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Figure 2. The heating and induced circulation on
the irradiated side of the companion star in an X-
ray binary.

Figure 1. The distorted shape of an irradiated
donor star in an X-ray binary. The dashed red
curve is the undistorted Roche lobe, the blue sur-
face indicates the distorted shape. This model does
not include circulation.

Project

Main Objectives: .

! Model the circulation in the irradiated star
and its effects on the structure of the star.

! Investigate its consequences for the evolution
of X-ray binaries and millisecond pulsars.

! Develop observational diagnostics to compare
the models to observations of X-ary bina-
ries (e.g., effects on spectral lines shapes, the
observed lightcurve as a function of orbital
phase).

! other potential application: irradiated plan-
ets in the solar system or other planetary
systems (“hot Jupiters”).

Method: .

! Use a sophisticated hydrodynamical code, orig-
inally developed for geophysical flows on Earth,
to model the circulation.

! The main code already exists, but needs some
further development.

• The project is quite computational, but will also
contain an observational component to link the
models to actual systems.

• X-ray binaries are binaries consisting of a Roche-
lobe filling star transferring matter to a com-
pact object, either a neutron star or a black
hole. The observed X-ray luminosity is due
to the release of gravitational potential energy.
Because of the accretion of mass and angular
momentum the neutron star is spun up and ul-
timately becomes a millisecond pulsar.

Problem: The average observed X-ray luminosity
of X-ray binaries is about an order of magnitude
larger than theoretical models predict.

→ There must be some other mechanism to drive
mass transfer.

Possible solution: Irradiation-Driven Mass Trans-
fer

• The external irradiation on the surface of the
companion star due the irradiation by X-rays
from the neutron star is orders of magnitudes
larger than the star’s internal luminosity.

• This irradiation will affect the structure of
the star, in particular, it may cause expan-
sion of the star:

→ drive mass transfer by irradiation,

→ distort the shape of the companion (see Fig-
ure 1),

→ drive circulation in the companion (see Fig-
ure 2).
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In an X-ray binary, the X-ray irradiation of the donor 
star can exceed the intrinsic luminosity of the donor 

star by several orders of magnitude, but the effect of this 
on the evolution of the donor star is not well-studied.

The figure to the left shows a preliminary investigation 
of these effects, showing the circulation currents which 

are driven by the irradiation.  We expect that adding 
these currents to existing models will solve a long-

standing and problematic mismatch between the X-ray 
binary birthrate and the millisecond pulsar birthrate.

We also expect that our models can be applied to the 
structures of short orbital-period giant planets.

The shape of a donor star in an X-ray 
binary if irradiation-driven circulation 

currents are not included!

Stellar Theory
Philipp Podsiadlowski

Figure 4.2: The initial stream-core interaction and the establishment of a steady stream in a frame rotating

with the core (with an angular velocity rad s ). The left panels show the

distribution of hydrogen, the right panels the distribution of . The initial Mach numbers

in the stream, , and ambient medium, are 8.5 and 3.2, respectively, the density ratio

between the stream and the ambient medium, , the outer radius cm, the

angular radius of the stream and the initial stream inclination with respect to the

radial direction . The velocity field is scaled according to cm s .
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Simulation of a stellar merger showing a 
stream of matter from the inspiralling star 

flowing towards the core. Modelling stellar 
mergers & common-
envelope ejection 

Simulations of a stellar merger showing hydrogen being mixed 
into the helium-burning shell  of the massive star (left) 

causing explosive nuclear burning (right). The sudden energy 
input could unexpectedly unbind the massive envelope. 

For example, type Ia supernovae (SN Ia) are of 
considerable importance to astrophysics. The supernova is 

almost certainly caused by the destruction of a white 
dwarf (WD) in a thermonuclear explosion, but - amazingly 

- we still don’t know what causes this to happen. 

We want to definitively identify the progenitors, and 
understand why galaxies of different age and metallicity 

seem to produce different-looking SN Ia. These very new 
observational results are fascinating, and could be very 

important to future cosmological surveys.
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Single-degenerate (left) vs double-degenerate (right) models for SN Ia progenitors (from NASA).

SN 1994D in NGC 4526

Fireworks
 Understanding cosmic explosions
In recent years we have become aware of a wide diversity of stellar explosions. 

In the near future an unprecedented amount of new data should help us to 
finally understand the different ways in which stars end their lives. This includes 
the core-collapse of massive stars, thermonuclear explosions of objects the size 

of our moon and extreme accretion onto newly-formed black-holes.

Some of the most important problems in stellar 
astrophysics are unsolved because of the difficulty 

inherent in simulating stellar hydrodynamic 
processes.  Common-envelope ejection is vital to 
the formation of many compact binaries, but there 

is no convincing model of the process.

The famed outburst of Eta Carina (above) 
may well have been due to a stellar merger, 
as could a recent optical transient observed 

in M85. Stellar mergers should be more 
common then supernovae, but we don’t 

understand them. Now is an ideal time to try 
and model such events.

Irradiation of stars and planets


