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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 Introductionto X-raybinaries/Accretion
Å HMXBsand LMXBs
Å Roche-lobeoverflow - Cases A, B and C
Å Stabilitycriteria for masstransfer / stellarevolution
Å Orbital angularmomentum balance equation

Å Common envelopeand spiral-in evolution

Å Equilibriumspin periodand spin-up line in P-Pdot diagram

Å Accretionphysics
Å Accretiondisks
Å B-field decay
Å Fourphasesof accretion(selfstudy)

For a review:   Tauris & van den Heuvel(2006)
Tauris& van den Heuvel(2022) 

New textbook from Princeton Uni. Press  
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The AccretingNeutron Star
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Energeticsof Accretion



Stellar object

Radius

(km)

æU/mc2 æU/m

(erg g -1)

dM/dt

(Msun yr -1)

Column density

(g cm -2)

Sun / star 7Ĭ105 2Ĭ10-6 2Ĭ1015 1Ĭ10-4 140

White dwarf 10000 2Ĭ10-4 1Ĭ1017 1Ĭ10-6 16

Neutron star 10 0.15 1Ĭ1020 1Ĭ10-9 0.5

Black hole 3 0.1ī0.44Ĭ1020 4Ĭ10-10 0.3

DISCOVERY OF BLACK HOLES AND NEUTRON STARS

1962 . Sco X-1: neutron star LMXB
(Giacconi, Aerobee 150 rocket)

1967 . PSR B1919+21

1971 . Cen X-3: pulses (P=4.84 sec)

1971 . Cyg X-1: black hole HMXB

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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( )X nuc grav accL Me e= +

Nuclear burning at surface of compact object

Releaseof gravitational binding energy

...H He C O Si Fe­ ­ ­ ­ ­ ­

Dominate in NS and BH

Dominate in accreting WD

(not relevant for BH)

8

AccretionLuminosity



timescale: 105ï106 yr

- wind accretion

- beginning atmospheric

Roche-lobe overflow

Donor star masses  M2 > 10 Msun

114 systems known in our Galaxy:
- 50 systems with measured Porb = 0.2 ï262 days (median 23 days)  
- 66 systems with measured Pspin = 33 msï4 hours (median 3 min)
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High-Mass X-ray Binaries



neutron star

Be-star

expelled material

orbP

time

X-ray flux
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Be-star X-ray Binaries
(subclassof HMXBs)



AEI 2021 12Thomas Tauris

SupergiantFast X-ray Transients(SFXTs)
(subclassof HMXBsςmanydiscoveredwith INTEGRAL)
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HMXBswith BH accretors

Tauris & van den Heuvel (2022)



timescale: 108ï109 yr- Roche-lobe overflow

Donor star masses  M2 < 1 Msun

187 candidate systems in our Galaxy:
- 74 systems with measured Porb = 11 min ï1160 days (median: 8 hours)  
- 26 systems with measured Pspin = 1.6 msï7.7 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



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 å 0.5 - 5 seconds

Decay time å 10 - 100 seconds

Recurrence time å hours to day

Energy release å 1039 erg
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X-ray Bursts
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LMXBswith BH accretors

Tauris & van den Heuvel (2022)
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orbital plane

EquipotentialSurfaces and RLO
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EquipotentialSurfaces and RLO



X-ray binaries Roche-lobe overflow Cases A, B and C:
(the evolutionarystage of the donor star at onsetof RLO is quite importantΧύ

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

AEI 2021 21Thomas Tauris



22

2

ln

ln

ln

ln

M

R

M

R L
Ldonor
µ

µ
¹Ø

µ

µ
¹ zz

exponentsof radius to mass: zMR´

adiabaticor thermal responseof the donor star to massloss

initial stabilitycriteria: donorL zz ¢

2

2
2

2
2

2 M

M
R

t

R
R donorM

"
" z+

µ

µ
=

2

2

2 M

M
R

t

R
R LLM

L
L

"
" z+

µ

µ
=

nuclearburning tidal spin-orbit couplings
gravitationalwaveradiation

LRR ""=2 yieldsmasslossrate!
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StabilityCriteriafor Mass Transfer
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StabilityCriteriafor Mass Transfer. II
IsotropicRe-emission Model (Bhattacharya & van den Heuvel 1991)

(Soberman, Phinney & van den Heuvel 1997)
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Orbital AngularMomentum Balance (OAMB) Eqn.

See next two slides
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gwr

orb

J M M MG

J c a
= -

Low-massstars:magneticwind!
Ý lossof spin angularmomentum

In tight binaries the system is 
tidally locked(synchronized)
and spin-orbit couplingsoperate
Ý lossof orbital angularmomentum Porb < 2 days

M 2 < 1.5 M sun

Spin-orbit couplings:

orb

ls

J

J"

(as a resultof nuclearburningor massloss)

- fx changein stellarmoment of inertia
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GravitationalWaveRadiation:

Magneticbraking:
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a:  direct fast wind
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Mass loss:  (isotropic re-emission model)

Bhattacharya & van den Heuvel (1991)

Tauris (1996)

Soberman, Phinney & van den Heuvel (1997)

Tauris & van den Heuvel (2006)

Tauris & van den Heuvel (2022)
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Integration of the OAMB eq. for mass transfer/loss:

final separation (after RLO)

mass ratio
Tauris & van den Heuvel (2006)
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{ƻƭǳǘƛƻƴΧΧΧΦΦ
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Exampleof numericalLMXB calculationΧΧΧΦΦ

Istrate et al. (2014)
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LMXB
Formation &
Evolution

Tauris& van den Heuvel(2022)
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LMXB
Formation &
Evolution
in detail

AEI 2021

Tauris& van den Heuvel(2022)
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HMXB
Formation &
Evolution

Kruckow et al. (2018)

AEI 2021
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HMXB
Formation &
Evolution
in detail

AEI 2021

Tauris& van den Heuvel(2022)



Dynamicallyunstablemasstransfer:

Ådeepconvectiveenvelopeof donor star

(rapid expasionin responseto massloss) 

ωMdonor >  Maccretor

(orbit shrinksin responseto massloss)
Þ}Run-awayprocess!!

commonenvelope

drag force ­ dissipationof orb. ang. mom.  +  depositionof Eorb in the envelope

OutcomeHMXBs­CE:

ωCE: hugereductionof orbital separation
rejectionof stellarenvelope

mergingof NS/BH + core
(Thorne-Zytkowobject / BH)

(NS/BH orbiting a nakedhelium star)
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Common-Envelope+ Spiral-in Evolution
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Dissipation of Eorb by drag force  (Bondi & Hoyle 1944)
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gravitational binding energy

internal thermodynamic energy

Åthermal energy
Åenergy of radiation
Åionization energy
ÅFermi energy of e--gas

COMMON-ENVELOPE EVOLUTION

efficiency parameterWebbink (1984)

Han et al. (1994, 1995)

!
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de Kool (1990)

Dewi & Tauris (2000, 2001)

100~01.0=l

!
Podsiadlowskiet 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



Minimum massof in-spirallingstar to successfullyeject the envelope?

WD-WD NS-NS

COMMON ENVELOPE

Can an in-spiralling BH or NS eject the envelope of a massive star? 

36

Kruckow, Tauris, Langer, Szecsi, Marchant& Podsiadlowski(2016), A&A

Common-envelopeejectionin massive binarystars

-Implicationsfor the progenitorsof GW150914 and GW151226

Example:

M = 15 M
ἄ

:    R > 500 R

M = 15 M
ἄ

:    R < 500 R

succesfulCE ejection

no CE ejectionҦ coalescence

BH-BH



CE EJECTION
Bifurcation point ?

Tauris & Dewi (2001)

Bifurcation point ?

Tauris & Dewi (2001)

Ivanova (2011)

Kruckow et al. (2016)

Marchant et al. (2021)
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Point of no return

Minimum in-spiral

Coreboundary:  XH=0.10
(closeto localmax. sonicvelocity)

Kruckowet al. (2016), A&A 

NS

BH

Where does the envelope ejection terminate? 

38COMMON ENVELOPE



Difference in mass coordinate of about 4 Mᵘ
corresponds to a radius difference by a factor 500!
Extremely important for the final orbital separation.

Kruckowet al. (2016), A&A
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Additional energy sources to help envelope ejection:

Å Recombination energy from outer (cold) layers of donor star

(from H, He, H2)

Å Released accretion energy from BH during in-spiral

Kruckowet al. (2016)

COMMON ENVELOPES:  ADDITOINAL ENERGY SOURCES 40

More to learn from ongoing and future hydrodynamicalsimulations
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Post-CE evolution of

He-star + NS in close orbit

Ý bare, pre-SN core just

above Chandrasekhar mass

Ý Iron core-collapse SN

with very little ejecta

+ formation of low-mass NSs

in NS+NS system

Tauris et al. (2013)

41

Ultra-strippedpre-SN metal core



Why areso few IMXBsobserved? 

IMXB:   wind accretion is too weak, and

RLO is often unstable (or very short)

AEI 2021 Thomas Tauris 42

Intermediate-Mass X-ray 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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Binaries undergoingmassreversal

first formed

secondformed
(non-recycled, young,
eccentricorbit from SN)

producing(WD-NS) systems
Tauris & van den Heuvel (2021)

WD NS



MSPs

ÅHowfast canthey spin?
ÅWhyaretheir B-field strenghtsweak?
ÅHowmuchmassdo they needto accrete?
ÅWhataretheir orbital periods?
ÅHowold arethey?
ÅWherearethey located (+ kinematics)?
ÅWhat is the nature of their companionstars?

Howdo MSPsform?
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Recyclingand

MillisecondPulsars

AEI 2021

LECTURE 2



graveyard

Tauris & van den Heuvel (2022)

Recycling pulsars  - A detour in the P-Pdot diagram

45



ÅRapid spin:

ÅSmall periodderivative: 

Solution:

ÅAccretionof mass

PP
R

Ic
B

NS

NS "
62
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B c
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t sp

µ å õ
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Geppert& Urpin(1994);  Konar& Bhattacharya(1997)           Magnetic-dipolemodel

( )* * * * A

d
N J I M GM r

dt
x= ¹ W =

Lamb, Pethick& Pines (1973)
Ghosh& Lamb(1979, 1992)

Millisecond pulsars  - a binary formation scenario

17 110P s s- -<

| |
d

J r p
dt
= ³
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245 binarypulsars with measuredPdot

Pulsar companion stars

105
37

17
17

26
44

47

Tauris & van den Heuvel (2022)
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LMXB case B

LMXB case A

IMXB  early case B

IMXB case C (CE)

case A

HMXB

48

Originof binary radio pulsars - WhichX-ray Binaries?
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He-WD

LMXB

CO-WD

IMXB

NS

HMXB

Pulsar companion star

Progenitor binary

Initial orbital period is very important!
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Tauris (2011)

redbacks
black widows
planets

1-2 Msun 3-7 Msun

?

50



1bifP dayº

Porb < Pbif:
Ҧ LMXB shorten their orbital period

Donor star still on mainsequence
RLO driven by lossof Jorb (MB, GWs)

έ.ƭŀŎƪ widowέ millisecondpulsars:

.10 0.1orb compP hrs M M< <

9ǾŀǇƻǊŀǘƛƻƴ Ҧ ǎƛƴƎƭŜ millisecondpulsars

Tutukovet al. (1985)
Pylyser& Savonije(1988, 1989)
Ma & Li (2009)
Istrateet al. (2014)
Chen et al. (2021)

Roberts (2012)
Breton et al. (2013)
Chenet al. (2013) 

LMXB bifurcation period
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Oncea recycledmillisecondpulsarturns on its emissionof
ultra-relativistic particles, it is often able to completely
evaporate its companionand thus end up as an isolated
millisecondpulsar.

All single millisecond pulsars are born in a binary system.

( )2 2 2

2 2

1
/4

2
esc psrM v f E R ap p=

2

2~
M

M

"t

evaporation timescale

Observationalevidence:

VeclipsingMSPswith 0.02 Msun companions

VǘƘŜ έplanetaryǇǳƭǎŀǊέΣ t{w мнртҌмн 
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Single Millisecond Pulsars
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Formation of BMSPswith He-WD:

1

0.18 0.46

orb

WD

P day

M M

>

< <

Uniquerelation betweenPorb and MWD

Savonije(1987)
Joss, Rappaport& Lewis (1987)
Rappaportet al. (1995)
Tauris & Savonije(1999)
Istrateet al. (2016)

Porb > Pbif:
Ҧ  LMXB widen their orbital period

Donor star is a (sub)giant
RLO driven by nuclearexpansion

/

5

1 / 4.50

0.120
1.2 10

orb daysWD
PM

M

å õ
= +æ ö

³ç ÷

LMXB diverging systems
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match observations well
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PorbïMWD correlation for He-WDs

Tauris & van den Heuvel(2022)



ωOn the red giantbranch(hydrogen shellburning), the growth of the degenerateHe core mass

is directly relatedto the luminosityof the star

ωTemperatureis almostconstanton the Hyashitrack Ý L ́ R2

ωHencethere is a relation between Mcore and R  (Thomas 1967)  independent of Menv

ωThe donor star fills its Roche-lobeduringthe masstransfer  Ý R is correlatedwith Porb

correlationbetween (Porb , MWD )

2 44 effL R Tp s=

PorbïMWD correlation for He-WDs



Phinney (1992)

Phinney & Kulkarni (1994)

no  mass transfer after SN 

Circularization

by tidal forces 

WDNS systems:  PSR B2303+46

PSR J1141-6545

Eccentric MSPs:  PSR J2234+06        (Deneva et al. 2013)
PSR J1946+3417  (Barr et al. 2013)
PSR J1950+2414    (Knispel et al. 2015)(Tauris & Sennels, 2000)

Proposed hypothesis 
for eccentric MSPs:

- Freire & Tauris (2014)
- Antoniadis (2014)
- Jiang, Li, Dey & Dey (2015)

Eccentricities
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As a consequence of sudden mass loss and imparted kicks in SNe, radio pulsars have 

large velocities (0-1000 km s-1) and a wide scatter in their Galactic height distribution. 

ÅMost (90%) of all potential LMXB systems are disrupted because of the SN.

ÅIf SNe were purely symmetric then binary systems would be disrupted ifDM/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.

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).
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DynamicalEffectsof AsymmetricSNe

Analytical equations for calculating dynamical effects of SNe:

ÅHills (1983) for binaries

ÅTauris & Takens(1998) for the full general case                  
(disruptedand boundbinaries, incl. SN shellimpact)
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( / )
0.22eq

ms

M M
M M

P
D º

Massneededto spinup pulsar:
P (ms) M (Msun)

0.7 0.40

2 0.10

5 0.03

10 0.01

50 0.001

LMXB

IMXB

HMXB

Accreted mass to spin up pulsar

Tauris, Langer & Kramer (2012)

59

stellarevolution code
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