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Note: These lectures will be recorded and posted onto the IMPRS website

Dear participants,

We will record all lectures on “The Astrophysics of Compact Objects”, including 
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 – 12:00 
X-ray Binaries and Recycling Millisecond Pulsars

Lectures 3+4: Friday May 14, 10:00 – 12:00 
Spin and B-field Evolution of Neutron Stars  (+ Black Hole Spins)

Lectures 5+6: Wednesday May 19, 10:00 – 12:00 
Formation of Binary Neutron Stars/Black Holes

Lectures 7+8: Friday May 21, 10:00 – 12:00 
Binary Neutron Stars and Gravitational Waves at Low and High Frequencies

You are most welcome to ask questions any time ☺



• Observational aspects of radio pulsars
• The radio pulsar population in the Milky Way
• Pulse profiles / Scintillation / Dispersion measure
• Emission properties

• Spin evolution of pulsars in the PP-diagram 
• The magnetic dipole model
• Gravitational wave emission
• Evolution with B-field decay
• Evolution with gravitational wave emission
• The braking index
• True ages of radio pulsars

• Magnetars
• Soft gamma-ray repeaters (SGRs) and Anomalous X-ray pulsars (AXPs)

• BH spins
• BHs in X-ray binaries (continuum spectrum fitting)
• Origin and evolution of X- binary BH spins
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SPIN AND B-FIELD EVOLUTION OF 
NEUTRON STARS (+ BLACK HOLE SPIN)
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Rotation axis Radio signal

Time

period

Perfect clock:

✓ P = seconds (PSR 1937+21) 0.001 557 806 448 872 75

A pulsar is a perfect physics laboratory:

✓  = 700 Hz  (P=1,4 ms – 23 sec.)

✓ B = 10    G

✓ E    = 10   L    (F = 10    F   )

✓ M = 1.4 M

✓ R = 10 km
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Nuclear physics

Particle physics

Solid state physics

Atom physics

Plasma physics

Relativity

Giant atomic nucleus:

✓ A=10    baryons,   = 2-10 core nuclear

57

✓ production of 10    (e, e ) per second

✓ TeV -rays

✓ e  accelerated to 10   eV,   =10    Volts

_
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Magnetosphere:
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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

Effelsberg 100 m

corn,1

radio kin

pulsar mE E

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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Galactic center
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Phase I @ 2023 − Phase II @ 2030 − Frequency range: 50 MHz to 14 GHz. 
• SKA-low array (50 – 350 MHz) (dipole antennas) 
• SKA-mid array (350 MHz – 14 GHz) (15 m. dish antennas) 
• SKA-survey array (350 MHz – 4 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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Rotational phase



436, 660, 1420 MHz
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Solar system

emitted pulse observed pulse
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111103 −− yrM
dt

dM

• Most accurate method to determine a stellar wind

pulsar



19ATOMIC CLOCKS IN SPACE  − DETECTION OF GRAVITATIONAL WAVES

21



20

video

https://youtu.be/GOb3MCAg9zM© Marc Myers/OzGrav

PSR J1141−6545

ATOMIC CLOCKS IN SPACE  − DETECTION OF FRAME DRAGGING

AEI 2021 22

https://www.youtube.com/embed/GOb3MCAg9zM


a
b

6.3a b m− 

Antoniadis et al. (2012)
73.5 10ecc −= 

PSR J1738+0333

30 per orbita m = −

40 m

assume an ellipse in flat spacetime

ATOMIC CLOCKS IN SPACE  − THE PERFECT CIRCLE…. OR SPIRAL 21

Thomas Tauris 23



Tauris & van den Heuvel (2022)
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The magnetic-dipole model:

Active pulsar lifetime: 10-50 million yr

Millisecond pulsarsCharacteristic age
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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-varying quadrupole moment* gives rise to
emission of gravitational waves with an amplitude:

(Newtonian quadrupole-approximation)

* An asymmetric distribution of mass with respect to the spin axis: 

distance to source

quadrupole moment

 no gravitational waves ✓ gravitational waves

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

A rough estimate:

where (M,R,T,v) are characteristic values for the source

M = 140.000 kg
R = 20 m (dia=1 m) 
v = 300 m s-1

1 mm ”mountain” on a neutron star:
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M = 1.4 M

R = 10 km, r = 1 mm 

 = 2 = 1000 rad s-1

2~ MRI LGW = 10 36    erg s-1

a factor  ~ 1060 in difference!!!

steel cylinder:

ellipticity perpendicular to spin axis 

LGW = 10 ⎯24     erg s-1
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EARLY GRAVITATIONAL WAVE DETECTORS 27

Resonance mass detectors

Joseph Weber 1960s

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

3 pure dipole

5 pure gravitar (only spin-down by gravitational wave radiation)
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2 3

Differentiate Eq.(2)

Integrate Eq.(2)
4

Insert into Eq.(1) and integrate will yield Eq.(7)6

7 8

Combine Eqs.(1), (5), (6) and (7)

5
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(cf. Lazarus et al. (2014) for evolutionary tracks)

0 0Given ( , , , ) we can calculate ( ) and  ( ) :P P n const t P t P t=

1
: 1B const P

P
=   −

: 1const P P =   +

2 3death line: / 3B P P P     +

6/7 4/3spin-up line: 4 / 3eqP B P P    +

0

0

2
( )

( )

n
P t

P t P
P

− 
=  

 

Slope in the ( , ) diagram: 2P P n− −

log P

log P

Electrostatic potential across polar caps
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2

9

substitute 𝑃 = 2𝜋/Ω into Eq.(2) 
and integrate yields Eq.(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)

AEI 2021Padova 2020 34Thomas Tauris

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
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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)

Impact on 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 G  − 

39

Magnetars
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Robert C. Duncan, University of Texas at Austin 

Giant flares – a 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 (γ), 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.

AEI 2021 40Thomas Tauris

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 (”anti-magnetars”) 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 Unification of Neutron Stars 



BH spin

44



The BH spin can be estimated in X-ray binaries via:

1. X-ray continuum spectrum (e.g. McClintock, Narayan & Steiner 2013)

2. Relativistically broadened iron line   (e.g. Reynolds 2013)

3. Quasi-periodic oscillations   (e.g. Dokuchaev 2013, Motta et al. 2014)

By measuring the radius of the innermost stable circular orbit, RISCO

one can obtain the spin parameter a*

RISCO

44
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The disk spectrum
(peak emission and temperature)

depends on RISCO.

Hence, RISCO and thus a*
can be determined from

continuum fitting.
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The solution to Einstein’s equations for a rotating

BH was discovered by Kerr (1963). Here shown in

Boyer-Lindquist (1967) coordinates, in which the

line element is given by  (Shapiro & Teukolsky, Chap.12):

where the BH is spinning in the  direction, and 

Setting a=0 yields the Schwarzchild metric for a non-spinning BH.

The dt d term shows the rotational frame-dragging properties of

a spinning BH.
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The event horizon, RH is found when the dr2 term in the line element

becomes singular, i.e. when =0, or:

Note, only RH+ has an astrophysical meaning.

The effective potential felt by particles orbiting a BH is given by:

where E, l and m are the binding energy, ang. mom. and particle mass. 

( )2 3 2 2 2 22 4 ( 2 ) (12.7.15)V E r a r Ma aMEl r M l m r + + − − − − 

2 2

HR M M a =  −

 

 

*

*

0 2 , 0

1

H H

H H

a R M R

a R R M

+ −

+ −

=  = =

=  = =

2. goes straight into BH (capture)

1. bounces off and escapes BH (unbound)

3. trapped orbit around BH (bound)

B. Stable circular orbit

C. Unstable circular orbit

non-radial motion of test particles (S&T Fig.12.2)
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For circular orbits, the specific energy and the specific ang. mom. are:

The so-called photon radius is a singularity in the above equations
(solving for the denominators being equal to zero):

( )

2

2

2 2

2

2
(12.7.17)

3 2

2
(12.7.18)

3 2

r M r a M rE

m r r M r a M r
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( )12

3

2 1 cos cos / (12.7.21)phr M a M−  
= +  

  

   * 1,0,1 4 ,3 ,1pha r M M M= −  =

A photon sphere is a spherical region of space 

where gravity is strong enough that photons are 

forced to travel in orbits.
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In GR, circular orbits can exist from  r =  to  r = rph , and these can be

both bound or unbound. Furthermore, not all bound orbits are stable.

Using the stability criterion:  2V/r2=0  yields (after some algebra!):

  

( ) ( ) ( )

( )

1/2

2 1 1 2

1/3 1/3 1/32 2

1

1/2
2 2 2

2 1

3 (3 )(3 2 ) (12.7.24)

1 1 1 1 ,

3

iscoR M Z Z Z Z

Z a M a M a M

Z a M Z

= + − + +

  + − + + −
 

 +

   * 1,0,1 9 ,6 ,1iscoa R M M M= −  =

Innermost Stable 
Circular Orbit (ISCO)

Bardeen (1972)
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The binding energy at the ISCO is important for the accretion luminosity:

Thus the maximum energy release is:                         of rest-mass energy!

(For a non-spinning BH the energy release is:                          )           

( )

2

* 2

4 2 1 ( / ) 2 /
(12.7.25)

3 3 1 ( / )

E m E ma
a

m E m

− −
= =

−

   * 1,0,1 / 25 / 27, 8 / 9, 1/ 3a E m= −  =

1 1/ 3 0.423− 

1 8 / 9 0.057− 
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plus

*

*Defined to be zero at event horizon? 
(and not at infinity? Hence, 1-E?)
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Tauris & van den Heuvel (2022)



The spins of the persistent BHs must be natal:

The accretion rate onto a BH is Eddington limited and the time interval

of accretion is also limited by the age of the companion star. 

Consider Cyg X-1: 

To acheive requires accretion of                 if the BH

was born non-spinning (Bardeen 1970; King & Kolb 1999).

For Eddington-limited accretion this requires:                        .

However, the age of the system is only (Wong et al. 2012).

Also for M33 X-7 and LMC X-1 is                       (factor 5-6)

McClintock, Narayan & Steiner (2013).

Hence, these BH are born rapidly spinning.

spin up nuc −

0.95a  7.3 M

31spin up Myr − 

4 7nuc Myr  −
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BHs may lose spin in jets (or from the Penrose process)

Poloidal B-field are twisted by frame-dragging, thereby producing

outgoing Poynting flux along twin jets.  Ruffini & Wilson (1975); Blandford & Znajek (1977) 

Modern GRMHD simulations show that the power carried by the jet

exceeded the total rest mass energy of accreted mass.   Tchekhovskoy et al. (2011)

2/jet jetL Mc  McClintock, Narayan & Steiner (2013)

2

jet H 
3

2

*
2 1 1

H

ac

GM a


 
  =
 + − 

Angular velocity at the BH horizon

Inside the ergosphere spacetime is dragged
along, causing matter being forced to corotate. 
In principle, rotational energy of the BH can
be extracted from the ergosphere by the 
Penrose (1969) process.

lump of matter
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• Observational aspects of radio pulsars
• The radio pulsar population in the Milky Way
• Pulse profiles / Scintillation / Dispersion measure
• Emission properties

• Spin evolution of pulsars in the PP-diagram 
• The magnetic dipole model
• Gravitational wave emission
• Evolution with B-field decay
• Evolution with gravitational wave emission
• The braking index
• True ages of radio pulsars

• Magnetars
• Soft gamma-ray repeaters (SGRs) and Anomalous X-ray pulsars (AXPs)

• BH spins
• BHs in X-ray binaries (continuum spectrum fitting)
• Origin and evolution of X- binary BH spins
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Albert-Einstein Institute Lectures 2021
Thomas Tauris @ Aarhus University

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

Lectures 3+4: Friday May 14, 10:00 – 12:00 
Spin and B-field Evolution of Neutron Stars  (+ Black Hole Spins)

Lectures 5+6: Wednesday May 19, 10:00 – 12:00 
Formation of Binary Neutron Stars/Black Holes

Lectures 7+8: Friday May 21, 10:00 – 12:00 
Binary Neutron Stars and Gravitational Waves at Low and High Frequencies

You are most welcome to ask questions any time ☺


