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Neutron star (NS) important for physms

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

Supernova Remnant
Cassiopeia A

4-6 keV X-rays (white)

Fe (red)

Si, Mg (green)

Ti (blue)

2 O©NASA/JPL-Caltech/CXC/SAO, Grefenstette et al., 2014, Nature



Neutron star (NS) |mportant for physms

* 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 3x1014 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=4.4x1013 G)

35. High-intensity radiation fields
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Multi-wavelength observation and diversity of

>3,300 known pulsars discovered
10° in our Galaxy?

Multi-wavelength observation by
radio, optical, X-rays, and y-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
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Multi-wavelength observation and diversity

e >3 300 known pulsars discovered
* 10° in our Galaxy?

 Multi-wavelength observation by
radio, optical, X-rays, and y-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
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Neutron stars (NSs) as a multi-messenger source

« Cosmic rays (=charged particles, p, e-, e+, heavier ions) S ————
» Particle acceleration via rotational or magnetic-driven 2 e
* Multi-wavelength photon
» Radio, optical, X-rays, and y-rays T ) €L —
* 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) M EZE (Crab Nebula)
XiR (Fv v RTIFHERE)

Credit: NASA/CXC/SAQ/STScl

» Coherent GW from a fast spinning NS?



https://chandra.harvard.edu/photo/2017/crab/

Detected or expected neutrinos from NSs

Luminosity (Log L/(erg s~1))

Neutrino detection at SN 1987A

Indirect estimation of neutrino
emission from the NS core in the

long-term NS cooling curve.
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* |on acceleration (to ~1 PeV) in
young rapidly rotating neutron stars,
which would become a neutrino

source? (Link & Burgio, 2006; Bhadra
& Dey, 2009)

e pYy—Ar SN —NVyd*—NVye*VeVy
« Neutrinos from new born

magnetars? (Murase+2009)

» TeV-PeV neutrinos from giant flares
of magnetars? (loka+2005)

« Thermal neutrinos from the remnant

of binary NS merger? (Kyutoku &
Kashiyama, 2018)



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? (R, A&, EFiZiA5E, 2023)
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Scorpius X-1 — Brightest X-ray source in the sky

Artists illustration of Spin frequency detection in X-ray burst?
Low-mass X-ray binary (LMXB)
4U 1702-429 (330 Hz)
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Frequency / X-ray intensity

Non-spherical & fast-
spinning neutron 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?



Scorpius X-1 — Brlghtest 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 QPQOs, 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-spisgigg NSs and NinjaSat?
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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 (18 7,

ZH 'FHEBATRATSCHFEFEDORESEN HEAYEFRFE2021F108%).

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 GWSs produced by NSs (in addition to NS-NS systems)?

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



Mystery of Cosmological Fast Radio Bursts (FRBs)

e Reported in 2007 (Lorimer, Science, 2007)

e FRBs have following characteristics:
1.
2.
3.

4.

Thronton et al., Science, 2013
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Magnetar as a promising candldate of FRBs'

Two-peaked FRB (radio) was found to be
coincided with X-ray bursts from a Galactic
magnetar SGR 1935+2154 in 2020!
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https://arxiv.org/abs/2005.10324
https://ui.adsabs.harvard.edu/abs/2020arXiv200511071L/abstract

T
wicrer (NICER)
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* 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

/ g .
L * Sensitivity: 1x10-13 erg/s/cm2 (5a, 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)

\ dynamics, and energetics as the |ISS external attached
S payload with active pointing, Iaunched on June 3, 2017
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Candidates of the Neutron Star Origin of FRBs

Magnetar bursting activity Giant radio pulses

(&) Ryuurio_suke-Takeshige and .Te"ruaki» Enoto (Kyoto U.n'iversi,

» Energy source: Magnetic energy * Energy source: Rotational energy
» Mechanism: Reconnection? » Mechanism: Plasma blob collision?

» Example: SGR 1935+2154 - Example: Crab pulsar


https://chandra.harvard.edu/photo/2017/crab/

Giant radio pulses as another candidate of FRBs?

o 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?
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Enhanced X-ray Emission Coinciding with
Giant Radio Pulses from the Crab Pulsar
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NICER on the ISS, Usuda, and Kashima antennas
are watching the Crab Pulsar

Usuda-san and
Kashima-san,
are you ready?

Watching
the Crab Pulsar
together...

X-rays also
become brighter!!

We found that X-rays
become brighter coinciding
with the giant radio pulses

for the first time.
We were looking for this!

More energy is emitted
at X-rays than radio
at giant radio pulses

(Credig) Higgstan.com



https://science.sciencemag.org/content/372/6538/187

Giant Pulses (GPs) can not explain repeating FRBs?

* Despite ~4% enhancement, the total
Ordinary pulses 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

°'°t'°a' | FRB 121102). The energy source of such
\ FRBs Is assumed to be the spin-down

SED of giant pulses luminosity.

Log Flux (erg cm2 3'1)

» Since bolometric luminosity of GPs,

10 15 20 25 including X-rays, is revealed to be 102-3
-og Frequency (Hz) times higher than we previously thought,

the simple GRP model for FRBs became

Suggesting more difficult because pulsars quickly
magnetar—like origin? lose Its rotational energy.



Search FRB events for GW, neutrino, y emissions
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* 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)
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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 FRBSs,
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).



ot al., Nature (2017)
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