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¨ * Introduction
¨ * Degenerate Fermi Gases

Non-relativistic and extreme relativistic electron / (n,p,e-) gases

¨ * White Dwarfs
Structure, cooling models, observations

¨ * Neutron Stars
Structure and equation-of-state

¨ * Radio Pulsars
Characteristics, spin evolution, magnetars, observations 

¨ * Binary Evolution and Interactions
X-ray binaries, accretion, formation of millisecond pulsars, recycling

¨ * Black Holes
Observations, characteristics and spins

¨ * Gravitational Waves
Sources and detection, kilonovae

¨ * Exam
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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
¡ 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)

Blackboard
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• X-ray binaries (HMXBs / LMXBs)
• Roche-lobe overflow - Cases A, B, C, and Case BB
• Stability criteria for mass transfer / stellar evolution
• Orbital angular momentum balance equation
• Common envelope and spiral-in evolution

For a review:   Tauris & van den Heuvel (2006)
and new textbook: Tauris & van den Heuvel (2023) 
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Stellar object Radius
(km)

∆U/mc2 ∆U/m
(erg g -1)

dM/dt
(Msun yr -1)

Column density
(g cm -2)

Sun 7×105 2×10-6 2×1015 1×10-4 140

White dwarf 10000 2×10-4 1×1017 1×10-6 16

Neutron star 10 0.15 1×1020 1×10-9 0.5

Black hole 3 0.1-0.4 4×1020 4×10-10 0.3

37 1
X1 accretor and L 10M erg s-=



Note: X-rays are stopped at column densities larger than a few g cm-2
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Released gravitational
binding energy (infall from ∞) 



( )X nuc grav accL Me e= + 

Nuclear burning at surface of compact object

Release of gravitational binding energy

Dominate in NS and BH

Dominate in accreting WD
(not relevant for BH)
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v Accretion-powered X-ray sources
• Accretion of material from a companion star

ü white dwarf (CV, classical/dwarf novae, AM CVn, super-soft X-ray sources)
ü neutron star regular pulsed emission (HMXB)
ü neutron star X-ray burst sources (LMXB)
ü black hole soft X-ray transients (SXT)
ü continuous emission from hot accretion disks

v Rotation-powered X-ray sources
• Crab pulsar, Geminga etc.  (non-accreting X-ray pulsar)

v Thermal-powered X-ray sources
• Continuous black body radiation from hot young neutron stars (XDINs)

v Magnetic-field powered X-ray sources
• Magnetars (SGRs and AXPs)

Binaries

Isolated NS
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timescale: 105 – 106 yr
- wind accretion
- beginning atmospheric

Roche-lobe overflow

Donor star masses  M2 > 10 Msun. NS or BH accretors.
114 systems known in our Galaxy:
- 50 systems with measured Porb = 0.2 – 262 days (median 23 days)  
- 66 systems with measured Pspin = 33 ms – 4 hours (median 3 min)
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High-Mass X-ray Binaries
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NS



neutron star

Be-star
expelled material

orbP

time

X-ray flux
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Supergiant Fast X-ray Transients (SFXTs)
(subclass of HMXBs – many discovered with INTEGRAL)
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HMXBs with BH accretors

Tauris & van den Heuvel (2023)
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timescale: 108 – 109 yr- Roche-lobe overflow

Donor star masses  M2 < 1 Msun. NS or BH accretors.
187 candidate systems in our Galaxy:
- 74 systems with measured Porb = 11 min – 1160 days (median: 8 hours)  
- 26 systems with measured Pspin = 1.6 ms – 7.7 sec  (median: 3 ms)

Most systems are transients and X-ray bursters (thermonuclear explosions)
About 20 black hole systems (soft X-ray transients)
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Low-Mass X-ray Binaries
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M2
NS
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Accretion of H-rich matter piles up on the NS.
Gravity compresses matter and the temperature
rises at the base of this accumulated envelope
leading to ignition under degenerate conditions
resulting in a thermonuclear explosion and a
rapid photospheric expansion.
The burst lasts for some 10-100 sec.
Burst oscillations reveal the spin period of the NS.

Rise time ≈ 0.5 - 5 seconds
Decay time ≈ 10 - 100 seconds
Recurrence time ≈ hours to day
Energy release ≈ 1039 erg
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orbital plane
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orbital plane



X-ray binaries Roche-lobe overflow Cases A, B and C:
(the evolutionary stage of the donor star at onset of RLO is quite important …)

20



Accretion ?
super-Eddington ?
jet ?
B-field, spin ?

Stability ?
response of donor star ?

response of Roche-lobe ?

dynamically stable ?

Mode of mass loss ?
specific orbital angular momentum ? magnetic braking / tidal interactions

gravitational wave radiation
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LRR  =2 yields mass-transfer rate!
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Change in stellar radius: Change in Roche-lobe radius:

response of the Roche lobe to mass loss
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mass ratio, q
orbital separation, a

conservative RLO
(mass and Jorb constant)

Summary
- Lighter donor:
      orbit widens
- Heavier donor:
    orbit shrinks
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GW radiation
magnetic braking

(other) spin-orbit couplings
mass loss

see the next slides…
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Low-mass stars: magnetic wind!
Þ loss of spin angular momentum

In tight binaries the system
is tidally locked (synchronized)

and spin-orbit couplings operate
Þ loss of orbital angular momentum Porb < 2 days

M 2 < 1.5 Msun

Spin-orbit couplings:

orb

ls
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(as a result of nuclear burning or mass loss)
- fx . change in stellar moment of inertia

Magnetic braking:
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Gravitational wave radiation:
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fractions of the material transferred from donor to accretor
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Integration of the OAMB eq. for mass transfer/loss:

final separation (after RLO)

mass ratio
Tauris & van den Heuvel (2006)

Eq.(4.58) in Tauris & van den Heuvel (2023)
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Ex.9+10For simpler cases with direct wind mass loss or conservative RLO:
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Example of numerical LMXB calculation………..

Istrate et al. (2014)

Evolution ®
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LMXB
Formation &
Evolution

Tauris & van den Heuvel (2023)

Thomas TaurisAalborg, Autumn 2023

RLO from WD to NS

AIC of NS to BH
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LMXB
Formation &
Evolution
in detail

Tauris & van den Heuvel (2023)Masses

Aalborg, Autumn 2023
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HMXB
Formation &
Evolution

Kruckow et al. (2018)
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HMXB
Formation &
Evolution
in detail

Tauris & van den Heuvel (2023)
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Dynamically unstable mass transfer if:
• deep convective envelope of donor star

(b/c rapid expasion in response to mass loss) 

• Mdonor >  Maccretor

(b/c orbit shrinks in response to mass loss)
ß} Run-away process!!

common envelope

drag force ® dissipation of orb. ang. mom.  +  deposition of Eorb in the envelope

Outcome HMXBs ® CE:
• CE: huge reduction of orbital separation

rejection of stellar envelope

merging of NS/BH + core
(Thorne-Zytkow object / BH)

(NS/BH orbiting a naked helium star)
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Common-Envelope + Spiral-in Evolution

Aalborg, Autumn 2023

= evolved giant star donors = wide orbits @ onset RLO
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Dissipation of Eorb by drag force  (Bondi & Hoyle 1944)
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gravitational binding energy
internal thermodynamic energy

• thermal energy
• energy of radiation
• ionization energy
• Fermi energy of e--gas

COMMON-ENVELOPE EVOLUTION

efficiency parameterWebbink (1984)

Han et al. (1994, 1995)

!
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Energy of envelope:
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de Kool (1990)

Dewi & Tauris (2000, 2001)

100~01.0=l

!
Podsiadlowski et al. (2003)

Xu & Li (2010)
Loveridge et al. (2011)

Kruckow et al. (2016) l
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Dynamically unstable run-away mass transfer:

merger
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Common-Envelope + Spiral-in Evolution

Ex.11
3 22
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COMMON  ENVELOPE
EJECTION

Tauris & Dewi (2001)

bifurcation point
Tauris & Dewi (2001)

Ivanova (2011)

Kruckow et al. (2016)
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Post-CE evolution of
He-star + NS in close orbit:
Case BB RLO strips off He env.
Þ bare, pre-SN metal core just
above Chandrasekhar mass

Þ Iron core-collapse SN
with very little ejecta

+ formation of low-mass NS 
in NS+NS system

Tauris et al. (2013)

38

after Case BB RLO

before Case BB RLO

He

C

O Si
pre-SN
structure

Tauris et al. (2015)



Aalborg, Autumn 2023 39



Why are so few IMXBs observed ? 

IMXB:   wind accretion is too weak, and
RLO is often unstable (or very short)
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Intermediate-Mass X-ray Binaries

But evidence of post-IMXBs

from pulsar+CO WD binaries

LMXB:   stable RLO 

2 1.5M M£


HMXB:  wind accretion (beginning atmospheric RLO)
RLO is dynamically unstable and a CE forms

2 10M M>

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X-ray progenitor systems

NS+WD millisecond pulsars 
slow binary pulsars 

LMXBs
millisecond X-ray pulsars (SAX 1808.8-3658)

WD+WD super-soft X-ray sources M  > M  2 WD
novae-like systems M  < M  2 WD

(CO) WD + (CO) WD  
(AM CVn systems,  RLO) 

NS+NS recycled pulsar + young pulsar 
(PSR 1913+16, J0737-3039) 

HMXBs (Vela X-1)

BH+NS BH + young pulsar 
(no detections) 

HMXBs (Cyg X-1, LMC X-1)

NS+BH semi-recycled pulsar + BH 
(no detections yet) 

HMXBs (GX 301-2)

BH+BH (only detectable via gwr) HMXBs (MX33 X-7, IC10 X-1, NGC300 X-1)

WD+NS old WD + young pulsar 
(PSR 2303+46) 

see next two slides with mass reversal

observed systems

BH+WD (no detections) SXTs

WD+BH (not possible) 
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Tauris & Sennels (1999)

WD

NS
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Binaries undergoing mass reversal

first formed

second formed
(non-recycled, young,
eccentric orbit from SN)

producing (WD+NS) systems
Tauris & van den Heuvel (2023)

WD NS
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As a result of non-radial hydrodynamical instabilities newborn NSs receive a momentum 
kick at birth (resulting in  a kick velocity of ~ 500 km s-1).

The exact origin is still uncertain but is probably related to neutrino-driven convection
bubbles, standing accretion shock instabilities (SASI) in the proto NS or other anisotropies
in the ejecta which accelerate the proto-NS via the gravitational tug-boat mechanism, or 
simiply an asymmetric neutrino outflow  (see Janka 2012 for a review).

• As a consequence of the imparted kick radio pulsars have large velocities (0-1000 km s-1) 
and they have a wide scatter in their Galactic height distribution. 

• Most (90%) of all potential LMXB systems are disrupted because of this kick.

• If SNe were purely symmetric then binary systems would be disrupted if DM/M > ½             
(as a consequence of the virial theorem). Thus a kick can also help to keep systems bound
if the direction of the kick is towards the companion star.
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Runaway velocities of ejected stars
(Tauris & Takens, 1998)
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• X-ray binaries (HMXBs / LMXBs)
• Roche-lobe overflow - Cases A, B, C, and Case BB
• Stability criteria for mass transfer / stellar evolution
• Orbital angular momentum balance equation
• Common envelope and spiral-in evolution

For a review:   Tauris & van den Heuvel (2006)
and new textbook: Tauris & van den Heuvel (2023) 
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Summary



¨ * Introduction
¨ * Degenerate Fermi Gases

Non-relativistic and extreme relativistic electron / (n,p,e-) gases

¨ * White Dwarfs
Structure, cooling models, observations

¨ * Neutron Stars
Structure and equation-of-state

¨ * Radio Pulsars
Characteristics, spin evolution, magnetars, observations 

¨ * Binary Evolution and Interactions
X-ray binaries, accretion, formation of millisecond pulsars, recycling

¨ * Black Holes
Observations, characteristics and spins

¨ * Gravitational Waves
Sources and detection, kilonovae

¨ * Exam
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Shapiro & Teukolsky (1983), Wiley-Interscience

Curriculum
(Tauris & van den Heuvel (2023), Chapters 4,6,7,10,11
+ S&T Chapter 13+15)

- Next lecture: Tauris & van den Heuvel (2023), Chapters 7.3 + 14
(S&T Chapter 18).  Aud.2.115.

Exercises:  # 9-11, 16
- Monday Oct. 23, 10:15-12:00
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