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> 1Msun White Dwarfs:

For steady burning on
the WD surface, the 
mass-transfer rate should 
be ~(1-4).10  Msun /yr.
At larger rates  burning is
also steady, but X-rays 
don’t come out. 

For accretion rates
> 10   Msun /yr, the flashes 
might be weak and 
burned matter may 
possibly be retained (?) 
(But see Bildsten’s
Wednesday talk!). 
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Nuclear Timescale: time to exhaust its hydrogen fuel:

=  10   M      yr                                               (M in solar units and ≥ 1)
10    -2.5

Thermal timescale: time to emit the star’s thermal energy content at its present Luminosity

According to the Virial theorem,  Eth = - 0.5 Epot,grav ~  GM /R, so τ ~ GM /RL
2                             2

= 3.1 x 10  M     yr7     -2

Dynamical Timescale = Pulsational timescale = time to restore Hydrostatic Equilibrium
=  R/csound

= 50 min (ρ /ρ)Sun  
0.5

Stellar Timescales



Two possible ways for capturing matter from a companion

Roche-lobe  overflow                                    Stellar wind accretion



Lagrangian equipotential surfaces 
and Roche Lobes are defined in a
coordinate system co-rotating with the binary
orbital motion; also the stars are  assumed to 
be co-rotating with the system (they stand
still in this system).

(The sloping down of the potential beyond 
L2 and L3 is purely an artifact of the rotation 
of the coordinate system). 

http://upload.wikimedia.org/wikipedia/commons/4/44/RochePotential.jpg


(Eggleton’s formula ,1983; valid for all values of q)

M  / M   = q 2        1Star 1                                Star 2

The mean density of the Roche-lobe filling star is only

a function of the orbital period! 

for 0 < q < 0.86



Simplest Case: total mass and total orbital angular momentum conserved
(in most cases rotational angular momentum of components much smaller than
orbital angular momentum (but not always!)) ; orbits are assumed circular 

Combination of (7) and (8) gives:

If J  = constant, then: since M   <0: if M  >  M   , orbit shrinks, in opposite case it widensb                                                    2          2           1
.

i = initial, f = final



Once the more massive star overflows its Roche lobe and transfers matter to its companion, 
its Roche-lobe radius shrinks while its thermal equilibrium radius stays about the same; if it 
has a radiative envelope the star temporally shrinks due to the mass loss, but it then expands 
on a thermal timescale to restore its thermal equilibrium. As a result it continues to transfer 
matter until it has become the less massive component of the system and further mass 
transfer causes its Roche lobe to expand. The entire process takes  ~ τ(thermal):

Mdot ~  0.8M/τ(thermal)  ~  0.8M  /(3.10  )   [Msun/yr]

for M ≥1.5Msun ,     Mdot ≥ 10    Msun/yr

3            7
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Porb = 1.04 days

Porb = 10.6 hours



Porb = 18,3 hours



Transferred mass in excess of the max. rate for stable burning 
is assumed to be ejected with specific orbital angular momentum of the WD



Exactly the same 
evolutionary scenario
as for making CV-
binaries.
The only difference is 
that here M2 is larger:
anywhere between
~1.5  and ~5 Msun



Non-conservative Evolution: losses of mass 
and orbital angular momentum from the system.

A lost mass element is a “third body” in the  system. 
As there is no general analytic solution of the 3-body 
problem, there is no general solution for this case.

Approach: prescribe a “mode of mass and orbital
angular momentum loss” and calculate how this 
“mode” causes the orbit to change.

For a general “cookbook” of non-conservative “modes” and their results: see
Soberman, Phinney and vdH, 1997, A&A, 327, 620-635.



Simplest case: No mass loss from the system,

Only loss of orbital angular momentum, due to:

-Gravitational radiation losses                  
and/or

-“Magnetic Braking”

The latter means: rotational braking of a solar-type star (with convective en-
velope) due to a magnetically coupled stellar wind (Verbunt and Zwaan 1981)

Solar corona magnetically co-rotates with Sun out to ~ 10Rsun causing the 
solar wind to carry off rotational angular momentum (but negligible mass). 

Young G-stars in the Pleiades (~ 70 million years) rotate ~ 22 km/s and in
Hyades (700 million yrs) rotate ~ 8 km/s. Sun (4.6 billion yrs) rotates 2 km/s.
From this one can empirically estimate the slowdown torque Tmb as a function
of  ω(rot) for solar type stars (Skumanich,1972).



RL /a = 0.4622 (M   /(M  + M  ))                        dRL/RL = da/a + 1/3 (dM2/M2)

Substitution of the latter into eq. (9) yields:

RLdot/RL = 2 Jbdot/Jb – 2 (5/6 – M2/M1)(M2dot/M2)

2     1       2
1/3

For a detailed treatment of mass transfer in X-ray Binaries: see Verbunt, 
Annual Rev. A&A, 1993, which we largely follow here



(:) ρ-½
2

(From Verbunt,1993, Annual Rev.)

and CV binaries

Assume: R  =K M  2             2
n



1



Purely Gravit.
Radiation-driven
mass transfer
(Verbunt 1993)

Holds for LMXBs
and CV binaries 
alike



Observed mass transfer rates in CVs are ~ 10 to 100 times higher than 
GR alone can give (the same holds for the LMXBs)

With this formula, a system with Porb ~ 8 hours has Mdot ~ 6.10    Msun /yr-9



Ap.J. 275,713, 1983Magnetic Braking





Rappaport, Verbunt and Joss, 1983(Ap.J.275,713) conclude:

Implication: if this matter can be retained (weak flashes) the WD
in a CV-binary can in this early mass transfer phase grow by
some 0.1 Msun



Mass transfer driven by internal evolution 
of a companion (subgiant or giant)

Webbink, Rappaport and Savonije, 1983, Ap.J. 270,678;
Taam, 1983, Ap.J.270,694.



Low-mass red giant with degenerate He core of mass Mc

Luminosity and radius of star
depend only on Mc



For some 50
million years,
Mdot > 10   Msun /yr

One can easily
accrete > 0.5Msun
(if flashes weak)
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For wide initial orbits  (P ~ 50 d to 150 d) mass transfer rates in the range 
10   to 10   Msun /yr can be achieved, and > 0.50 Msun can be transferred 
to the WD

-7           -6

Verbunt 1993, Ann.Rev.



Webbink,Rappaport and Savonije, 1983 Ap.J.



A final type of binaries with stable thermal 
timescale mass transfer with large mass and 
ang. mom. loss from the system: the “intermediate-
mass X-ray binary” model: 
initial donor mass 1.5 – 5 Msun and not too wide 
orbits (~ 1 day to ~ 10 days).
(Tauris et al, 2000, Ap.J.)



The “mass-loss” part
of the orbital angular
momentum loss

Jdot is the orbital angular 
momentum loss due to
other causes: Gravitational
Radiation,“Magnetic Braking”

With both loss of mass AND 
orbital angular momentum
(Verbunt 1993, Annual Rev.)



Taurus, vdH and Savonije, 2000,Ap.J.530

4 Msun

1.2Msun
Neutron star

At onset of mass transfer (Porb =4d),
the 4Msun star has a radiative envelope,
resulting in stable transfer on a thermal
timescale.
The transferred mass in excess of MEdd
is ejected from the compact star with its 
specific orbital angular momentum.

For 2 million yrs, transfer rate > 10  Msun/yr

.
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Conclusions:

-With companions of ~ 1Msun in narrow as well as wide orbits
mass transfer rates of order > 10   Msun/yr can be driven for
long times (~10 to 50 million yrs), such that – if this mass can be 
retained – the WD can grow substantially in mass (0.1 – 0.6Msun).

-With thermal timescale mass transfer from >  1.5 Msun up to ~ 5Msun
companions,mass accretion rates > 10  Msun/yr can be sustained
for several million yrs, allowing the WDs to grow with > 0.1 to 0.2
solar masses. 

-Precise Population synthesis calculations of all these different
scenarios will be required in order to see whether, all combined, 
can meet the observed SN Ia rate.
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