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TAXONOMY & PHYSICS OF BINARY STARS

INTRODUCTION
¥ There are many types of binary stars:
See taxonomy in B3 p29 Fig 19.

¥ Do you need to memorise this figure?
No: being familiar with it would help though.

¥ Try to understand the underlying accretion physics:
S381 is about understanding and applying
principles not about rote learning.

¥ If you use specialised words in the exam, use them
correctly. Adding nonsense may lower marks.

BINARY STARS
¥ Orbit: binary star must be in orbit

Q: What would happen to two stars which
were close and initially stationary?

CIRCULAR ORBITS NON-CIRCULAR ORBITS

Two stars Be X-ray transient B3 fig22

Each moves in a circle Be star:

Centripetal force Young massive star
Mass loss

= constant
= gravitational force

Orbital angular velocity
= constant

Circumstellar disc
Orbit is elliptical

Neutron star:
Passes thru

Analyse in co-rotating _ _
circumstellar disc

frame: Roche geometry

Transient accretion

Q: What else is assumed
in Roche approximation?

Q: Why only expect elliptical
orbits in young systems?
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¥ Almost the whole block deals with circular orbits,
and Roche geometry

_w Gm o Gmy, 1.
#R(r)_ |r" r1| |r" r2| 2(u.r)2

Q: give meaning of each term in this equation.

¥ Roche lobe is key concept:
Material within Roche lobe is bound to that star.
Material further out:
Bound to system as a whole or
Unbound.

¥ Roche lobes are basis for classifying binaries as:

Detached Semi-detached | Contact

Neither lobe filled | One lobe-filled |Both lobes (over)-filled

¥ We are interested in accreting binaries.

Q: Why?
Q: So which of these 3 categories is interesting”?

¥ Most of B3 concerns Roche-lobe overflow binaries.

¥ Structure:
Mass donor aka secondary star fills Roche-lobe.
Accretor aka primary star.

¥ Accretion flow:
Stream.
Hot-spot.
Disc.

¥ Optional extras:
Jets.
Magnetically channeled flow.

" exception for wind-fed systems
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¥ Accretion the most potent source of energy
generation in the universe.
GMM

Luminosity is L, = B3 eqn 2
compactness of the primary.
M is mass accretion rate.

Primary | Main White dwarf | Neutron | Black
sequence star hole
star

IB Algol Cataclysmic | X-ray X-ray

type: variable binary |binary

(CV) (& AGN)
Compactness increases to the right

Q: How does accretion luminosity vary with compactness?
Q: How does accretion luminosity vary with mass accretion rate?

¥ L. =nMc?
n is accretion efficiency:

fraction of rest mass energy liberated.
n ~ 0.1 for neutron star or black hole.

¥ White dwarfs are much more common than black
holes or neutron stars.

Q: Why?

Most of accretion knowledge (and S381 B3) on CVs,
but CVs do lots of dramatic things.
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HOW HIGH CAN LUMINOSITY GET?

¥ Accreting material falls under gravity Fgray

¥ Radiation pressure exerts an opposing force Faq
Fraq @cts on electrons thru Thomson scattering
electrons drag protons thru Coulomb force.

¥ Consider balance of forces on electron-proton pair,
when Fgray = Fraq inflow is curtailed.

¥ Fgrav = Frad at the

Ly = i, z1.3x1038(£) ergs”’
O—T MSun
WHAT GOVERNS M ? FKR 4.4
and govern size of mass donor

Roche lobe:
¥ R, radius of sphere with same volume.

¥ Orbital angular momentum loss:
(always present).
(varies).
¥ g changes during mass transfer:
> 5/6 Roche lobe shrinks:
unstable (large) mass transfer unless

donor star can contract rapidly, rapid
phase, therefore not often observed.

< 5/6 Roche lobe expands:
stable, moderate, long-term mass
transfer, most observed accreting binaries.
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WHAT GOVERNS M ? (cont)

¥ Evolutionary state of mass donor.

¥ For Roche lobe overflow:

Case A main sequence donor
4
y M2 -10 -1
- M,(Case A) = A x107""Mg,, yr B3 egqn 13
®

Case B evolved donor
4

— M (Case B) = (Afyz ) x107" M, yr~! B3 eqgn 14

sun

Q: Convert each of these into g s™*

¥ In wind-fed systems, the mass transfer rate depends
on by how much the Roche-lobe is under filled, and
on the wind properties.

¥ Generally less understood than Roche lobe
overflow.

¥ Hence not too much in S381 (and unlikely to be
a focus of the exam).

¥ Often consider mass transfer.
Q: What does this mean?

¥ If not conservative then -(M,) = (M)

Q: What do the angle brackets mean, why use them?
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PRACTISE QUESTION:

(a) Derive an equation giving the Eddington mass
transfer rate in terms of the Eddington luminosity and
the mass M and radius R« of the accretor.

(b) Substitute into this equation an algebraic expression
for the Eddington luminosity in terms of the properties
of the accretor and fundamental constants. Hence say
whether the following statements are true or false

(i) The Eddington mass transfer rate depends on
the compactness of the accreting object.

(ii) The Eddington mass transfer rate depends on
the mass of the accreting object.

(iii) The Eddington mass transfer rate depends on
the radius of the accreting object.

(c) (i) How are neutron stars supported against self-
gravity?

(ii) How are white dwarfs supported against self-
gravity?

(iii) Given that the typical radius of a neutron star
is 10 km, estimate the typical radius of a white
dwarf, stating any assumptions you make.

(d) Estimate the Eddington mass transfer rate for a

1 Ms,, neutron star and a 1 Ms,, white dwarf.

Hence assess whether, and in what circumstances the
Eddington limit is likely to be met in cataclysmic
variables, low mass X-ray binaries, and high mass
X-ray binaries.

Note: you may need to use m./ m, = 1/1837.
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CATACLYSMIC VARIABLES:
TWO TYPES OF CATACLYSM

¥ Disc subject to thermal-viscous instability B3 Act 48
Outbursts; temperature-dependent viscosity

M Low High

CV type Dwarf novae Novae, nova-likes,
recurrent novae

Disc state Limit cycle between | Steady: always in hot,
hot and cool high viscosity state

XRB analogy |Soft X-ray Steady low mass
transients X-ray binary

(aka X-ray novae)

Modifications Disc irradiated in high state
for XRBs Timescales longer

¥ Thermonuclear burning of accreted material on
surface of primary:
Nova explosion if white dwarf (CV)
Type I X-ray burst if neutron star (LMXB)

Cv X-ray binary
(white dwarf) (neutron star)
Accretion disc Dwarf nova X-ray nova
instability I t" days to weeks Le" 10 yr
Thermonuclear Classical nova Type I X-ray burst
runaway Lt 104 yr I't" hours

S381 Block 3 Taxonomy and Physics of Binary Stars 8 of 13



ACCRETION FLOW IN
INTERACTING BINARY STARS

¥ Material entering the primary Roche lobe will follow a
ballistic trajectory.
¥ Moving material in co-rotating frame:
¥ fictitious forces.
¥ Angular momentum conservation.

force is directed away from the axis of
rotation, and is proportional to the distance from the
rotation axis r.

It is a consequence of the local “reference” point
accelerating towards the axis of rotation, so an
object in inertial motion appears to accelerate away
from the local reference point.

Feen = Mw®r

force depends on the velocity of an object
relative to the rotating frame, and is at right angles to
both its velocity vector and the rotation axis.

An object moving exactly with the rotating frame shows
no coriolis force, but an object moving with a different
velocity to the rotating frame (and not parallel with the
rotation axis) appears to accelerate.

Fcor=_mwxv
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ACCRETION FLOW IN
INTERACTING BINARY STARS (cont)

¥ In Roche lobe overflow:
¥ The stream trajectory intersects itself.

¥ Initially forms a ring at Rirc
Q: What governs Rg?

¥ Ring spreads to form disc under viscosity
described by diffusion equation:
HS/HE % #$/#HR?
Q: What is diffusing?
¥ If possible the disc will establish a steady state.
Q: Why is this sometimes not possible?

¥ In steady state an optically thick geometrically
thin Keplerian disc obeys:

1 & 1/2#
o Mg Ry
3 % +R(
. 1/2
r4(r) = XXMM 1-(&) .
RS R

Q: (a) Write down an expression for the total
luminosity of such a disc in terms of T*(R).

(b) Evaluate the expression, and comment on it
in the context of the virial theorem.
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ACCRETION FLOW IN
INTERACTING BINARY STARS (cont)

¥ If there is a strong magnetic field on the accretor,
the magnetic pressure

4r B?
Pmag = 5
to 87
can become as strong as the ram pressure
P — HV2

ram

Magnetic forces then influence the flow.

¥ Magnetospheric radius measures how far away from
primary this occurs

¥ Polars / AM Her stars:
Strongly magnetic, no disc, spin and orbit.
Synchronised, no disc, accretion column.
Magnetospheric radius ~ Rgmit

¥ Intermediate polars / DQ Her stars:
More weakly magnetic, disc exists because
RM < Rcirc
Accretion columns/curtains, X-ray emission.

¥ Propellors/ejectors are spinning fast enough that
centripetal acceleration causes magnetically
controlled material to move outwards.

Co-rotation radius < magnetospheric radius

¥ Intermediate polars identified by stable X-ray pulses

and may show pulses at t_ 11

beat Pspin Porb

Q: Why “stable” X-ray pulses?
What governs dP/dt?
How do signals at Ppeat arise?
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Q: Where is the L1 point?

Q: What is wrong with the statement: “The L1 point (inner
Lagrangian point) is the location at which the gravitational forces
exerted by the two stars are equal and opposite.”

Q: What happens to the Eddington accretion rate of a white dwarf
as it accretes matter?

Q: For an accreting body, what are the:
Thermal temperature?
Virial temperature?
Radiation temperature?
Blackbody temperature?
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Q: Where is the L1 point?

A: It is the point through which matter flows from the donor into
the influence of the accretor, i.e. the point at which the accretion
stream leaves the donor. B3,Fig7

Q: What is wrong with the statement: "The L1 point (inner
Lagrangian point) is the location at which the gravitational forces
exerted by the two stars are equal and opposite.”

A: The L1 point js the point at which the gas moves from being
bound to one star to being bound to the other, but the location of
this point is affected by the angular momentum of the system, i.e.
by the pseudo-forces. That is, the L1 point is a saddle point of the
Roche potential, not of the gravitational potential alone.

Q: What happens to the Eddington accretion rate of a white dwarf
as it accretes matter?

A: As the mass of the WD increases, its radius decreases.
Hence its Eddington accretion rate also decreases, and the rate of
growth slows.

Q: For an accreting body, what are the:
Thermal temperature?
Virial temperature?
Radiation temperature?
Blackbody temperature?

Radiation temperature: kT-equivalent of a typical photon in the
continuum spectrum hv = kT,

Thermal temperature: all liberated gravitational potential energy is
converted into thermal energy Ty, = GMm,/3KR+ FKR 1.11

Virial temperature: half the liberated gravitational potential energy
is converted into thermal energy (virial theorem: AExe = -0.5! Egr)

Blackbody temperature: temperature of a blackbody radiating with
GMM
R.
Tob < Tyir- = Tn/2

n 2
the accretion luminosity L. = - NMC” ang Lace = 48R%*0Tp"

If optically thick, radiation temperature = blackbody temperature.
If optically thin, radiation temperature = virial temperature.
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