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Note: These lectures will be recordedand posted onto the IMPRS website

Dear participants,

²Ŝ ǿƛƭƭ ǊŜŎƻǊŘ ŀƭƭ ƭŜŎǘǳǊŜǎ ƻƴ ά¢ƘŜ !ǎǘǊƻǇƘȅǎƛŎǎ ƻŦ /ƻƳǇŀŎǘ hōƧŜŎǘǎέΣ ƛƴŎƭǳŘƛƴƎ 
possible Q&A after the presentation, and we will make the recordings publicly 
available on the IMPRS lecture website at:

https://imprs-gw-lectures.aei.mpg.de

By participating in this Zoom meeting, you are giving your explicit consent to the 
recording of the lecture and the publication of the recording on the course website.

https://imprs-gw-lectures.aei.mpg.de/


Albert-Einstein Institute Lectures 2021
Thomas Tauris @ Aarhus University

Lectures 1+2: Wednesday May 12, 10:00 ς12:00 
X-ray Binaries and Recycling Millisecond Pulsars

Lectures 3+4: Friday May 14, 10:00 ς12:00 
Spin and B-field Evolution of Neutron Stars  (+ Black Hole Spins)

Lectures 5+6: Wednesday May 19, 10:00 ς12:00 
Formation of Binary Neutron Stars/Black Holes

Lectures 7+8: Friday May 21, 10:00 ς12:00 
Binary Neutron Stars and Gravitational Waves at Low and High Frequencies

You are most welcome to ask questions any time J



Å Observational aspects of radio pulsars
ÅThe radio pulsar population in the Milky Way
ÅPulse profiles / Scintillation / Dispersion measure
ÅEmission properties

Å Spin evolution of pulsars in the PP-diagram 
ÅThe magnetic dipole model
ÅGravitational wave emission
ÅEvolution with B-field decay
ÅEvolution with gravitational wave emission
ÅThe braking index
ÅTrue ages of radio pulsars

Å Magnetars
ÅSoft gamma-ray repeaters (SGRs) and Anomalous X-ray pulsars (AXPs)

Å BH spins
ÅBHs in X-ray binaries (continuum spectrum fitting)
ÅOrigin and evolution of X- binary BH spins
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Perfect clock:
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A pulsar is a perfect physics laboratory:

Vn= 700 Hz  (P=1,4 ms ï23 sec.)
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Relativity

Giant atomic nucleus:
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The surface intensity of the radio emission, I using a Planck function demonstrates 

that if the radio emission was caused by thermal black body radiation one would 

obtain an extremely high brightness temperature (leading to absurdly large particle energies) 

and therefore the radiation mechanism of a radio pulsar must be coherent

(Most models invoke curvature radiation or a maser mechanism).
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DETECTING RADIO PULSARS REQUIRES HUGE TELESCOPES 6

Parkes 64 m

Effelsberg100 m

corn,1

radio kin

pulsar mE Eä

Sardinia 64 m



~ 2800 radio pulsars

~ 50 X-ray pulsars

~ 300 neutron stars in X-ray binary systems

- Pulsars are concentrated in the Galactic plane in star forming regions (OB star progenitors)

- Large spread is caused by high velocities (kicks imparted to NSs in supernova explosions)
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Phase I @ 2023 -Phase II @ 2030 -Frequency range: 50 MHz to 14 GHz. 
ω {Y!-low array (50 ς350 MHz) (dipole antennas) 
ω {Y!-mid array (350 MHz ς14 GHz) (15 m. dish antennas) 
ω {Y!-survey array (350 MHz ς4 GHz) (a compact array of parabolic dishes) 

http://www.youtube.com/watch?v=y07ZAocCjhQ


pulsar

Duty cycle: 1-5% for slow pulsars
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Rotationalphase



436, 660, 1420 MHz
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Solar system

emitted pulse observed pulse
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111103 --³< yrM
dt

dM

ÅMost accurate method to determine a stellar wind

pulsar
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video

https://youtu.be/GOb3MCAg9zM© Marc Myers/OzGrav
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https://www.youtube.com/embed/GOb3MCAg9zM
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Tauris & van den Heuvel (2022)
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24GRAVITATIONAL WAVES FROM PULSARS

Acceleration of charged particles electromagnetic waves:

Acceleration of masses gravitational waves:   (approximately true)
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A time-varyingquadrupolemoment* gives rise to
emission of gravitationalwaveswith an amplitude:

(Newtonianquadrupole-approximation)

* An asymmetricdistribution of masswith respectto the spin axis: 

distance to source

quadrupolemoment

Ãno gravitationalwaves Vgravitationalwaves

GRAVITATIONAL WAVES FROM PULSARS 25
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BUILD YOUR OWN GRAVITATIONAL WAVE SOURCE? 26

A rough estimate:

where(M,R,T,v) arecharacteristicvaluesfor the source

M = 140.000 kg
R= 20 m (dia=1 m) 
v = 300 m s-1
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a factor  ~ 1060 in difference!!!

steelcylinder:

ellipticity perpendicularto spin axis 
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EARLY GRAVITATIONAL WAVE DETECTORS 27

Resonancemassdetectors

Joseph Weber 1960s

Auriga, Padova ­ 2009
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2
the deceleration law,           is the braking index

3 pure dipole
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2 3

DifferentiateEq.(2)

IntegrateEq.(2)
4

Insertinto Eq.(1) and integratewill yieldEq.(7)6

7 8

CombineEqs.(1), (5), (6) and (7)
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substituteὖ ς“Ⱦɱ into Eq.(2) 
and integrateyieldsEq.(9)
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Tauris & Konar (2001)
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B-field decay in neutron stars,  via crustal ohmic dissipation 

and diffusion, and its dependence on input physics.
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B-fields
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More advanced calculations by Vigano et al. (2013)
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B-fields
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A magnetar is a type of neutron star with an extremely

high B-field, the decay of which powers the high-

energy emission of anomalous X-ray pulsars (AXPs)

and soft gamma-ray repeaters (SGRs).

Duncan & Thompson & (1992) developed the theory to explain these objects.

Support for this extreme B-field picture comes from:

1)  Location in P-Pdot diagram

2)  Cannot be radio pulsars b/c

3)  Cannot be X-ray binaries b/c absence of Doppler modulation in timing data

4)  Cannot be neutron stars accreting from a fall-back disk b/c of detection of flares

5)  Bursts can be explained by magnetic giant flares

Magnetars are detected both as persistent (quiescent) sources and burst sources.

There are currently 30 known magnetars: 16 SGRs and 14 AXPs

according to McGill SGR/AXP online catalogue:

https://www.physics.mcgill.ca/~pulsar/magnetar/main.html

with various burst, transient and persistent properties

X rotL E>>
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Magnetars

New magnetar
ATel# 13559

March 17, 2020

Reviews:  Turolla, Zane and Watts (2015)
Kaspi & Beloborodov (2017) 

http://www.physics.mcgill.ca/~pulsar/magnetar/main.html


Heidelberg XXXI, Oct.2013 Thomas Tauris  - Bonn Uni. / MPIfR 36AEI 2021 Thomas Tauris 36



Heidelberg XXXI, Oct.2013 Thomas Tauris  - Bonn Uni. / MPIfR 37AEI 2021 37Thomas Tauris

The famous March 5, 1979 event

(the largest burst of gamma-rays ever detected)

Notice, the 8.0 sec cycle (spin period of NS).

16 additional small bursts seen between 1979-1983

and since then no burst have been detected. 

The source was located in an LMC SN remnant

Magnetars
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Another famous giant flare (burst) is the August 27, 1998 event

(most intense flux of gamma-ray ever detected)

Impacton Earth!
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Robert C. Duncan, University of Texas at Austin 

A magnetic twist gives rise to 

X-ray emissions from a magnetar. 

Twisted B-fields support excess currents in the magnetosphere.

Detection of resonant cyclotron scattering reveals the B-field strengths. 

2 140.63 1 2 / ( /10 ) keVproton

cyclotronE GM c R B Gº Ö - Ö

39

Magnetars
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Robert C. Duncan, University of Texas at Austin 

Giant flares ïa fireball model

Huge tension builds up in the crust from magnetic stress

- when released this energy produces a giant flare.

A trapped fireball (orange zone) on the surface of a neutron 

star  (brown). The fireball, containing positrons ( e+ ), 

electrons ( e- ), and high-energy photons (ɔ), is confined by 

the magnetic field (dark, arched lines). It loses energy by 

emitting hard X-ray photons (orange squiggley arrows) 

from its surface. The fireball also contains a trace of heavy 

particles (protons and ions) which were blown off the surface

of the neutron star. These heavy particles settle down along 

field lines as the fireball loses energy and shrinks.
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Magnetars
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Magnetars
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Kaspi et al. (2001), ApJ. 558, 253
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Magnetars: AXPs
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Magnetars are born with rapid spin

which creates extremely high B-fields

due to convection < 10 sec.

XDINs also have high B-fields.

Radio pulsars are born with moderate 

B-fields (RRATs is a subpopulation).

CCOs(òanti-magnetarsò) are born with

weak B-fields.

Maybe these neutron star populations

are connected with their evolution

(cf. some radio pulsars have very small

brakning indices and evolve upward

in the PPdot-diagram).

Espinoza et al. (2011), ApJ, 741, L13

Grand Unificationof Neutron Stars 



BH spin
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