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1. Introduction to neutron stars



Discovery

= Jocelyn Bell in 1967
= 2000 wires as dipole antennas
= Analyzing roles of paper

= Advisor: Anthony Hewish & Martin
Ryle

= Nobel price 1974
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Neutron star properties
= Remnants of supernovae

= Composed of compressed matter,
neutrons

= Very dense ~ 5 x 107 kg m—3,
> 10natomcore

= Short rotation periods <1's

= Radius ~10 km

= Hot surface (~10° K)

= M~ 1.1-2.1 M,

= Strong magnetic fields ~10% T
(10*2 G)

= Radio to v-rays

= Plasma heating, particle acceleration

= Reliability of shown figures




Neutron stars provide insights into a broad range of various astrophysical

phenomena

Pulsars Magnetars Extreme physical environments

X-ray binaries

Gravitational waves Microqusars Fast radio bursts




1. Introduction to neutron stars

Neutron star
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Formation

= |nitial star mass 2 8 M.,

= |nner core exceeds Chandrasekhar limit

(1.4 M)
= Core-collapse supernovae

(Type Il, or Type Ib,c) / /‘
= Central core collapse into () ()

a compact object (NS or BH)
= [mplosion — shock wave
= Outer layers outflow ° o

= Electrons and protons combine
p+ +e” > n+re
(reversed B-decay)

= Initial temperature 101! — 1012 K
drops in few years to 10 K (BB in
X-rays)

= Compact object kicked
(~100 km s~ 1)

NS = neutron star; BH = black hole




Mass of neutron star
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Neutron star inner structure

= Main problem: Equation of state

= Superconductivity and superfluidity of
matter

= Strong frozen magnetic fields

= Two main models (AP4 and MS2),
Many more existing

= Neutrons hold from decay by strong
pressures (otherwise decay in
~15 minutes)

ather clues about the
t forms of matter.

Outer crust
Atomic n
Inner crust
H

Atmosphere
Hydrogen, helium, carbon
Beam of X-1 ming from the
neutron

enature



Neutron star models

25 APy PAl Ms2

ENG
WEF2 AP4 PALL
T \\\\\
)

PSR J0348+0432

Mass (Msun)
o
n

0.5

Radius (km)



Magnetosphere

Toy/book model:

Closed
magnetic
field lines

—Rotation axis

Light cylinder

Properties:

Magnetic dipole

Higher pole moments under debate
Inclination between rotation and
magnetic axes

Light cylinder — Ry, = Pc¢/2m,
Ri,c ~ 500 Ry«

Open and closed magnetic fields

Atmosphere only a fraction of
millimeter thickness



Gravitation effect — Light deflection

= Bending of radiation from surface
= Effect of spaghettification

= Red shift of light from star surface




= Rotational kinetic energy of star decreases
= Rotation periods increase
= Measuring slow down — amount of energy release

= Spin-down luminosity

192 /2)

3 d A .
E= (dt = IQ0 = 4n2PpP~3 (1)

I=10% gcm—2
E ~10% W (1032 erg s—1)
(Other energy releases neglected)
= Dependence of spin down on period
= Dependence of energy release on period
= Spin down caused by dipole radiation power

Eraqa =

2 B 2\ 4
3?(Bsurfaccl:i*sma) > (2)

= « is the dipole inclination angle



PP diagram
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= Sudden changes of rotational period >
= 1. Changes in structure of star core
= 2. Changes in structure of mg. fields 2
The mg. field disturbance propagate = i
along field lines
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Braking index

= Quantifies the spin down

. . Characteristic age
= Dipole emission

R 2 . = — 6
Dt = §|m|294 sin?a (3) T op (6)
= Change of NS rotational frequency

= Crab: 7 = 1240 yr, known: 970

v=—-Kv" (4) = Born periods Py = 14 — 140 ms
= n is braking index Magnetic fields at surface
= Measured as n = vi’/i?
3c3 I
By = (7

= Values: 1.4 -2.9 872 RS sin? o

Estimation of pulsar age

=L [ (f;o)“} ®)

= By~ 102 G (108 T)



Braking index
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Pulsar death

= As NS period increases, efficiency of
energy conversion decreases

= For large periods, their emission
vanishes

= Can be recycled if in binary

0.1

Period (s)




2. Pulsar Observations



Arecibo




Radio telescopes

MeerCAT

VLA

ALMA

20



Telescopes

Integral

Chandra

Fermi
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Average pulses

J0407+1607

B1913+16

1l
o

.

()

J0437-4715

(b)
B1237+25

\n

|\ \

- .

I\

o

_J L
(e)

B1933+16

e

(h)

(Lorimer & Kramer 2005) — Effelsberg
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Duty cycle
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Individual pulses

22 s time series ‘

JJT__JL__BALHL_LL,‘LJ@‘LM ,JWQ

i

140 ms zoom in on individual pulses

PSR B0301-+19, Arecibo, Lorimer & Kramer 2005
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Vela pulsar spectrum
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Crab pulsar
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Dispersion measure

= Signal delay

a-d([2)-4 o

= Group velocity

vg=cN=c p(i;’)z (9)

(N - refractive index, f, — plasma
frequency)

= Signal delay (after expansion of N) : e
-1 10 100 - A‘_E)f)ﬂ
Dispersion measure (cni pe)

2 [dned DM

At = =C
2mec  f2 iz

(10)

d
DM:/ nedl (11)
0
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Faraday rotation

= Difference in phase between left and
right polarization

d
Ao (f) = /0 (kr(f) — ko (F))dL,

(12)
where
9 2 Y
s =Znf-2 2
B il
Then /
9¢3 d 4 : e
AVpa(f) = m2cf? '/0 neB)dl < T N < d
(14) B -
A\IIPPA = A\I/Far(f)/Z = RM/f2
(15)
3 rd
RM = msicfz/g neBydl  (16)

fdneB dl RM DM \ !
(Bm;u:l.zu(}( 2)< C>

fod nedl radm™ cm—3p .
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Brightness temperature T

Black body radiation

dv 2 ) o
= Temperature .
T, = Z—; In! (1 + 12(’;)”02> (18)
= For hv < kKT
= Brighness temperature
T, — I(v)c? (19)
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X-ray observations

NICER (X-ray) + Nancay (1.4 GHz)

PSR 1063645120
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(Guillot et al. 2019)
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Vela

Radio, 113.8 GHz

optical-band
1

Vela
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3. Physical applications




Precide measurements of times of
pulse arrivals

Depends on time resolution and S/N
ratio

Low variance between individual pulses
Millisecond pulsars are ideal
Precision ~ 100 ns for over > 1 year

Stability of pulsar internal clock
limited (due to “unknown” slow down
mechanism)

Cross-check with terrestrial clocks

0.1

(Hotan 2005)
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High precision timing
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Testing general theory of relativity

Shift of periastron
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Gravitational waves
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Gravitational waves

10°
— ET
== Advanced LIGO
h — . Advanced Virgo
10-2 43 veer KAGRA
Spin down upper limit
03 upper limit
. . . 104
= Continuous gravitational waves N
= Compact binary gravitational waves 1072
= (Stochastic gravitational wave)
10-%
= (Burst gravitational waves)
10710
10° 10t 102 10°

vew (Hz)

(Haskell & Schwenzer 2021)
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Merging neutron stars

= Source of gravitational waves

= Might produce short gamma ray
bursts or kilonovae

= Produce a neutron star or a black hole
(Tolman—Oppenheimer—Volkoff limit)

= First detection on 17th August 2017
by gravitational waves, later short
gamma ray burst

= Total mass 2.82 M,

= |t collapsed into a black hole or a
magnetar in milliseconds

= Direct evidence of production of
heavier elements and that neutron star
is composed of neutrons
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Extrasolar planets
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Plasma physics in extreme conditions

= Relativistic temperatures

ch

= <1
P= T

= Relativistic particle velocity distributions — e.g. Maxwell-Jittner
= Magnetic fields 1014 G (wee ~ 1020 Hz)

= Particle Lorentz factors v up to 107, typical 10® (v/c = 0.9999995)

= Large kinetic energy densities
= Huge field energy densities

= Plasma beta parameter § < 1
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4. Magnetospheres of Pulsars




4. Magnetospheres of Pulsars

Physics of the magnetosphere



Pulsar model

ROTATION
AXIS
RADIATION
BEAM

RADIATION
BEAM

“— Light cylinder

= 130 stellar radii

cap

[ region

\ Neutron /

star
\
N _

[\

Magnetic
\ field |

/ Slot gap \ \

region | \

Y
Closed
field lines ||

Open
field lines
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Force free magnetosphere

= Force ratio

fEM el R3 2
fa - GT*mp ~ U (20) From ideal Ohm's law

= Goldreich—Julian density E+vxB=0 (24)

pe =6V -E=—-2¢Q-B (21) Problem between open and closed fields.

= Particle (EB) drift LIGHT CVLINDER\

E % B ELECTRONS
'UE,d = 7 (22)

CRITICAL LINE Wi 0%
— No currents between e~ and pT.
And drift along mg. fields (4

stationarity)

PROTONS

For deviation from charge-neutrality

CO-ROTATING
IAGNETOSPHERE

— currents
= |deal MHD

.
|
|
|
|
|
\
I
I
|
I
I
\
|
|
|
|
|

B - (Q2xr)

5 B (23)

’UEYd:QX’I‘—
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2D magnetospheric simulations

80

160 240 320

=300 —150 0 150 300

7/R.

0
x/R.

[ e
—320 —240 —160 —80

0 80

160 240 320

—150 =100 =50 0 50 100 150

(Chen & Beloborodov 2014)
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3D magnetospheric simulations

I -max

(Philippov et al. 2015)
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= Breaking of force—free magnetospheric
models in regions called gaps

= Electric currents do not compensate
plasma co-rotation

OFE
VXB=j+€o,u0§ (25)

= Electric fields can reach ~ 103 V/m

= “Primary particles accelerated”
(107 MeV)

= Curvature emission of y-photons

= Inverse Compton scattering may occur

y+B et +e  +B (26)

= Production of “secondary particles”
(102 — 10* MeV)

= Multiplicity factor x ~ 102 — 10°.

rotation

axis

light S N\ co-rotating magnetosphere
N\ \ \\ A\ T T

cylinder  gpein. N\ ‘ 1T

_ fieldlines "\ '\
) N\

O\

Yavd
last open [/ /
field line |

neutron star surface

[ [ R \
|closed_ | neutron \
\field lines —\  star

Other electron-positron sources
= v photons from hot star surface

= photon-photon interactions

Electron-positron production
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Formation of relativistic beams

Synchrophotons

generation of strong ] .
electric fields, acceleration generation
—= ofprimary | —» of | E—
= (IEéB‘) %0 particles y-rays

i

ion of creation of secondary
electromagnetic |« “ofplasma |4 e*, " plasma,
y+B—>et+e +B
: ! [ —
. non-thermal high-friquency
co:ﬁie:sti‘r::‘dm (IR, optical, X-ray and y-ray)
emission

NEUTRON

STAR (Usov 2002, ArXiv)

(Gurevich et al. 1993)
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Model of pulsar wind

pulsar-+magnctosphere
Types of wind: —
unshocked wind
= Quasi-neutral (MHD) wind of
L i termination shock (MHD?)
relativistic particles, currents between
species, large particle density required shockednd
SNR

= Relativistic charged wind, species
separated, questions about
effectiveness, current only one species

= Large-amplitude low-frequency elmg. 2
. . 15
wave in a low density plasma 0 e
N 0
Focus mainly on propagation effects. = \
-15

-30 -20 -10 0 10 20 30 40
r

(Petri, 2016)
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Outer magnetosphere

(Cerutti et al. 2020)
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5. Magnetars




Discovery

Soft gamma repeaters (SGRs)

(Vegnera 11 and 12) detection of hard
X-ray / soft gamma-ray repeater
(SGR 1900+14)

Softer spectra than gamma ray bursts
(GRBs)

New class of high energy sources

8 s period (SGR 0526-66) suggests a
neutron star, but much larger than
other newly born pulsars (<100 ms)
Ultrastrong magnetic fields needed for
such decay in 10% years

Fields provide energy source for large
activity

Magnetic fields confirmed from
spin-down measurements in 1998

Anomalous X-ray pulsars (AXPs)
= Indipendent theory evolution

= 1980 "an extraordinary new celestial
X-ray source”

= Pulsations with period ~3.5 s (Later
7s)

= Later suggested as a new type of
accretion powered X-ray (neutron
star) binary

(Mazets 1979a,b; Thompson & Duncan 1992,1996)
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Main parameters

= Periods 2-12 s

= Born with periods ~100 ms — rapid

. . = Sometimes observed at other
magnetic breaking

wavelength (radio to UV)
= Large spin-down rates ~ 103 yr—1
= Located in galactic plane — young

= Mg. fields from spind down rates

sources
> 104 G

= Spatial velocities ~ 200 kms—!
= Spin down energy < X-ray luminosity

X = Some associated with supernova

remnants

(Olausen & Kaspi 2014)

= X-ray luminosity 1039 — 103% ergs—
(2-10 keV)

= Soft X-ray — black body radiation
= Hard X-ray — hardening
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Generally vary strongly between magnetars.

a e ‘ ‘
Bursts: - | $ Rt or
;... 0 XMM
= Durations ms — s, typically 100 ms g 2ok
o
= Energies 1036 — 10%* ergs—! = Y
5 10 |
= More common during outbursts GE h
b V¥ X
Outbursts: £ A o e gy
3 - : g
= 10 — 103 time increase of X-ray flux £ | ¢ R 9‘%??
] RV
= Energy flux < 1036 ergs™! \
. ) :
10° 10'
= Accompanied by glitches

10?
Time (days since glitch epoch)
= Rapid initial decay in minutes — hours

(Woods et al. 2004)
= Slow decay of days — years
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Giant flares

D
a 100 (= =
E ]
E PYEeeo o o o , =
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! T 1 I T ‘
gy
Giant flares @ oA
10,000 g 100 — \ 14
= Three sources detected g = Bl
. -7
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Mechanism of a burst

a b
\/\/\l | |
A0 et 1 E
_
37 \\\L
=
keV y~1 ;.:'
/ 001 E
2y /
Ala et hy, ]
< 0.001
’\’\*‘ 10" 102 108 10*

E (keV)

(Beloborodov 2013)
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6. Fast radio bursts




Discovery

= First burst detected 24th July 2001 —
Parkes 64-m telescope

= Published by Lorimer et al. 2007

= Debate about “Lorimer burst” or
“peryton”

Frequency (GHz)

= Originating from “microwave-ovens”

= Other reported by Petroff in 2013

= Telescope: Parkes, Arecibo, GBT, i ik Wi
ASKAP, CHIME, FAST, STARE2 ’ - = . “ 0

Time after UT 19:50:01.63 (ms)

= Every 6 months “quamtum leap”

1500
1450F

1400

&
S

Frequency (MHz)

1300f

1250f

0 200 400 600 800 1000 1200 1400
Time (ms)
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Observed properties 1/2

= Duration of 1 ms — L = ¢t ~ 105 — 105 m — compact sources
= Repetition, > 20 repeating sources — can be majority repeating?
= Repetition ms — s — pulsars? — no such source

= Typical repetition after days — binary/precession models?

= Pulse structure complex

= Subpulse down frequency drifts

= DM ~ 100 — 2600, typical 300 — 400

= Luminosities 1038 — 1046 erg s—!

= Reduction by a beaming factor

= Luminosity large for pulsars, but low for GRB
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Observed properties 2/2

= Not clear association to SGR

= Brighness temperatures ~ 1036 K — coherent source

= Detection range 300 MHz — 8 GHz, No LOFAR detection — hard spectral pulses
= Linear polarization > 50 %

= No polarization swing across pulse

= Some FRBs constant polarization angle in all pulses

= Large rotation measures 1 — 10% rad m—2

= |sotropic over sky

= Rate ~ 102 events per day (> 1 mJy)

= Massive galaxies
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Repeating FRB 121102 (z = 0.19

2012-11-02
WD 56233

2015.05-17
MID 57159

= DM ~ 560 pc cm—3

2015.08.02
MID 57175
(two scane)

= Establishing
extragalactic/cosmological origin

S0 0 @
Time ms) Time () Time (me)

(Spitler et al. 2016)

56



Combines radio and X-ray detection — Galactic magnetar

= CHIME & STARE2
= Soft-gamma-repeater SGR 193542154
= During its active phase

= Magnetars are origin of, at least some,
FRBs

|
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Time after 14:34:24.45548 utc (ms)

(Tavani et al. 2020)
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FRB Effective Isotropic Luminosity
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(Nimmo et al. 2022)
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Open Questions

= Are there multiple species?
= Where are they from?

= What creates/produces them?

(Zhang et al. 2018)
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FRB models

= Pulsar-like models

= GRB-like models

= Main energy source is magnetic energy (not spin-down energy)

Gl

FRB \ !
. Relativistic  lon shell \
f flare e /\/\/\/
/ % g
4 8 2 Persistent radio
/ g 2
Charge starvation: - 5 o | ..y
Q H £
1 2 2
/ )‘ Alfvén waves E
AR RM DM
\\ | ~ =l
A\ / Polarization
IR \ /
|l / Comptonized
< hard X-rays -ray/X-ray afterglow
Thermal soft X-rays
1-1 —S—L
—A=odt— A ;
— AT —° Ry A 1
n R,

60



List of FRB models (not all)

Tabulated summary.

Progenitor Mechanism Emission Counterparts Type References
Mag. brak. - GW, SGRB, Single Totani (2013)
Ns-NS Mag. recon. curv. afterglow, X-rays, Both Wang et al. (2016}
Mag. flux - kilonovae Both Dokuchaev and Eroshenko (2017)
Ns-SN Mag. recon. - None Single Egorov and Postnov (2009)
NSwD Mag. recon. Curv. - Repeat Gu et al. (2016)
Mag. recon. Curv. - Single Liu (2018)
5 WD-WD Mag. recon. Cur. Xerays, SN Single Kashiyama ct al. (2013)
H WD-BH Maser Synch. X-rays Single Ui et al. (2018D)
Ns-BH BH battery - GWs, X-rays, Single Mingarelli et al. (2015)
y-rays
Pulsar-BH - - Gws single Bhawtacharyya (2017)
NBH-BH Mag. flux Curv. GWS, GRB, Single Zhang (2016a)
(1nspiral) radio afterglow
KNBH-BH Mag. recon. Curv. GW, y-rays, Single Tiu et al. (2016)
(Magneto.) afterglow
NS to KNBH Mag. recon. curv. W, Xay Single Falcke and Rezzolla (2014)
afterglow & GRB Punsly and Bini (2016)
M Zhang (2014)
S NS to 5§ p-decay Synch. GW, X- & y-ray Single Shand et al. (2016)
8 NS to BH Mag. recon. Curv. aw Single Fuller and Ott (2015)
55 Crust Mag. recon. Curv. aw Single Zhang et al_ (2018)
Giant Pulses Various Synch./ - Repeat Keane et al. (2012)
curv. Cordes and Wasserman (2016)
T Connor et al. (2016)
3 Schwinger Pairs Schwinger Curv. - Single Licu (2017)
= PWN Shock - Synch. SN, PWN, Single Murase et al. (2016)
Z (s) Xerays
PWN Shock - Synch. SN Xerays Single Murase ct al. (2016)
(MWD)
MWN Shock Maser Synch. GW, SGRB, radio Single Popov and Postnov (2010)
3 (single) afterglow, high Murase et al. (2016)
g energy y-rays Lyubarsky (2014)
= MWN Shock Maser Synch. GW, GRB, radio Repeat Beloborodov (2017)
H
5 (Clustered) afterglow, high
energy y-rays
Jet-Caviton & scatter Bremsst X-rays, GRB, Repeat Romero et al. (2016)
radio Single Vieyro et al. (2017)
AGN-KNBH Maser Synch. SN, GW, y-rays, Repeat Das Gupta and Saini (2017)
neutrinos
§ AGN-S5 e osdill. B Persistent GWs, Repeat Das Gupta and Saini (2017)

GW, thermal rad.,

y-rays, neutrinos
Wandering - Synch. AGN emission, Repeat Katz (2017b)
Beam X-ray[UV.

(continued on next page)
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List of FRB models (not all)

Progenitor Mechanism Emission Counterparts Type References
NS & Ast/ Mag. recon. Curv. None Single Geng and Huang (2015)
Comets Huang and Geng (2016)
NS & Ast. e stripping Curv. yrays Repeat Dai et al. (2016)
Belt Bagchi (2017)
Small Body Maser Synch. None Repeat Mottez and Zarka (2014)
H & Pulsar
g NS & PBH Mag. recon. - [ Both Abramowicz et al. (2017)
£ Axion Star e oscill - None Single Iwazaki (2014, 2015a,b)
s & NS Raby (2016)
2 Axion Star e oscill. - None Repeat Iwazaki (2017)
3 & BH
Axion Cluster Maser Synch. - Single Tachev (2015)
& NS
Axion Cloud Laser Synch. GWs Repeat Rosa and Kephart (2018)
& BH
AQN & NS Mag. recon. Curv. Below IR Repeat van Waerbeke and Zhitnitsky (2018)
Starquakes Mag. recon. Curv. GRB, X-rays Repeat Wang et al. (2018)
Variable Undulator Synch. - Repeat Song et al. (2017)
Stars
Pulsar Electrostatic Curv. - Repeat Katz (2017a)
Lightning
‘Wandering - - - Repeat Katz (2016a)
Beam
Tiny EM “Thin shell Curv. Higher freq. Repeat Thompson (2017ba)
5 Explosions related radio pulse, y-rays
5 WHs - - IR emission, y-rays Single Barrau et al. (2014, 2018)
NS Combing Mag. recon. - Scenario Both Zhang (2017, 2018)
Neutral Cosmic Cusp decay - GW, neutrinos, Single Brandenberger et al. (2017)
Strings cosmic rays, GRBs
Superconducting Cusp decay - GW, neutrinos, Single Costa et al. (2018)
Cosmic Strings cosmic rays, GRBs
Galaxy DSR DSR Synch. - Both Houde et al. (2018)
Alien Light Artificial - - Repeat Lingam and Loeb (2017)
Sails transmitter
o Stellar Coronae N/A N/A N/A N/A Loeb et al. (2014)
= Maoz et al. (2015)
z Annihilating N/A NJA N/A N/A Keane et al. (2012)
Mini BHs
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List of FRB models (not all)

AGN active galactic nuclei.
Apertif Apertif Radio Transient System.
AQN axion quark nugget.
ASKAP Australian Square Kilometre Array Pathfinder.
BH black hole.
BLAST black hole laser powered by axion superradiant instabilities.
CHIME Canadian Hydrogen Intensity Mapping Experiment.
CMB cosmic microwave background.
DM dispersion measure.
DSR Dicke’s superradiance.
EM electromagnetic.
EVN European VLBI Network.
FAST Five-hundred-meter Aperture Spherical radio Telescope.
Fermi GBM Fermi Gamma-ray Burst Monitor.
Fermi LAT Fermi Large Area Telescope.
FRB Fast Radio Burst.
GRB gamma ray burst.
GW gravitational wave.
HIRAX Hydrogen Intensity and Real Time Analysis Experiment.
IGM intergalactic medium.
ISM interstellar medium.
KBH Kerr black hole.
KNBH Kerr-Newman black hole.
LGRB long gamma ray burst.
LOFAR Low-Frequency Array.
LSD large superconducting dipole.
MWD magnetic white dwarf.
MWN magnetar wind nebula.
NS neutron star.
PBH primordial black hole.
PWN pulsar wind nebula.
RM rotation measure.
SGR soft gamma repeater.
sGRB short gamma ray burst.
SKA Square Kilometre Array.
SLSN I superluminous supernova.
SMBH supermassive black hole.
SN supernova.
SQM strange quark matter.
SS strange quark star.
Swift/BAT Swift Burst Alert Telescope.
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Probability of source of FRBs

a
FRBs
Active repeaters
A
> Special magnetars <
A
Neutron star—
Superluminous  neutron star
Long GRB supernova merger
progenitor progenitor  (short GRB)

progenitor

Regular repeaters
(including apparent
non-repeaters)

I

Regular magnetars

FRBs <

Genuinely non-
repeating FRBs

I o

> Repeating FRBs <

Magnetars binary e
coalespence  €vaporation
Neuts " Black holes,
leutron star— white dwarfs
neutron star
pre-merger
interactions

Observational facts — blue Speculations — grey Speculated multi-messenger — green

(Zhang et al. 2020)
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Conclusions to n on stars

= Neutron stars, pulsars, millisecond pulsars, magnetars, soft gamma repeaters,
active X-ray pulsars, «-ray sources, fast radio bursts

= Observational and theoretical approaches

= Large variety and uncertainty in emission processes of electromagnetic waves
= Dynamics of the magnetosphere

= Supergiant pulses and FRBs have same mechanism

= Now is the time of first global magnetopsheric simulations
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