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Overview: 
n  Introduction: optical astronomy  
n  Multi-wavelength astronomy 
n  Super-massive BH and AGN 
n  Uneasy messenger: cosmic rays 
n  New messenger  – neutrinos 
n  Signal from first neutrino source 
n  Neutron stars, pulsars and BH 
n  New messenger – gravitational waves  
n  Gravitational Waves from binary neutron star 

merge and multi-messenger signal. 
n  Conclutions 
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Introduction: optical 
astronomy  



f1	and	f2	are	the	lenses’	focal	lengths.	
The	object	and	image	are	both	at	“infinity”.		
The	magnifica<on,	m	is	the	ra<o	f1/f2.	
The	image	is	upright.		That’s	important	for		
terrestrial	viewing,	but	not	for	astronomy.	
	
Galileo	was	not	a	professional	op<cian.	
He	used	exis<ng	designs.	

How do telescopes work ? 
Two	lenses	(at	least)	are	needed	to	manipulate	images	of	distant	objects.	
This	is	Galileo’s	first	telescope	(1609).		The	design	was	copied	from	Lippershey.	

Galileo’s	first	telescope	had		
a	magnifica<on	of	about	3.		
The	ones	he	used	to	do	his		
science	(1610)	had	10-30.	
	

		

f1	
Distances	to	
image	and	object	
are	very	large.	

f2	

Diverging	lens	

Objec<ve	 Eyepiece	

Converging	lens	
About	2’	long.	

Objec<ve	

Eyepiece	

object	

image	

From J.Thaler 
 



What Galileo Saw 
Moons of Jupiter 

 The Earth is not the only center of motion. 
 
Phases of Venus 

 Venus does not shine by its own light. 
 It goes around the Sun, not the Earth. 

 
Craters & mountains on the Moon 

 The Moon is similar to the Earth. 
 The	heavenly	realm	is	not	perfect.	

 
Sunspots 

 The Sun is also imperfect, and is spinning. 
 
This (multiple centers or motion) was  
the final proof that Copernicus was right. 
The Earth is not the center of the universe. 

Ptolemaic Cosmology: 

Epicycle 

Phases and distance 
tell us about the orbit. 

Venus 

Most astronomers had already accepted 
the Copernican theory. 

From J.Thaler 
 



The Speed of Light 
Between 1671 and 1690, Cassini, Römer, & Huygens studied discrepancies in the orbit  
of Io.  They measured that when the Earth and Jupiter are on opposite sides of the Sun,  
the orbit lags by about 22 minutes, compared to when they are on the same side. 
 
 
 
 
 
 
 
 
 
 
 
 
 
They attributed this to the time it takes light to travel across Earth’s orbit. 
Their answer, 132,000 mi/sec was about 30% smaller than the currently accepted value. 

 (Their time measurements were incorrect.) 

Sun 

Earth 
Earth 

Jupiter 

Io 
same  
side 

opposite  
side 

Astronomy and physics have a 
continuing, close relationship. 

From J.Thaler 
 



The Rotation of the Earth 
If you’ve ever  used a telescope, you’ve noticed the annoying fact that the Earth 
rotates.  Objects move out of the field of view. 
 
For naked-eye observation, this is merely an annoyance.   
For long exposure astrophotography, this is a disaster. 

About a 30-minute exposure. 

North pole 

From J.Thaler 
 



How to compensate for the Earth’s rotation: 
Mount the telescope on an axle aligned with the Earth’s axis.   
Rotate the axle counter to the Earth’s rotation. 
This will stabilize the object in the vield of view, enabling more precise viewing. 

The Equatorial Mount 

Hale 200” Cassegrain reflector on Mt. Palomar 
(largest equatorial mount) 

mirror 

camera 

No telescope “tube” 

To the  
north pole 

Counterweight 

91 cm Cassegrain, at Sapporo west 

From J.Thaler 
 



Historical telescopes 

Herschel’s telescope 1788 

Henry brother's 
photographic refractor, 
Paris observatory (ca. 
1887) 

The 60-inch reflector (Mount Wilson observatory) (ca. 1908) 



Computers and electronics enable several big advances: 
 
•  Bigger telescopes, using altitude-azimuth mounts. 
  Following the circular path of a star with only horizontal and vertical controls  

 is like drawing a circle with an Etch-a-Sketch.  Computers are good at that. 
 

•  Better optics.  A mirror or lens surface can be made (at some cost) with an  
 arbitrary shape. 

 

•  Digital photography , using CCDs. 
 °  CCDs are more sensitive than film, and easier to calibrate. 

  °  Images can be transmitted to scientists over the internet. 
    Some telescopes in Chile send their data to NCSA for analysis. 
 °  Digital images can be analyzed more quickly (by computer!). 

 

•  Large data sets  
 The LSST camera will have 3 gigapixels, and each image will be  
 6 gigabytes.  In 10 years, it will take nearly a million pictures. 
 The final data set will be ~ 100 petabytes (100 million gigabytes). 

Computers (1) 

About 300 times more than  
your 10 Megapixel camera. 
 
Giga = billion 
Tera = trillion 
Peta = quadrillion 

From J.Thaler 
 



•  Robotic telescopes (no humans involved!) 
 Example: The PROMPT project (led by UNC), is 
 used for optical follow-up of gamma-ray bursts  
 (huge explosions at the centers of galaxies). 
 These bursts are very short, and a few-second  
 response time is needed.  The internet is required. 
  

°  Space-based astronomy. 

Computers (2) 

PROMPT, at Cerro Tololo, Chile 

The Hubble Space Telescope 
From J.Thaler 
 



Image quality 
is crucial for  
exoplanet studies. 

Adaptive optics: 
Looking at stars through the atmosphere is like looking at 
objects  
at the bottom of a swimming pool.  If we can quickly 
measure the distortion (before the distortion changes), we 
can correct it.  
This requires: 
•  Powerful computers (1000 measurements per second). 
•  Flexible mirrors, supported by computer controlled 
fingers, 

 to change the shape of the mirror as needed. 
One can achieve ideal (diffraction limited) resolution. 

Computers (3) Undistorted incoming light 

Inhomogeneous atmosphere 

Distorted light 

From J.Thaler 
 



Exoplanet Images 
These pictures were taken with 8-meter telescopes (one in Chile and one in 
Hawaii) without adaptive optics. 
The point is, we can see exoplanets now.  We’ll study them with the next 
generation of very large telescopes. 
 
 
 
 
 
 
 
 
 
 
 
 
Both stars are sun-like and are a few hundred light-years away.   
All four planets are super-Jupiters (8 to 70 times as massive).  They are quite far 
from the star – comparable to  or farther than the distance to Pluto.   

From J.Thaler 
 



•  Multiple mirrors.  The Thirty Meter Telescope (TMT, construction about to 
begin) 

 will have a 30 m mirror that consists of 492  1.5 m hexagonal mirrors.  It is not 
 practical to consider a single 30 m (98 ft) piece of glass. 

 
 Alignment of the mirror segments so they function as a single “mirror” is 

similar to  
 adaptive optics. 

 
  

Computers (4) 

From J.Thaler 
 



In 2003, the Hubble Space Telescope’s ACS camera took a one million second  
(about 11 days) exposure.  There are very few stars in this photo, and  
about 10,000 galaxies, the faintest of which are about a billionth as bright  
as can be seen by eye.   
We are seeing the light that they  
emitted about 13 billion years ago. 
(because they are so far away) 

The Longest Photographic Exposure 

The Hubble  
Ultra Deep Field 

From J.Thaler 
 



One can determine the chemical composition of  
astronomical objects by measuring the spectra of  
the light they emit. 
 

One can also measure the speed toward or away  
from the telescope by observing the spectral  
(Doppler) shift.   
The shift (to the red) shown here corresponds to 
 9% the speed of light away from the observer: 
 
 
 
 
 
 
 
 
 
Spectroscopy requires a lot of light:  Long exposures and large telescopes. 
 

In cosmology, one talks about redshift, z, the fractional change of wavelength. 

Spectroscopy 
Incandescent 

Mercury 

Lithium 

Cadmium 

Strontium 

Barium 

Calcium 

Sodium 

Helium 

Hydrogen 

Lab 

Star 

From J.Thaler 
 



Gaia	mission	ESA		

By naked eye 4500 stars 
 
Small telescope 100 000 
 
From Earth:  millions 
 
Gaia  1 500 000 000 
 
Miky Way   250 000 000 000 



William Herschel

Discovery of Infrared Radiation - 1800  



      

Build your own 
Herschel demo 



Multi-wavelength astronomy

Constellation Orion 
left: visual-wavelength view 
right: far-infrared view 

An object can appear radically different depending on the type of light 
collected from it: 
 



There’s a problem for IR/UV, etc 
astronomy...



There’s a problem for IR/UV, etc 
astronomy...
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Multi-Wavelength 
Astronomy 



MODERN TELESCOPES



Multi-wavelength Astronomy 
Waveband Wavelength 

/Energy 
Temperature What can be 

studied 

Gamma rays 100keV-100TeV >108K SN, pulsars, accretion 
disks, gamma-ray bursts 

X-rays <1-100keV 106-108K Hot gas in clusters of 
galaxies, stellar coronae, 
accretion disks,  

Ultra-violet 900-3000A 104-106K Hot stars, white dwarfs, 
instellar gas 

Optical 3000-10,000A 103-104K Sun-like stars.  

Infra-red 1-100 micron 10-103K Dust, planets, brown 
dwarfs 

Microwave 1cm <10K Background radiation of 
the Universe (remnant of 
Big Bang) 

Radio >1m <10K Radiation from electrons 
moving in a magnetic 
field: pulsars 

    from M. Burleigh 



Crab Nebula (SN 1054) 

Crab (VLT) U5 (UIT) X4 (Chandra) 

F7 (Herschel) R9 (NRAO) 
Crab (gamma) 



Usefulness of multi-wavelength observations  

    from J. Paul ISAPP 2012 – Cosmic Rays, Gamma Rays and Multi Messenger Astronomy  – APC Paris – 7 July 2012 
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Crab Nebula 

300 GeV 10 GeV 100 TeV 10 TeV 

Crab Nebula 

100 TeV 10 TeV 

from ground 

gamma rays 
from space 

X rays 
soft 

hard 

Thanks to the non-thermal nature of the emission processes 
 gamma-ray sources can be profitably observed at longer wavelengths 



Multiwavelength 
Astronomy 

Andromeda 

Andromeda (Gendler) 

U3 (GALEX) X7 (XMM-Newton) 

F10 (Herschel) R6 (Effelsberg) 



Exploring the gamma-ray domain 

From J. Paul 

From space From ground From space 

INTEGRAL Fermi HESS 



Multi-wavelength view of the galactic disk 

From J. Paul 



After Klebesadel et al. (1973), ApJ, vol. 182, p. L85. 

2 July 1967: First GRB ever detected 
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From J. Paul 



The 2704 GRBs detected by BATSE are 
uniformly distributed on the celestial sphere 

CGRO/BATSE: unprecedented statistics 

From J. Paul 



T + 6,5 h T + 12 h T + 52 h 

Afterglow in the visible band 

Afterglow of GRB 971214 detected by BeppoSAX in the X-ray band 

Detection of host galaxies 

Redshift measurements 

Cosmological distances 

Most energetic events 

1044 J radiated in gamma rays 

Most GRBs are cosmological 

From J. Paul 



MEPHI, Lecture: Gamma-ray astronomy 
 

Main  processes used in 
gamma-ray astrophysics 

€ 

γ + γB ⇒ e− + e+

e± + γB ⇒ e± + γ

e± + B⇒ e± + γ synch

e± + AB ⇒ e± + AB + γ brems
P + γB ⇒ N + π

P + PB ⇒ N + N + π∑
π 0 ⇒ 2γ



MEPHI, Lecture: Gamma-ray astronomy 
 

Cherenkov radiation 

Discovery 1934 
Nobel prize 1958 



MEPHI, Lecture: Gamma-ray astronomy 
 

Cherenkov radiation 

€ 

V >Vm = c /n
n is refractive index of medium
n =1.008 air
n =1.33 water

€ 

cosδ =
Vm

V
=

c
nV

=
1
βn

The charged particles polarize the molecules,  
which then turn back rapidly to their ground state, 
 emitting prompt radiation 
Cherenkov light is emitted under a constant  
Cherenkov angle  with the particle trajectory, given 
by 

Minimal energy of charge particle 
 



MEPHI, Lecture: Gamma-ray astronomy 
 Gamma- 

ray 

~ 10 km Particle 
shower 

Detection of 
TeV gamma 

rays  
 

using Cherenkov 
telescopes ~ 1o 

~ 120 m 

Key issue: 
huge detection area 
~ 105 m2  

From W.Hofman 



MEPHI, Lecture: Gamma-ray astronomy 
 



MEPHI, Lecture: Gamma-ray astronomy 
 

HAWC sky map 
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The Next Generation: 
The Cherenkov Telescope Array CTA 
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Sensitivity future detectors  
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Diffuse backgrounds 



MEPHI, Lecture: Gamma-ray astronomy 
 

Electromagnetic cascade 

γ +γB ⇒ e− + e+

e± +γB ⇒ e± +γ
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Electromagnetic cascade 
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Super-Massive 
Black Holes,  

AGNs 
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Where Could Super-Massive Black 
Holes Exist? 

n  The only known 
places in the Universe 
where there could be 
enough mass in one 
area is in the center 
of galaxies 

n  Not believed to be 
anywhere else 
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Center of the Milky Way: Sgr A* 
n  The center of our own 

Galaxy 
¨  Can directly observe stars 

orbiting an unseen object 
¨  Need a black hole with 

mass of 3.6+-0.4 million 
solar masses to explain 
stellar orbits 

¨  Best case yet of a black 
hole. 

 Ghez et al. (UCLA) 
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M87 Virgo cluster  20 Mpc 
n  Another example – the 

SMBH in the galaxy 
M87 
¨  Can see a gas disk 

orbiting galaxies center 
¨  Measure velocities using 

the Doppler effect (red 
and blue shift of light 
from gas) 

¨  Need a 3 billion solar 
mass SMBH to explain 
gas disk velocities 
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Active Galactic Nuclei 
n  M87 shows signs of 

“central activity” 
n  The Jet 

¨  Jet of material squirted 
from vicinity of SMBH 

¨  Lorentz factor of >6 
¨  Powerful (probably as 

powerful as galaxy itself) 
n  What powers the jet? 

¨  Accretion power 
¨  Extraction of spin-energy of 

the black hole 
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Some Characteristic of AGN 

n  Super Bright:  AGN 
3C273 (an extreme 
example) is L = 
4.8*10^12 Lsun . 

n  Along jet particles 
accelerated, 
secondary gamma-
ray and neutrinos 
produced  
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Uneasy  

messenger: 
cosmic rays 
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Radiation from cosmic rays 
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Extensive air showers from 
cosmic rays 



     Д Семикоз Лекция ВШЭ  28 февраля 2019  

Detection techniques 
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Pierre Auger Observatory  
South site in Argentina  almost finished 

North site – project  
Surface Array 
 1600 detector stations 
 1.5 Km spacing 
 3000 Km2  (30xAGASA) 

Fluorescence Detectors 
 4 Telescope enclosures 
 6 Telescopes per 

  enclosure 
 24 Telescopes total 
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Tanks aligned seen from Los Leones 
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Arrival  directions for E>57 EeV in 
Auger 
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576 plastic scintillation  
Surface Detectors (SD)	

Atmospheric 
fluorescence 
telescope 
3 stations 

20km 

Telescope Array  

1.2km spacing	

3m2　1.2cm t	
two layers 

Black Rock Mesa 

Long Ridge 

Middle Drum 

SD 

FD 

5 communication 
towers 

Sensitivity of SD : ~9 x AGASA  
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Gamma and neutrinos  from source 
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From multi-wavelength to multi-messenger 

From F.Halzen 
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New messenger: 

neutrinos 
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The Weak Nuclear Interactions concerns all Quarks and all Leptons 
 
The Weak Interaction takes place whenever some conservation law (isospin, 
strangeness, charm, beauty, top) forbids Strong or EM to take place 

In the Weak Interaction leptons appear in doublets: 

Q	 L(e)	=	+1	 L(μ)	=	+1	 L(τ)	=	+1	

0	

-1	

eν µν τν
−e −µ −τ

…and the relevant anti-leptons. For instance:  

Doublets are characterized by electron, muon, tau numbers (each conserved, 
except in neutrino oscillations)  à whose sum is conserved. 

µπ µ ν+ +→ +

Simple facts 
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Fermi Theory of the Beta Decay 

( , ) ( 1, 1) eA Z N A Z N e ν−→ + − + +

en p e ν−→ + +

ed u e ν−→ + +
At the fundamental (constituents) level 

u d

2

1

WZM
g

g
weakJ

'
weakJ

FG
++ =≈ '

2

2
'

µ
µ

µ
µ JJ

M
gJJGL
W

FFermi

The rate of decay (transizions per unit time) will be: 

0

222
dE
dNMGW F!

π
=

2M Integration over spins and angles  

0E Energy of the final state  

72 



     Д Семикоз Лекция ВШЭ  28 февраля 2019  Where do Neutrinos Appear in Nature? 

Astrophysical 

Accelerators    2013 

Nuclear Reactors  ü 

Particle-        
Accelerators 

ü 

Earth Atmosphere 
(Low energy Cosmic Rays) 
ü 

Sun ü 

Earth Crust     
(Natural          

Radioactivity) 
 
 

Supernovae 
(Stellar Collapse) 
                SN 1987A ü 

Cosmic Big Bang   
(today 330 ν/cm3) 

   Indirect BBN, CMBR 

ü 
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Detection of neutrino 
interactions 
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IceCube	

5160 PMs 
in 1 km3	

From  F.Halzen 
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muon 

•  lattice of photomultipliers 

•    shielded and optically 
    transparent medium 
•    muon travels from 50 m 
    to 50 km through the 
    water at the speed of light 
    emitting blue light along 
    its track 
 

neutrino 

 
interaction 

From  F.Halzen 
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tracks and showers 

PeV νe and ντ showers: 
•  10 m long 
•  volume ~ 5 m3 

•  isotropic after 25~ 50m From  F.Halzen 
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First tau events 
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Flavor content consistent with 
1:1:1  
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Future detectors 
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Baikal had 2 events 
 with 2015-2016 data 
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86 strings with 240-340 m 
spacing 



     Д Семикоз Лекция ВШЭ  28 февраля 2019  

Effective volume 

IceCube Collaboration, arXiv:1412.5106 
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Future radio detection 
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Astrophysical neutrinos: 
6 years observations 
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IceCube ICRC 2017 
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IceCube data 
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Kachelriess et al,   1704.06893 

AGN’s: P-gamma + Proton-proton interactions in the source region 
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Fermi blazars and IceCube 
neutrinos 

A.Neronov, K.Ptitsyna and D.S, arXiv:1611.06338 
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Neutrinos not from Fermi blazars 

IceCube     arXiv:1611.03874 
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Self-consistent extragalactic 
sources: no blazars 
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Evidence for the first 
source 
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Gamma and neutrinos  production 
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Gamma and neutrinos  from source 
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Neutrino alert 
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First neutrino source 
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First neutrino source TXS 
0506+056  

n  Blazar TXS 0506+056 is Fermi source, one of 50 
bright sources , but not in first 20. 

n   Icecube event:  IceCube-170922A Sept 22 2017 
n Fermi detected activity of source in the 

same period. 
n MAGIC detected flair Sept 28 2017 
n TXS 0506+056 has redshift z=0.3365 
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Strongly evolving sources 

A.Neronov, D.S. arXiv:1811.06356 
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Neutrino production in AGN 

A.Neronov,  D.S  PRD 66 123003 2002 
hep-ph/0208248 
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IceCube data 
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Sky map E> 1TeV  
no galactic plane |b|> 10 deg  

A.Neronov and  D.S. ,  2019 in preparation 
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IceCube + Fermi LAT high 
galactic latitude ÌbÌ>20 deg 

A.Neronov, M.Kachelriess and  D.S. ,  arXiv:1802.09983 
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IceCube + Fermi LAT :  
local source 

A.Neronov, M.Kachelriess and  D.S. ,  arXiv:1802.09983 
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IceCube + Fermi LAT  
Dark Matter m=5 PeV 

A.Neronov, M.Kachelriess and  D.S. ,  arXiv:1802.09983 
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Neutrino astrophysics 
n  IceCube detected first astrophysical neutrinos in 

2013.  
n  First source – blazar TXS 0506+056 at redshift 

z=0.3 (1 Gpc) 
n  Distant bright blazars – main candidates for 

extragalactic neutrino sources 
n  There is Galactic contribution to neutrino flux, 

which come from local cosmic ray sources or 
heavy dark matter. Can be tested with gamma-
ray search experiments like CARPET 

n  New neutrino detectors are in construction in 
Russia (lake Baikal) and in Mediterranean sea, 
IceCube detector will be updated in some years  
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Neutron stars, 
pulsars and BH 
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Neutrons 

1932: James 
Chadwick discovers 
the neutron. 
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“With all reserve we advance the view that supernovae represent the transition from 
ordinary stars into neutron stars, which in their final stage consist of extremely closely 
packed neutrons.” 

Supernova 1987A (23 Febr. 1987) in the Large Magellanic Cloud:  
before & after // Mass = 20Mo 



     Д Семикоз Лекция ВШЭ  28 февраля 2019  
 
Sun: R=105km 
        density=6 gram/cm3 

                                                         Black hole: R=3km*M/Mo 
                                           .       Mass > 3Mo

 
 

                                           Neutron `star’: R=20km 
                                              density=1014gram/cm3 
 

                                                    3Mo>Mass > 1.4Mo 
                              
                        White Dwarf: R=6000km 
                                                density=106 gram/cm3 
 

                                              Mass < 1.4Mo 
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n  Conservation of angular momentum means: 

n  Sun rotates at 1 rev/month. Compress it to 
10km and conserve L, it will spin up to 1890 
revolutions/second  

Linitial = Lfinal
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Magnetic Fields 

n Magnetic field lines are also conserved. 
When the core collapses, the field lines 
are 

                           conserved, and the density 
                             of the field lines goes way 
                              up . This is the strength 
                              of the magnetic field. 
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Pulsars: discovery 

1967: PhD student Jocelyn Bell & 
her supervisor Anthony  
Hewish detect a very regular 
Pulsating Source of Radio (PSR 
1919+21) with P=1.377 s, 
initially “LGM 1”.  

http://www.jb.man.ac.uk/~pulsar/Education/Sounds/sounds.html 
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Of Crabs, Shells and Plerions 
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X-ray image 
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How we know pulsars are NSs 
n  Association with supernova remnants (SNRs) 
n  Rotation of Crab pulsar 

¨  Much faster ones (“millisecond pulsars”) found later 

n  Energy budget of SNR in rough agreement with 
energy lost from rotating NS. 

n  Very high-energy (non-thermal) emission: likely 
relativistic system 

n  Thermal emission (X-rays): emitting region ≤ 10 km 
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Masses 
of 

pulsars 
in binary 
systems 

Fig. by I. Stairs, 
reproduced in 
Lorimer 2005 
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Pulsar P-Pdot Diagram 
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Accretion disc 
Stellar black holes observed in a binary system, i.e. where there is 
a companion star. This star can then literally get sucked apart by 
the black hole. 

Cygnus X1: 

M_BH = 15Mo 
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From multi-wavelength to multi-messenger 

From F.Halzen 
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New messenger: 
Gravitational waves 
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General Relativity 

Prediction 
1916  
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Gravitational waves 
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Are Gravitational Waves Real? 

Prediction 
1916  

Theoretical 
understanding 

1957 
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What Are Gravitational Waves? 



     Д Семикоз Лекция ВШЭ  28 февраля 2019  



     Д Семикоз Лекция ВШЭ  28 февраля 2019  

Prediction 
1916  

Theoretical 
understanding 

1957 

Indirect 
detection 

1982 
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The Detectors 
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Advanced LIGO – Advanced Virgo 
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Advanced LIGO 
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Advanced Virgo 
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Advanced Virgo 
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GW150914 

Prediction 
1916  

Theoretical 
understanding 

1957 

Indirect 
detection 

1982 

Direct 
detection 

2015 
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Phenomenology 
of GW 
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GW detector network: 2015-2025 
GEO600 (HF) 
2011  

Advanced LIGO  
Hanford  
2015  

Advanced LIGO  
Livingston  
2015  

Advanced  
Virgo 
2016 LIGO-India 

2022 

KAGRA 
2017 
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Preliminary Concept 

PAX Workshop - Amsterdam 
177 

17-Aug-17 

LASER 

Advanced LIGO 
4 km 

Cosmic Explorer 

The Cosmic Explorer: x10 aLIGO 
•  Earth‘s Surface;  
•  40 km arms 
•  Advanced LIGO Technology + 
•  Squeezed Light 

 

Cosmic Explorer 
40 km  

arXiv:1607.08697v3 [astro-ph.IM] 11 Sep 2016 
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GW detection 



     Д Семикоз Лекция ВШЭ  28 февраля 2019  

Space missions 
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LISA in Orbit 
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Pulsar Timing 
Arrays 
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Spin-Powered Pulsars: A Census 

•  Number of known 
pulsars: 1765 

•  Number of millisecond 
pulsars: 170 

•  Number of binary 
pulsars: 131 

•  Number of AXPs: 12 

•  Number of pulsars in 
globular clusters: 99* 

•  Number of extragalactic 
pulsars: 20 

Data from ATNF Pulsar Catalogue, V1.25 (www.atnf.csiro.au/
research/pulsar/psrcat; Manchester et al. 2005)   

* Total known: 129 in 24 
clusters (Paulo Freire’s web page)  
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P - P Diagram 
. 

•  Millisecond pulsars have 
very low P and are very old 
•  Most MSPs are binary  

•  MSPs are formed by 
‘recycling’ an old pulsar in 
an evolving binary system 
•  ‘Normal’ pulsars have 
significant period 
irregularities, but MSP 
periods are very stable 

J0737-3039 

. 
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Sky Distribution of Millisecond Pulsars 
P < 20 ms and not in globular clusters 
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PPTA Pulsars 

Name Period 
(ms) 

DM 
(cm-3 pc) 

Orbital 
period 

(d) 

Rms 
Residual 

( s) 

J0437-4715 5.757 2.65 5.74 0.12 

J0613-0200 3.062 38.78 1.20 0.83 

J0711-6830 5.491 18.41 - 1.56 

J1022+1001 16.453 10.25 7.81 1.11 

J1024-0719 5.162 6.49 - 1.20 

J1045-4509 7.474 58.15 4.08 1.44 

J1600-3053 3.598 52.19 14.34 0.35 

J1603-7202 14.842 38.05 6.31 1.34 

J1643-1224 4.622 62.41 147.02 2.10 

J1713+0747 4.570 15.99 67.83 0.19 

J1730-2304 8.123 9.61 - 1.82 

J1732-5049 5.313 56.84 5.26 2.40 

J1744-1134 4.075 3.14 - 0.65 

J1824-2452 3.054 119.86 - 0.88 

J1857+0943 5.362 13.31 12.33 2.09 

J1909-3744 2.947 10.39 1.53 0.22 

J1939+2134 1.558 71.04 - 0.17 

J2124-3358 4.931 4.62 - 2.00 

J2129-5721 3.726 31.85 6.63 0.91 

J2145-0750 16.052 9.00 6.84 1.44 

 

•  20 MSPs - all in Galactic disk 
except J1824-2452 (B1821-24) in 
M28 
•  Two years of timing data at 2 -3 
week intervals and at three 
frequencies 
•  Uncorrected for DM variations 
and polarisation calibration 
•  Five pulsars with rms timing 
residuals < 500 ns, all < 2.5 µs 
•  Best results on J0437-4715 (120 
ns) and B1937+21 (170 ns) 

Still have a way to go! 
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The Gravitational Wave Spectrum 
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Multi-messenger 
observation of 
binary neutron 
star collision 
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First multi-messenger observation: 
SN1987A 
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Binary neutron stars 
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Network for multi-messenger 
observations with GW 
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Observation of binary neutron star 
merger 
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Prediction 
1916  

Theoretical 
understanding 

1957 
Indirect 

detection 1982 
Direct detection 

2015 
First event muti-

messender 
astronomy 2017 
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Summary  
n  99 years after prediction by Einstein,  

gravitational waves was detected from 2 black 
hоles merger in 2015.  

n  In 2017 extraordinary event of binary NS 
merger proved heavy element production and 
challenge gamma-ray models. 

n This field has great future, first detections just 
started. 


