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ATNF pulsar catalogue 2.8.1 7| & 43937l Mu} HA} &

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

1527 solitary pulsars

ATNF Pulsar Catalogue

Globular
Catalogue Version: 2.8.1

4393 J2355+2246 acdti19 0.54318721077

Cluster
# PSRJ FO DM
(Hz) (em™-3 pc)
4391  J2355+04 [ tkt24 1.044 4 tikt?4 13 2 Likt?4
4397  J2355+1523 demt+23 0.91374580877 9 dcmt?23 26.0 10 dcmt23
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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o By oy 2%
A H Y2 EAF (PSR B1913+15) 19754E =&

Jm The Nobel Prize in Physics 1993

22 Russell A. Hulse, Joseph H. Taylor Jr.
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Russell A. Hulse Joseph H. Taylor Jr. 3 492 k—‘. \ ]
Prize share: 1/2 Prize share: 1/2 \
For the discovery of a new type of pulsar, BT T T T
a discovery that has opened up new pos year
SIbI|ItIeS for the StUdy Of graVItatlon GR prediction (line) and observation (points) are well
consistent by less than a few %
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» BEE/DSHHMN compact object
- BN E, S 8AE, =2

= = 1=

= compact binary coalescences (CBCs) BRI
merging binaries consisting of WD/NS/BH

O OM EAE NSS2 "2|F 20t SEXE” A F &+ BlS
Types of known CBCs in GW transient catalog (as of GWTC-5)

NS-NS (GW170817, GW190425)
BH-BH (binary black holes = BBHs) “stellar-mass” black holes

NS-BH candidate (GW200105, GW200115)
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Gamma-ray Universe
("transients” = one-time strong emission of lights)

Pulsars are another examples of transients
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light and astronomy
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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

)

18



Gravitational Waves (GWs) are “ripples” in spacetime.

Accelerated mass with non-zero quadruple (or higher) moments perturbs spacetime.
The perturbation propagates outward from the “source” at the speed of light :

gravitational waves
2G . R Lo N
TT TT R . ;2§
hz’j (t,x) = ?Iij (t _ C) I35 = /p(x) (.’L‘E:I?j 3'." 513) d’zx

acceleration of the mass distribution

* metric = Minkowski + perturbation h

GWs emitted by “inspiral” motion of a binary GWs emitted from a merging BH-BH system
19
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Masses of compact objects as GW sources
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Image credit: NASA/JPL-Caltech
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Masses of compact objects as GW sources

GW frequency = 2 x orbital frequency
frequency € Kepler's law

10-2000 Hz
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Image credit: NASA/JPL-Caltech
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Life Cycle of a Star
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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
APPEARS TO BLINK "ON" AND “OFF." RIGHT: CRAB
NEBULA PULSAR IN DETAIL (PHOTOS: NASA)

Pulsar

https.//www.space.com/22078-inside-neutron-stars-graphic.ntml




MENH A (Equation of State, EOS) : P=P(p,T) P=P(p,T, {X})

A U 25 ZTM(composition) AFO|2| EHAE M O|StCt
M LHE 222 OJAE & (microphysics)& A& T2 (macroscopic structure)f HZ5H= a4l B A
AR A= 2= E(nuclear matter)2 EOS7f ECHAE, BHX &, =M HA M (tidal deformability)s 273

ZMXPE AFE[EEE Al
. {SHZHEJH (relativistic) @=2% (nuclear matter)2| E L& =2|ZAL0|Q| A & Ho|ot= et
AEfEA =0 Eost 223 2™ P 2% (temperature, T), 0| 4 X| 2 = (energy density) ,
fﬂlg 7§ & = (baryon number density) n, 4 2 2 (particle composition)

[ChatGPT 2. A2t3, 28 4]
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Mass-radius curves of representative equations of state (EOS)

of a neutron star

AHE XS vs 2 =
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https://sci.esa.int/web/loft/-/49338-equation-of-state-
for-neutron-stars 32
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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+ 06 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 0% 6,500 = 1,000 D Shapiro delay's 1112
orthometric ratio.
I

https://en.wikipedia.org/wiki/List_of_most_massive_neutron_stars

11 pulsars with mass estimates

larger than 2 M_,
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- Single dish T8

- Interferometry array 7t A|
>4 2 Mo 4 E o2 Of

(=48] /tsctet 2 = 7+

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

Radio Telescope
pages.uoregon.edu

antenna

computer
recorder

parabolic

dish

Radio telescope | Images, Definition, &...
E Britannica

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

Radio Telescope

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

List of radio telescopes - Wikipedia
W Wikipedia

L —— o

Radio telescope - Simple English...
W Simple Wikipedia

The History of the Radio Telescope - Mini...
&3 Mini-Circuits Blog
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KVN (Korean VLBI Network)
st o =xmlat=at
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https://radio.kasi.re.kr/kvn_ko/about_kvn.php



m A TF== T s T OO
Mol "HA &5 7|2 FOprE =S Y0 i YR8
T= Tt T334 e YA Z
M Z=It (Low-frequency Radio) 9F 10-300 MHz 30-T m LOFAR, LWA, MWA, NenuFAR
sS4t Fot (Mid-frequency OF 300 MHz-3 GHz 1 m-10 cm FAST, Parkes, GBT, MeerKAT,
Radio) ASKAP
131} (High-frequency Radio) OF 3100 GHz 10 cm—3 mm Effelsberg, GBT, ALMA (2 %),
VLA
EAL = 100-1000 GHz 3 mm-300 um ALMA, NOEMA

(Millimeter/Submillimeter)

band(% 1-2 Griz) HZHIRI0] BN 4 BAfSl M NI Sot0f Chvzel EA B
M Efo|of 7HE 2ot 25 Cjeiolct

2L} X2 0|5&2A1(4G/5G), /I 4&4l, GNSS & Cf M

Radio Frequency Interference(RFI)7t X|&H OE S7tsta Nl_EH oAN|HC 2 HD =l 1400-1427 MHz TS
OME QI CHY ol Aot 4l 410 o[t ?_*ﬂ(out—of band emission, receiver saturation )0| MI}H 25}
ol sR°t 7|=H ENEZ CHFE[2 ULt 37
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Mot Ok 2t 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 o B <

o

Flux Density

Figure 1. The averaged summed profiles of each pulsar

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

4 - A A : gether each pulsar’s GUPPI observations at 1.5 GHz (blue)
j-20 ms —f and 2 GHz (red).
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d
DM = [ n.dl,

0

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

Pulse phase (periods)
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WAL EFO| Y S DHQOHQ Q88 B2 g
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 axis “direction”)

Perihelion advance of Mercury

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

~ 43 arcsec/century

credit: Alexandre Le Tid

—5/3
1
o =3T2/° (2&) (M, + M,)*?
Tr

1 — e?

Companion mass (M)

f(m,,m,, inclination)

: a 2, o =of
(rr1¢51n:]5 dr(asini)”

M =

(m. + rnpll B GPé

Pulse intensity :
(arbitrary units)

L

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

PSR JO737-3039A/B

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



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
| | | a |
| | B N | |
| M X |
i | 'LH N) l'\\{ h, ]Pl "Jrl'l "ﬂ'l.fN\r) lumhh'lll“'-.' | I\’“/\
0 0.5 1 o 0.5 1 o 0.5 1 0 0.5 1 0 0.5 1
[/—ll M3C* N M3D I M5C i M50 h M5E
| 217 ms || ‘ 5.44 ms || 2.48 ms JL\ 2.99 ms || | 318 ms
. - | |
I

B - [ H
| VL II| L II| ||| } ’l' I“M| | Iln |

I
H III' |Il ','Ill'.."\ A | |t
L el AT ) VLM

I|I |il| Il\ll |
N Ny

o 0.5 1 o os ' ' 0.5 1 0 0.5 1
M7 1A f\ NGCB7494A i NGCB749B"
|| 489 ms | 3.19 ms I| | 497 ms
A F/ \ b
[ [ | Al f [ [
| | a' | [ |m |
’ \MV‘\(”\\ A . U\l | I'\f“
. ,, LWV
('J T T T ID!S' T T T 1| EI) T T T '0‘|5l T T T ! I:|} T T T ID[5' T T T I|

http://www.naic.edu/~pulsar/highlights/highlights AOGC.shtml (2007)
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Formation of a pulsar binary and types of pulsar binaries

primary secondary

\ / binary disrupts
Woomph!
e S

binary survives

\

secondary evolves
(Roche Lobe overflow)

low-mass system

AN

millisecond pulsar - white dwarf binary

high-mass system

runaway star

v

A

young pulsar

- mildly recycled pulsar
b
young pulsar

binary disrupts /\

NS
X "I'VD(?mpﬁf

P

binary survives

A
\

double neutron star binary

Figure 7: Cartoon showing various evolutionary scenarios involving binary pulsars.
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Galactic Pulsar population and the P-Pdot diagram

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

“population” X[ 2| 2 &It

BHCHS G 1B+ QIOLI BE B

=
HE 71 S7H0f e FO4E1 1‘%
(subpopulation)O| & 74 &[ ¢ ot

log[ Period derivative (s s™') ]

P-Pdot diagram: similar to the HR diagram for
stars, a 2D correlation between the spin period
P and dP/dt, showing the diversity of pulsar
Figuwe 3: The PP diagram showing the current sample of radio pusars. Binary pusars o yOUIAtiON, Properties

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

Period (s)
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Galactic Pulsar population and the P-Pdot diagram

-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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Galactic Latitude

Sky map of radio pulsars in the Milky Way

discovered by Arecibo telescope
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compact binaries as GW sources
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2 compact binaryZf
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SSUNA A4, Fa 2ol Yol/a

For two masses in a circular orbit,

where a is the orbital separation.

The first derivative is approximately

and the second derivative is

where (2 is the orbital angular frequency.

Using Kepler's law,

we obtain

Therefore,

I ~ pa?,

I ~ pa®qQ,

I ~ puaQ?,

2G GuM

Rct

a

50



4d(binary)t STRS
compact binaries as GW sources

binary BH-BH (BBHs) (Sglaerjgsgﬁlri?)n km)
BH-NS

NS-NS
orbit size < 1000 km
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Einstein’s general relativity and the binary motion
82 HA==2S0] A2t S7ts B=pA|ZIE
> ASZHe| et I 2R H 8ol £HO = "M " LZIL & S=HI}

Inspiral motion
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at)” 58 B-ey2 \" 2% T 6"

circularization
de\ _30463 mymoy(my + my)

dt

Credit: Carl Rodriguez
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— Predicted
— Data

800 MPc
200 Mg

Distance
Total mass:

0.45

0.40

0.30
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GW frequency band and observable phases of NS/BH mergers

below 10 Hz
<lnspirals for BBHs higher than 2kHz
|

merger-ringdown for Nsy

h, .(t) —
H

ANV

i

h(t) = Ae V'™ cos(2m fonut + @)
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=i CtE A S MESH multimessenger astronomy

GW170817: light + gravitational waves

AGNs, SNRs, GRBs..

They point 10 their sources, but they
orbed and are created by
emission mechanisms,

They are charged particles and
are deflected by magnetic fields

-

* x
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Best targets for MMA:
mergers of two neutron stars (ex: GW170817)

=» gravitational waves, neutrinos, and light

—
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Hubble constant with GW observation
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ZAF EFO]D O[O (SHEZ])

Image credit: D. Champion




HUNTING GRAVITATIONAL WAVES USING PULSARS

p. lelescopes on
Earth measure tiny
differences in the
: arrival times of the
AR radio. bursts caused
by the jostling.

1 Gra\.{itatibnal waves from_supermassive
black-hole mergers.in.distant galaxies-subtly
shift the position of Earth.

i NEW MILLISECOND PULSARS

§ An all-sky:map'asseenby.the Fermi
i Gamma-ray Spau_ Telescope in its firstiyear

3 Measuring the
effect on'an array of
pulsars enhances the
chance of detecting the
gravitational waves




merging galaxies = supermassive BH binaries

= 0ok, stellar-mass BBHs do merge (GW150914)
= Do SMBHBs merge ?

. & fGW:2forb

¥ | 1 /GM

fGWZ— — 3
™ a

|
6

M 3 a B
~(2x 10" % H ,
fow = (2 Z)(loﬁM@> (10—31:«:)

https://sci.esa.int/web/hubble/-/42637-merger-stages-of-interacting-

P A

(][I0
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Pulsar timing array (PTA) collaborations (alphabetical order)

= European Pulsar Timing Array (EPTA)
Europe: Effelsberg, Lovell, Nancay, Sardinia, and Westerbork Radio Synthesis Telescope

= North American Nanohertz Observatory for Gravitational Waves (NANOGrav, 2007-)
USA/Canada: Arecibo Telescope, Green Bank Telescope (GBT)

= Parkes Pulsar Timing Array (PPTA, 2004-)
Australia: Parkes Radio Telescope

arXiv.org > astro-ph > arXiv:1602.03640

Astrophysics > Instrumentation and Methods for Astrophysics

[Submitted an 11 Feb 2016]

The International Pulsar Timing Array: First Data Release

J. P. W. Verbiest, L. Lentati, G. Hobbs, R. van Haasteren, P. B. Demorest, G. H. Janssen, .
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Pulsar timing  measuring time of arrival (TOA) of pulsed signals

t = ttupu - t[].tupu + Aclock — Apm + ﬂﬁ.ﬁ. + Ag o T —\H + AR + Ag + Ag|

Phase-connected timing solution: Credit: D. Champion
Session i Session j
roa SR UGN P,
accuracy  pulse foid fold
width 1 . 1
L
TOA m_;dﬁgl

= measuring minute deviations from the expected “template”
=>» timing residuals can be attributed to intrinsic radio emission variability,
neutron star glitches, electron density along the line-of-sight, relativistic effects
= high precision measurement with MSPs (with narrow single-peaked pulses)

=> sensitive to relativistic effects (if all other effects are correctly removed)

69



Pulsar timing array (PTA)

Image credit: D. Champic

his(t, ) = e (2) (b (82, 2) — b (8, D)) + €2(2) (hx (8, 2) — hoc (8, 2))

J

» Goal: to measure coordinated changes in the arrival times of radio

pulses from pulsars with ns precision

measuring deviations in timing residuals (measured TOA - expected TOA)
for a few dozens up to hundreds of MSPs around the Earth

=>» this can be interpreted as GW signal strength
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Hellings and Downs Curve

Pulsar timing array (PTA)

0.4+
0.3
0.2+
= 0.1f

0.0

0.1+

-0.2
0

20 40 60 80 100 120 140 160 180
Angle between pulsars (degrees)

hij(t, 2) = e5,(2) (hs (85, Q) — hi(t, Q) + () (hx (85, 2) — hy(t,2))

J

= Goal: to measure coordinated changes in the arrival times of radio

pulses from pulsars with ns precision

measuring deviations in timing residuals (measured TOA - expected TOA)
for a few dozens up to hundreds of MSPs around the Earth

=>» this can be interpreted as GW signal strength
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