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Do the stars in a binary get closer or move further apart as a
result of mass transfer?


If separation declines - Roche lobes get smaller, so more mass transfer will
occur. Normally this is unstable.



If separation increases - Roche lobes expand. This can allow stable mass
transfer if there is some mechanism to allow the stars to slowly spiral
together.

Binary angular momentum: 𝐽 = 𝑀1𝑎12 + 𝑀2𝑎22 Ω
𝑀2
𝑎1 =
𝑎,
𝑀
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Substitute for a1, a2 and Ω in the expression for the angular
momentum of the binary system:
𝐽 = 𝑀1 𝑀2



𝐺𝑎
𝑀

Differentiate this expression, assuming that the total mass M of the
binary remains constant (all mass lost by one star is gained by the
other):
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…where the dots denote derivatives with respect to time
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Divide both sides through by J, and use 𝑀1 + 𝑀 2 = 0:
𝑎
𝐽
𝑀2
𝑀2
=2 −2
1−
𝑎
𝐽
𝑀2
𝑀1

Conservative
mass transfer

Finally, assume that
no angular momentum is lost from the system: dJ/dt = 0:
𝑎
𝑀2
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= −2
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Lets the secondary is losing mass, 𝑀2 < 0:


If M2>M1: Binary shrinks, tends to lead to runaway mass flow from the
more massive star onto the less massive



If M2<M1: Binary expands, mass transfer from the less massive star onto
the more massive is self-regulating, too much mass transfer itself slows the
inspiral of the binary.

Long lived mass transfer binaries invariably have low mass
secondaries losing mass, and higher mass primaries gaining
mass.
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The Roche lobe size is affected by the change in mass ratio as well
as separation. Let’s use Paczynski’s approximation:

Its logarithmic differentiation gives
𝑅2 𝑎 1 𝑀2
= +
𝑅 2 𝑎 3 𝑀2
Combining with

𝑎
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gives:
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𝑀2 < 0

For q > 5/6 conservative mass transfer shrinks the Roche lobe down on the
mass-losing star, and any angular momentum loss (𝐽<0) will accentuate this.
Unless the star can contract rapidly enough to keep its radius smaller than
R<R2, the overflow process will become very violent.



For q < 5/6 conservative mass transfer will expand the Roche lobe.



Mass transfer therefore only continues if either
1.

the star expands, or

2.

the binary loses angular momentum.

In both cases the Roche lobe and the stellar radius will move in step.
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The mass transfer process in CVs appears to be relatively
stable on long time scales. This requires both that the mass
ratio q = M2/M1 < 1 and also the existence of an
angular momentum loss (AML) process that continually
shrinks the system and thus keeps the Roche lobe in touch
with the secondary star.
The orbital period therefore initially decreases as a CV
evolves, making the period distribution a powerful tracer
of CV evolution.
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Distinctive features in this distribution:
 the

2-3 h period gap;
 a sharp cut-off at ∼ 80 min: the minimum period;
 The existence of the gap
and the minimum Porb
result from the way in
which the secondary
responds to mass loss.
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Stable mass transfer in CVs requires angular momentum loss
(AML) from the system.
Mass transfer above the gap is driven primarily by AML
mechanisms associated with a weak, magnetized stellar wind
from the secondary (“magnetic braking” - MB).
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Solar wind co-rotates with the
magnetic field for r<rA (Alfven
radius). For the Sun, rA ~ 5-50 R⊙.
The charged particles at some
point escape the magnetic field
lines and thus take away the Sun's
angular momentum.
Given an initial mass, rotation
rate, and radius, we can thus
calculate the rate of AML.
This theory also explains why
more massive stars rotate faster:
they do not have proper winds like
the Sun, and therefore are not as
good at losing angular momentum.
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The period gap is interpreted as signaling a switch in the
dominant AML mechanism. The period gap arises as a
consequence of the cessation of MB at Porb ≃ 3 hr.
The donor mass at the upper edge of the period gap
corresponds roughly to the mass where the donor is expected
to transit from a star with a radiative core to a fully
convective object (M2 ≃ 0.2 − 0.3 M⊙).
This transition effectively shuts down the magnetic field on the
secondary and hence also disrupts MB.
Mass transfer below the gap is driven solely by gravitational
radiation (GR).
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The period minimum is also associated with a change in the
structure of the donor:




Pmin marks the transition of the donor from a star to a sub-stellar object.

Since the radius of a brown dwarf increases in response to
mass loss, this transition must also lead to a change in the
direction of orbital period evolution. Systems that have
already evolved beyond Pmin are often referred to as “period
bouncers”.
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Understanding the evolution of CVs – in the ﬁrst instance by testing this
standard model – is astrophysically important:


Even though many binary stars interact with each other at some stage of their lives,
CVs provide a rare opportunity to observe long-lived stable mass transfer in action;



The physical processes that are relevant to CV evolution – not just MB and GR, but also the
infamous “common envelope” (CE) phase that brings these systems into (or close to) contact
– are also key to many other types of binary systems;



Some CVs are expected to be Type Ia supernova progenitors;



Most aspects of the accretion process in neutron star and black hole binary systems
(including variability, accretion disk winds and jets) have direct counterparts in CVs.

CVs are relatively numerous, nearby, bright and characterized by
observationally “convenient” orbital time-scales, this makes them extremely
useful as laboratories for the study of accretion onto compact objects more
generally.
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Basic scenarios for binary star
evolution.
Rings are unevolved stars; ﬁlled circles are
electron-degenerate helium, carbon-oxygen,
or oxygen-neon cores in giants; six-pointed
stars are white dwarfs or neutron stars.
Wavy lines mark transitions driven by the
radiation of gravitational waves; counterclockwise rotating ellipses are heavy disks.
Open stars represent Type Ia supernova
explosions.
Roche lobes are shown by dashed loops
(when not ﬁlled) or by solid loops (when
ﬁlled).
The evolutionary channel marked in red is
that expected to produce most CVs. The CV
phase itself is marked by the red box.

From Iben (1991, ApJS, 76, 55)
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The evolution of CVs is closely connected to – and in
some sense controlled by – the properties of their
secondary stars.
In order to understand CV evolution, we must
therefore understand the properties of their donor
stars.
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The Roche-lobe radius is:



Kepler’s third law:



Combining them together yields the well-known period-density
relation for Roche-lobe-filling stars with R2 = RL:
𝑀2
−2
𝜌=
≅ 110 𝑃ℎ𝑟
𝑔 𝑐𝑚−3
4 3
𝜋𝑅
3 2
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Assume that CV donors are low-mass, near-MS stars.
Then their mass-radius relationship will be roughly:
with f ≃α≃ 1.





Combining with the period-density relation immediately gives
approximate mass-period and radius-period relations for CV
donors:
𝑀2 𝑀 = 𝑅2 /𝑅 ≅ 𝑃𝑜𝑟𝑏,ℎ𝑟
The period gap between 2 hr and 3 hr corresponds to M2 ≃
0.2 − 0.3M⊙, which is where the secondary is expected to
change structure from partly radiative to fully convective.
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Compare the mass-loss time scale:
and the thermal time scale on which the donor can correct
deviations from thermal equilibrium:

The thermal and mass-loss time scales are expected to be
comparable for CV donors, both above and below the period
gap.
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This means that the donor cannot shrink fast enough to
keep up with the rate at which mass is removed from its
surface.
It is therefore driven slightly out of thermal equilibrium
and becomes somewhat oversized for its mass.
This slight deviation from thermal equilibrium ultimately
explains both the period gap and the period minimum.
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If the period gap is “somehow” associated with a
sudden cessation of MB at Porb ≃ 3 hrs then
Why should this produce a period gap in the CV
population?
Mass transfer in CVs is driven entirely by AML.
 A sudden reduction in AML will also result in a sudden
reduction in the mass-loss rate the donor experiences.
 The donor responds to the lower mass-loss rate by shrinking
closer to its thermal equilibrium radius.
 This results in a loss of contact with the Roche lobe.
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CVs evolve through the period gap as detached systems.
During this detached phase, the binary orbit and Roche lobe
continue to shrink, since AML due to GR continues.
However, since the thermal relaxation of the donor in this
phase is faster than the shrinkage of the Roche lobe, the donor
manages to relax all the way back to its TE radius.
The bottom edge of the period gap thus corresponds to the
location where the Roche lobe radius catches up once again to
the TE radius of the donor.
At this point, mass transfer restarts, and the system emerges
from the gap as an active CV once again.
Interacting Binary Stars

The Origin of the Period Gap
367







How bloated must CV donors be to account for the
observed size of the period gap?
No mass transfer in the gap  the donor mass just above and
below the gap must be the same, M2(Pgap,+) = M2(Pgap,−).
From the period-density relation , we then get
𝜌~



𝑀2
−2
3~𝑃
𝑅2

The donor at the bottom edge is in or near equilibrium, so that
donors at the upper edge of the period gap must be
oversized by ≃ 30% relative to equal-mass, isolated MS stars.
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The period minimum is also closely connected to the properties
of the donor stars:
The donor transition from a Hydrogen-burning star to a
substellar object.

The point here is that stars generally have a positive massradius index, whereas sub-stellar objects with masses below
the hydrogen-burning limit (MH ≃ 0.07M⊙) have a negative
one.
We can therefore expect the condition M2 ≃ MH to set the
minimum period a CV can reach.
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If we combine the period-density relation with the simple
power-law approximation to the donor mass-radius relation,
we find:
Differentiating this logarithmically yields a simple expression
for the orbital period derivative:



The period minimum must correspond to 𝑃𝑜𝑟𝑏 = 0 ⇒ 𝛼 = 1/3
Sub-stellar objects are out of TE by definition and respond
even to slow mass loss by increasing in radius, i.e. α ≤ 0



Pmin correspond roughly to M2 ≃ MH
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A comparison of the
AML rates predicted
for CV donors.
The red long-dashshort-dash line
corresponds to GRdriven AML.

From Knigge et al. (2011)

How well do we understand MB? Not really good.
There are huge diﬀerences between diﬀerent AML recipes.
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The standard “disrupted magnetic braking” model provides
reasonable explanations for the existence of the period gap
and the period minimum.
However, this is what it was designed to do.



But how to test it?





Direct observational tests of other fundamental predictions of
the model have only become possible over the last few years.
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Predictions:
1.

2.

3.

Donors just above and below the gap should have
identical masses, but different radii.
The Period Spike: the Reversal of the Direction of
Period Evolution at Pmin.
The Existence of CVs with Brown Dwarf
Secondaries.
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1. Donors just above and below the gap should
have identical masses, but different radii:
 The donors above the gap have been
significantly inflated by mass loss, while CVs
below the gap have just emerged from a
detached phase with their donors in thermal
equilibrium.
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The mass–radius relation of CV donor stars.
The dotted line
is a theoretical
mass-radius
relation for MS
stars.
There is a clear
discontinuity in
donor radii at
M2 ≃ 0.2M⊙.

From Knigge
(2006)
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However, this Figure alone cannot tell us the exact nature
of the disruption in AML responsible for the period gap.
Any significant reduction of AML at P ≃ 3 hrs will produce
a period gap and a discontinuity in the donor mass-radius
relationship.
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2. The Period Spike: the Reversal of the Direction
of Period Evolution at Pmin:
Population synthesis models show that there should be
a significant accumulation of systems near the period
minimum, and that 99% of CVs should have orbital
periods below the period gap, whilst the period
distribution plot shows similar numbers of CVs above
and below the period gap.
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The Period Spike: Prediction

Old and Newly identified CVs
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However, the existence of the period spike does not
necessarily imply that the standard model is
quantitatively correct.

The theory predicts a minimum
period for hydrogen-rich CVs
at Porb ≃65min, while the
observed period distribution
shows a sharp cut-off at
∼75−80 min.
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The standard model predicts
that about 70% of present
day CVs should be period
bouncers, with all of these
possessing sub-stellar donor
stars.
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The Existence of CVs with Brown Dwarf
Secondaries:






The standard model predicts that about 70% of present day
CVs should be period bouncers, with all of these possessing
sub-stellar donor stars.
Until recently, only a few of candidate period bouncers were
known.
There was not even one CV with a well-determined donor mass
below the Hydrogen-burning limit.

This situation has also now changed for the better.
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The observational
tests provide strong
evidence that our
basic ideas about CV
evolution are at least
qualitatively correct.
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