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O (a pulsar)

- o 3 ‘A (Crab pulsar)
Miia —Eb L, =V E
X-ray £ C 0 (NASA)

A 3 (dipole)s = » :1CG~1085G ¢ . N 0)
A &5 :ms~10s
A o= P ae O, x¢ O AqT

"e3 OF "+ ~CxE05 4 A/ AT o}
N " HA , A% wbs/ Ay 40
II’NII

[NOTH " ANHRn QKo™ A, b5 100
" b oa o' d b, tSu, NA Y
nbs ., ZrH B 0FunY/ faSA4S" Ca”,



ATNF pulsar catalogue 2.8.1 | D 4393™ ¢ o

https://www.atnf.csiro.au/research/pulsar/psrcat/

1527 solitary pulsars

ATNF Pulsar Catalogue

Globular
Cluster

Catalogue Version: 2.8.1
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A\N

4393 J2355+2246 acdti19 0.54318721077

# PSRJ FO DM
(Hz) (em™-3 pc)
4391 J2355+04 ttkt24 1.044 4  ttkt?4 13 2 ttkte4
4392 J2355+1523 dem+23 0.91374580877 9 dcmt+23 26.0 10  dcm+23
9 acdtl9 23.1 /7 acdt+19

Supernova
Remnant

Recycled

Australia Telescope National
Facility

2008 LLR by D. Lorimer
The ATNF Pulsar Catalogue

Catalogue Version 2.8.1

Catalogue Tutorial Documentation Expert ATNF Pulsar Home

https://link.springer.com/article/10.12942/Irr -2005-7 |
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ﬁ’m The Nobel Prize in Physics 1993
%4 Russell A. Hulse, Joseph H. Taylor Jr.
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The Nobel Prize in Physics
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WEmNns > Wt - =0y

A D™ "EIf Xo N\ compact object
-hvu* "E,WEmDND ,W|

A compact binary coalescences (CBCs) D "ER
merging binaries consisting of WD/NS/BH

Wd)> AE~J] NSO5 S5 WEmNDS &1 § O°Y7

Types of known CBCs in GW transient catalog (as of GWTC -5)
NS-NS (GW170817, GW190425)
BH-BH (binary black holes=BBHs) r st erdalsasrR bl a

NS-BH candidate (GW200105, GW200115)
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Credit: NASA/H
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[Basic units in astronomy]

SRl ' mass  : $olarmasgMsunor M. ) = 2x18°kg
S \\/ distance: 1 parsec (pc) = 3x1M
' 3 1 lightyear {r) = 3.26 pc
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Gamma-ray Universe
(rtrans.i e-tiestikng=emissianeof lights)

Pulsars are another examples of transients
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light and astronomy

Short wavelength

i

10> nm 103 nm
| |

Gamma rays X rays Ultraviolet

10%*Hz 1022Hz 10%°Hz 10'Hz 10'°Hz

High frequency /

-
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.w Radio Infrared

Energy increases

Visible

Uitraviolet

10'°Hz

Microwaves

108 Hz

X-Ray

Long wavelength

Radio waves

10°Hz 10%Hz 10%Hz
Low frequency

The Whirlpool Galaxy
at different wavelengths
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early universe

GW. freque ncy: 10°"° Hz (early Universe

GW universe

black holes and
neutron stars
at cosmic distances

supernovae
(in Our Galaxy)
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DNJ OAGFUAZ2YI T 2 @dSa oD2z2awvu
Accelerated mass with narero quadruple (or higher) moments perturbs spacetime.
¢KS LISNIdzNDBIFdA2y LINRLI IFGSa 2dzigl NR FNRBY GKS

gravitational waves
h%‘_T(t’X) — @IET (t _ C) Iﬁ'j = /p(X) (QI??;:I?}' — g?‘ 513) d’z

acceleration of the mass distribution

* metric = Minkowski + perturbatioh

Credit: C. Henze, N

D2&d SYAUGSR o6& aAYaLANITt ¢ Y2 Gyemitdd fromarbeigyidBNEBH system
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0.1Hz ~ 10Hz

10—16

nHz ~ 0.1Hz
e 10Hz ~ kHz
Ea 2= 7)7) x|+
e
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Masses of compact objects as GW sources
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Object Mass
(Relative to the Sun)

Image credit: NASA/JPL-Caltech



Masses of compact objects as GW sources

GW frequency = 2 x orbital frequency
frequency ¢ Jdokdqgs8r k v

10-2000 Hz nano ~ micro Hz

pulsar
LIGO/Virgo/KAGRA timing
array
R N T T O B T O R N L TT L O N N T T S A A L
1 10 100 1,000 10,000 100,000 1,000,000 oo
Object Mass
(Relative to the Sun)

Image credit: NASA/JPL-Caltech =
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Life Cycle of a Star
—
Red Giant Planetary Nebula

4

Stellar Nebula

-

Massive Star

— »

White
Dwarf
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D~ "E(compact object)) Compactness

NV XoFT1Txt "~ R0+ 3IJ N L(dimensionless), 0.
GM Compactness of an astrophysical object " _, ©
_ C +CIE?
( = T
Rc?
ANo+ " 0.
AA~ * e (spacetime curvature)s
e G : 384T (Gravitational Constant) AI e Ubs ¢ o % O
.M : MKl B
 R: HA|2] BHX|E
e c: O] £& (Speed of Light)
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1 e

Z= (Gravitational Constant)
Y
HEX

I (Speed of Light)

INE=S
=

Compactness

Ol N L (dimensionless),

+0.

X|++(Earth)

« 22k 597 x 10724 kg
BtX|&: 6371 km

C~69x101

=X (Neutron Star)

74

« 22k 14 MO
s X|E: 20 km

« BEX|E: 10 km
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PULSAR: A FLASHING NEUTRON STAR

Pulsars are spinning neutron stars that emit a
narrow radiation beam. The beam is offset

from the pulsar’s spin axis, sweeping across

space like a lighthouse. As the pulsar rotates, the
beam may sweep across the Earth, appearing to
astronomers as a flashing object. If the beam
does not point in the direction of Earth, it cannot
be seen. All pulsars are neutron stars, but not all
neutron stars are pulsars.

ABOVE: FROM EARTH, THE CRAB NEBULA PULSAR Pulsar
APPEARS TO BLINK “ON" AND “OFF." RIGHT: CRAB

NEBULA PULSAR IN DETAIL (PHOTOS: NASA) https://www.space.com/22078 -inside-neutron -stars-graphic.html




NE=N7_ /K€U HaAf: K% 7_ca=x 1 ~ . pHsAF 1w 0

~

v f J A (Equation of State, EOS): P=P( nj, T) P=P(OHT

A o’ Dmu,F1,w'E(compositon) Q' 0 a2y 0. |
ANY 9S v 54 CAes "ED (microphysics)l - As  w(macroscopic structure)¥ 7 K€ 1 HaA
AN "E= N/ 'AKE v D (nuclear matter) EOS Vb D1l ,eno ,wAn “E(tidal deformability) L * =

WEmn o fJA
AUbL 5 & (relativistic) v 9 (nuclear matter) &8 5 & v = || Q%‘ﬂ' N s K€
A0 HsA_ &/ % v>1: o PF1(temperature, T),/ Y R D1 (energy density) Il ,
e = F @ D1 (baryon number density) n, “E%i (particle composition)

[ChatGPT o.¢ w48 WS (2]



EOSRt 71& 2ETt 67HA| 287X g4

1. dE3St B (Hydrostatic Equilibrium)
. 23 7|27 ZA™SIE 2 EOSTt A FE S0{7tCt

N
u
op [
HI

Z(Mass Conservation)
X7t EOSE Soff &3ar AZEICT

A (Energy Generation)

o e
HE > HI
0

o

W
° ==
e m ne

0|0

X

et
FQ

P
=2

0}},

(Energy Transport)

o
0

Eff 2 A (Equation of State)
» EOS AtN[O|LF.
. A ZZA(Boundary Conditions)

o))

« EOSet A HELX|= FXIE A #=& A7

SEAEL A& AlME I 7HE St EEA2

o| M| ZrX[O|Ct.

%ﬁr) = 4mr®p(r)

SEAEAME Aol s EA| E=Cth

=F(specific heat), € = & (thermal conductivity) 0| EOSF £t ZICT,

ol= AEoA Al AFEEICE
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N'E= N O HaAEOSK =+ — wUb = (Special Relativityl= % " ?

E=2_ E = \/p2c? + m2c
2m
C % 0
[ 71
AN'Ee N 9S/ 'AlE = ! C —ell (Fermimomentum)+ &t , BT fie ¢ 1 1"
' 1| (speedoflight)/ "1 v210.

Aa = (electron)l€ ~ 1 § & 4 b 5 & (ultrarelativistic)F o .

ANTEs (neutron) 5 A XH S/ AlEUbLse el o,

~

~enll oUbs e 4" u =, NVg-~Av=suxNid»s LEETE2T T T ), o,Fu

[ChatGPT o.¢ w48 WS (3]



N'Ee N O HasAEOSE + | — w UL = (Special Relativityy & o 3
AT "2

CTAT O.XEsN:EWg(Frsla., — 3 AL SR

[ 71

A EOS1 u Kn/ € oUbsF % 0. )

A 1t X'Es N &\  w®INI-eno '’ Ju u un3 Be Ot > (General Relativity)=|= % 0.
0

+, = 5 (Quantum Mechanics) + b 5 (Nuclear Physics)

AC As v = (Microphysics): wUbL =
eUbs +TOVHaA

[ChatGPT o.¢ w48 WS (3]



Mass-radius curves of representative equations of state (EOS)

of a neutron star

C NXN'Ee- Neno vsbil . n
C ¢ 1t t

I " |_|_ r _ .1, r)

CJbL/Ji eno

CJL/T DI

C Degeneracy between M and R

om EOS® @ °

9

0.0 . . . . .
7 8 e 10 11 12 13 14 15
Radius (km)
https://sci.esa.int/webl/loft/ -/49338-equation -of-state-
for-neutron -stars 32



The most massive neutron star mass estimates derived from pulsar timing

Below is a list of high-mass neutron stars.

Mass Distance Companion Mass determination
Name ¢ ¢ ¢ Notes Refs.
(Mg) (ly) class method
Rate of advance of In globular cluster
PSR J1748-2021B | 2.548 0%T 27,700 D , 8 [31(1](2](4]
0.078 periastron. NGC 6440.
Monte Carlo
simulations of thermal
4U 1700-37 244+027 6,910+ 1,120 06.5laf" T HMXB system. (5116
comptonization
process.
Black widow pulsar,
PSR J2017-1614 2.4+ 0.6 4,570 inatight23hour 7]
binary.
. Black widow pulsar.
Radio-measured o g
PSR J0952-0607  |2.35+ 0.17  3,200-5,700 _ Fastest spinning (8]
Shapiro delay .
galactic pulsar.
Spectroscopic and
PSR J1311-3430 | 2.15-2.7 6,500-12,700 photometric Black widow pulsar, [2I[10]
observation.
Fourier analysis of
PSR J1600-3053 | 2.3 70 6,500 = 1,000 D Shapiro delay's 1112
orthometric ratio.
I

https://en.wikipedia.org/wiki/List_of most _massive neutron_stars

11 pulsarswith massestimates

larger than 2V

sun
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b L W, N
- Single disic® .

C & DbL_ 1b

- Interferometry array E

CamtEa bHL,

C & ]" X a 3

N1 L

What are Radio Telescopes? - National...
National Radio Astronomy Observatory

Radio Telescope
pages.uoregon.edu

antenna

parabolic
dish

computer
recorder

Radio telescope | Images, Definition, &...
& Britannica List of radio telescopes - Wikipedia

W Wikipedia

Biggest radio telescope on Earth ready t...
NS New Scientist

Radio Telescope Radio telescope - Simple English...
W Simple Wikipedia

Rsdic Weves

Radio waves reflect
off the dish and
focus at the tip.

Receivers amplify and detect
radio signals.

What are Radio Telescopes? - National...
National Radio Astronomy Observatory

The History of the Radio Telescope - Mini...
&3 Mini-Circuits Blog
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KVN (Korean VLBI Network )
ST v g

https://radio.kasi.
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¢ AN 05 ON' AbS' b bL.

T= ST S & g UAHF
M Z=It (Low-frequency Radio) OF 10-300 MHz 30-1T m LOFAR, LWA, MWA, NenuFAR
sS4t Fot (Mid-frequency 9F 300 MHz-3 GHz 1 m-10 cm FAST Parkes, GBT, MeerKAT,
Radio) ASKAP
131} (High-frequency Radio) 9F 3-100 GHz 10 cm—3 mm Effelsberg, GBT, ALMA (2 %),
VLA

EASTLEESTI 100-1000 GHz 3 mm-300 um ALMA, NOEMA
(Millimeter/Submillimeter)

L-band(~ 1f2 GHz)}lE 'E’ u n F X - Aq & E " AT 4 bSTy A v

D FD/ " g3 ’NB5=|=O

.1t J7 Fe N@4GHG),—E N,GNSSY o, [f¢&¢ n Ad tw'T e D o E
Radio Frequency Interference(RFI) nNi & 77T wr 1e.,. E4q 717 O y 1400f1427 MHz & 5
/ Au » E 5 ) A n / 1  'E(out-of-band emission, receiver saturation Y)=|= & \U
T X % e U ET bmb 37




& D ' 'E Radio Frequency Interference(RFI)

EMS1-2026-05-28-WATERFALL

« L
Magnitude (dBm)
W
! .
’ |
£ 9t
¥ ) TP
8
Avia
Frequency (Mz)

Figure 5.2: NRAO monitors the RFI environment at the VLA site 24/7 with an omnidirectional
system that covers 1-10 GHz. This plot shows a waterfall plot from May 28, 2026. NRAO plans to

increase this frequency coverage to 1-20 GHz in the coming year.

https://science.nrao.edu/facilities/vla/docs/manuals/obsguide/modes/rfi?utm_source=chatgpt.com
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The most massive neutron star mass estimates derived from pulsar timing

CP 1919 318 MHz - B <

o

Flux Density

Figure 1. The averaged summed profiles of each pulsar

over one full rotation. They are obtained by summing to-

4 L A . . gether each pulsar’s GUPPI observations at 1.5 GHz (blue)
[-20 ms - and 2 GHz (red).
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& A’ N p:'E v D' & dispersio

d
DM = [ n.dl,

0

Dispersion measure is proportional to
the electron number density along the propagation
path from the source to the observer

40



O #FDCwr1AL To A HI!
for a radio pulsar in a binary

- mass function f(m ;,m,, inclination)
- post-Keplerian parameters

(e.g. advance of periastron or

rotation of the major

Perihelion advance of Mercury

Ad = G 6rMs
c2a(1 - e?)

~ 43 arcsec/century

credit: Alexandre Le Tig

_5/3
: 23 [ By 1
N :3T®/ (%) 1 — e2 (M) + Mc)z/g

Companion mass (M)

f(m4,m,, inclination)

: a 2, o =of
(rr1¢51n:]5 dr(asini)”

Ms =

(m. + rnpll B GPé

Pulse intensity :
(arbitrary units)

LT, Sein phase 1iiT]][]]
0 0.5 1 1.5 2
Pulsar mass (Mo)

L

PSR J07373039A/B

Burgay, ..., CK, et al. (2004) 41



Arecibo Radio Telescope Finds a Dozen New Millisecond Pulsars

n wide Arecibo radio dish, the world's largest and most sensitive radio telescope, to uncover a dozen new super-fast-spinning pulsars. The team directed their s¢
biting our Milky Way galaxy. The pulsars they have discovered are all spinning hundreds of times a second and all but one has a binary companion. Three of th

Journal (preprint).

| Mi13c | M13D i MI13E M M3A \ M3B
|| 3.72 ms || 3.12 ms | | 2.48 ms # | 2.54 ms || | 2.39 ms
|| | I | .
i i | TRy ) |
d Y
BN | N POy A L LA A W
0 0.5 1 o 0.5 1 o 0.5 1 0 0.5 1 0 0.5 1
[ql M3C* N M3D I M5C i M50 h M5E
I| | 217 ms || ‘| 5.44 ms ||| 2.48 ms JL\ 2.99 ms || | 318 ms
L, - | ~ - fl - |
|

IWM I|'L / p [ R

1l A I A [
I/ I1 | f |||i'|| il Wi h [ t
J.'[\/ In EV{\TAJI A\I 4 (_j \ LA “”\’JT'HJ; :/;'I UL, ’WUI | | L{Jlr' k\"lllllhl 'viﬂ'J | wl - I\,\/\/ \

0 0.5 1 o Q.5 1 0 0.5 1 0 0.5 1 o} 0.5 1

M7 1A f\ NGCB7494A i NGCB749B"
|| 489 ms | 3.19 ms I| | 497 ms
- A Ll )

' [ (- AT
a | I rf'ﬁ n |||'\I| Wy
N | v J
ﬂj \M"\\(H\»\ ‘_JI" \‘\\\/ V I“J \ U \l lJ
E‘I T T T T 0!5 T T T T 1| E|:l T T T T 0!5 T T T T ! I:|} T T T T 0[5 T T T T I|

http://www.naic.edu/~pulsar/highlights/highlights AOGC.shtml (2007)
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http://www.naic.edu/~pulsar/highlights/highlights_AOGC.shtml

Formation of a pulsar binary and types of pulsar binaries

primary secondary

runaway star

v
\ / binary disrupts
Woomph! ;x o
e ~~ young pulsar

binary survives .~ mildly recycled pulsar

e X
" I
young pulsar

binary disrupts /\

secondary evolves
(Roche Lobe overflow)

- \ L high-mass system \ Woomph!
— \\
~ \\)?-rays e

low-mass system binary survives

A\
5\ <

millisecond pulsar - white dwarf binary double neutron star binary

Figure 7: Cartoon showing various evolutionary scenarios involving binary pulsars.



Galactic Pulsar populatiand theP-Pdotdiagram

There are differentypes of pulsars categorize
by their evolutional phases and/or systematic
characteristics

o LI2 LIdzE NI G 22 Y @D
o~ COECHM mME
Y " w" / §faAa 4+ M
(subpopulationf € - H* 0.

log[ Period derivative (s s™') ]

P-Pdotdiagram: similar to the HR diagram for
stars, a 2D correlation between the spin period
P anddRdt, showing the diversity of pulsar

Figure 3: The PP diagram showing the current sumple of radio pulsars. Binary pulsars are popu|ation, pro pertie S

highlighted by open circles. Theoretical models [77] do not predict radio emission outside the dark
blue region. Figure provided by Michael Kramer.

Period (s)

44



Galactic Pulsar populatiand theP-Pdotdiagram

-10

-15

log[ Period derivative (s s™') ]

1073 0.01 0.1 1 10

Period (s)

Figure 3: The P-P diagram showing the current sample of radio pulsars. Binary pulsars are
highlighted by open circles. Theoretical models [77] do not predict radio emission outside the dark

blue region. Figure provided by Michael Kramer. (2008’))
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Tong & Wang (2014)
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Sky map of radio pulsars in the Milky Way

discovered by Arecibo telescope
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compact binaries as GW sources

49



*

compact binary "

Ad

POHYHEAY /i e

UV >

i

|

P

JL
No LA

[u = /N N L =

>

a

|_3

*

lw /n 4 «eHah,
~ceHAaAU®,Y%v>1 a1/,

J

7 (R

1 Ui

Iwb}pj)_" ™"

For two masses in a circular orbit,

I ~ pa?,
where a is the orbital separation.
The first derivative is approximately
I ~ pa®qQ,
and the second derivative is
I ~ puaQ?,
where (2 is the orbital angular frequency.
Using Kepler's law,
0 = %
.
we obtain
i GuM
a
Therefore,
p o~ 26 G
Rc* a
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w "E(binary) =~ & =€
compact binaries as GW sources

binary BHBH (BBHS) Solar system

BHNS (size ~3 billion km)

NSNS
orbit size < 1000 km
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Inspiral motion
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laser interferometer
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GW frequency band and observable phases of NS/BH mergers

below 10 Hz
<lnspirals for BBHs higher than 2kHz

I
merger-ringdown for Nsy

h, .(t) —
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h(t) = Ae V'™ cos(2m fonut + @)
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OyWw A M/ multimessenger astronomy

GW170817: light + gravitational waves
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