & Burgio, 2006; Bhadra 
& Dey, 2009) 

• pγ→△+→nπ+→nνµµ+→nνµe+νeνµ 

• Neutrinos from new born 
magnetars? (Murase+2009) 

• TeV-PeV neutrinos from giant flares 
of magnetars? (Ioka+2005) 

• Thermal neutrinos from the remnant 
of binary NS merger? (Kyutoku & 
Kashiyama, 2018)

Enoto, Kisaka, Shibata, 2019, ROPP
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Gravitational wave (GW) from NSs
• GW discovery via radio observations of the Hulse-Taylor pulsar PSR 

B1913+16 in 1974, and the direct GW detection of GW 170817 in 2017.  
• Glowing sample of GW events —> Measurements of the EoS of NSs and 

their inertia of moment? (榎戸, 久徳, 原子核研究, 2023)

LIGO & Virgo Scientific Collaboration, ApJ (2017)

Cumulative shift in the 
periastron period  
PSR B1913+16 

(Weisberg & Taylor, 2005)



Scorpius X-1 — Brightest X-ray source in the sky
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Non-spherical & fast-
spinning neutron star

Companion star

https://asd.gsfc.nasa.gov/Tod.Strohmayer/
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• Spin-up of a neutron star due to angular momentum inflow of the accreting matter 
• Critical spin frequency at ~1 kHz before a stellar collapse by the centrifugal force
• Observed spin frequencies of weakly-magnetized neutron stars are ~160-620 Hz 
• What pulls out the angular momentum? Disk? Continuous gravitational wave? 

Artists illustration of 
Low-mass X-ray binary (LMXB)

Spin frequency detection in X-ray burst?



LIGO collaboration (2017)

Search for the gravitational 
wave from Sco X-1, https://
arxiv.org/abs/1706.03119

Scorpius X-1 — Brightest X-ray source in the sky
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• X-ray variation of Sco X-1 shows the twin kHz Quasi-Periodic Oscillation (QPO), 
which frequency difference is proposed to correspond with the spin frequency.

• Monitoring of QPOs, which is expected to be fluctuate with mass accretion rate, can 
be used for the matched-filter template of the gravitational wave search?

https://arxiv.org/abs/1706.03119
https://arxiv.org/abs/1706.03119
https://arxiv.org/abs/1706.03119


Coherent GW from fast-spinning NSs and NinjaSat?

11Enoto et al., Proceedings of the SPIE, Volume 11444, id. 114441V 20 pp. (2020).

• First Japanese CubeSat dedicated to X-ray astronomy 
• Agile and flexible time-domain studies for X-ray sources 
• World’s largest effective area in CubeSat missions



Unresolved 6 big problems of NSs (personal view)
1. What is the equation of state for the dense interiors of neutron stars? 

➡ The problem is close to being solved by X-ray and gravitational wave observations (榎戸, 
安武「宇宙観測で見えてきた中性子星の状態方程式」日本物理学会誌2021年10月号). 

2. What evolutionary theory provides a unified understanding of the 
observational diversity of neutron stars? 

3. Are magnetars really NSs with extremely strong magnetic fields? 
➡ ”Magnetars” has been established by the accumulation of observational studies (Enoto, 
Kisaka, Shibata, ROPP, 2019). 

4. What types of cosmic rays are produced in NSs and supplied to our 
galaxies and reach the Earth? 

5. What are the GWs produced by NSs (in addition to NS-NS systems)? 

6. What are the sources and mechanisms of fast radio bursts?



• Reported in 2007 (Lorimer, Science, 2007) 
• FRBs have following characteristics:   

1. Bright radio emission F ~ 0.2-120 Jy @~1 GHz 

2. Brightness temperature Tb = 1033-37 K 


➡ Coherent radio emission

3. Large DM ~ 300-1600 cm-3 pc 


➡ Cosmological distance (z <~ 1) 

4. Short duration Δt < 1 ms 


➡ Compact origin?  (R~c Δt ~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

7. Repeating & Non-repeating? 


➡ Multi-population? 

8. Host galaxies 


➡ different at different populations? 

Mystery of Cosmological Fast Radio Bursts (FRBs)

13

Thronton et al., Science, 2013

Very likely neutron stars?
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Magnetar as a promising candidate of FRBs! 

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, Nature, 2020 Li et al., Nature Astronomy, 2021

Two-peaked FRB (radio) was found to be 
coincided with X-ray bursts from a Galactic 
magnetar SGR 1935+2154 in 2020!

https://arxiv.org/abs/2005.10324
https://ui.adsabs.harvard.edu/abs/2020arXiv200511071L/abstract
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Neutron Star Interior Composition Explorer (NICER)
• Energy band : 0.2-12 keV (Resolution : 

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)

Soft X-ray timing spectroscopy for neutron star structure, 
dynamics, and energetics as the ISS external attached 
payload with active pointing, launched on June 3, 2017

© NASA/GSFC, NICER Team



Candidates of the Neutron Star Origin of FRBs
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Magnetar bursting activity Giant radio pulses 

• Energy source: Magnetic energy


• Mechanism: Reconnection? 

• Example: SGR 1935+2154

• Energy source: Rotational energy 

• Mechanism: Plasma blob collision? 

• Example: Crab pulsar

Credit: NASA/CXC/SAO/STScI(C) Ryuunosuke Takeshige and Teruaki Enoto (Kyoto University)  

https://chandra.harvard.edu/photo/2017/crab/
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Giant radio pulses as another candidate of FRBs?
• Sporadic sub-millisecond radio bursts 102-3 times brighter than the normal pulses.

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

• Fast radio bursts (FRBs) are extragalactic GPs from young and energetic pulsars? 

6 Mikami et al.
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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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Enhanced X-ray Emission Coinciding with 
Giant Radio Pulses from the Crab Pulsar

Enoto et al., Science, 372, 187-190 (2021) 
(Credig) Higgstan.com
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https://science.sciencemag.org/content/372/6538/187


• Despite ~4% enhancement, the total 
emitted energy at GPs is 10-102 larger 
than we previously know. 


• Hypothetical bright GRP is a candidate 
for the origin of FRBs, especially 
repeating FRB sources (e.g., repeating 
FRB 121102). The energy source of such 
FRBs is assumed to be the spin-down 
luminosity.


• Since bolometric luminosity of GPs, 
including X-rays, is revealed to be 102-3 
times higher than we previously thought, 
the simple GRP model for FRBs became 
more difficult because pulsars quickly 
lose its rotational energy. 
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Giant Pulses (GPs) can not explain repeating FRBs?



Crab GRP

SGR 1935+2154

FRB 20200120E 
(M81)

CHIME FRB

FRB20180916B
FRB 121102

CHIME
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Search FRB events for GW, neutrino, γ emissions
• There are two types of FRBs: one-off and Repeating FRBs.  
• Are there any hidden non-magnetar phenomena in the FRB? 
• Search the LIGO-Virgo O3a for GW events with FRB (LVK+2022)

Enoto, Kisaka, Terasawa, The Astronomical Herald (2022)

Figure 1. from
R. Abbott et al 2023 Astrophys. J. 955 doi:10.3847/1538-4357/acd770
https://dx.doi.org/10.3847/1538-4357/acd770
© 2023. The Author(s). Published by the American Astronomical Society.

So far, no detection of 
the GW events 

associated with FRBs
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Summary 
• Neutron stars continue to be a driving force in physics through 

cosmological observations as a testing ground for extreme physics, 
such as strong magnetic fields and gravity. 

• As an example of multi-wavelength astronomy, the FRB study is 
growing rapidly. Our observations of the Crab pulsar and a magnetar 
SGR 1935+2154 suggest that magnetar-related phenomena (e.g., 
glitches) are one of the promising candidates for the origin of FRBs, 
though other phenomena would be contaminated in FRBs. 

• Neutron stars are also expected to become a multi-messenger source, 
and now we are at the stage where budding attempts can be made. 
We (X-ray astronomers) want to collaborate with non-electromagnetic 
radiation (neutrinos, gravitational waves, and cosmic ray physicists). 
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Enoto, Wada , et al., Nature (2017)


