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Lecture 3

• Production of stellar exotica

• Cataclysmic variables

• X-ray binaries and millisecond pulsars

• Compact binaries
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Optical image of 47 Tuc
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X-ray Image of 47 Tucanae
(Heinke et al 2005)

Wednesday, May 11, 2011



An interacting binary
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(Pooley et al 2003)

Evidence that interacting binaries are made dynamically
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(Bregman et al 2006)

Clusters containing LMXBs have dense cores
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CVs
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Are CVs primordial or made dynamically?

The binaries which would evolve into CVs on their
own are soft binaries in globular clusters.

(Davies 1997)

Alternatively, CVs may be
produced through tidal
capture of WDs or clean
exchanges in binary-single
encounters.
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Possible distribution of CVs in globular clusters

white dots are primordial CVs, black dots 
are made dynamically
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(Haggard, Cool, and Davies 2009)

Chandra study of Omega Centauri

Number of CVs
per unit mass
is 2-3 times 
lower than in 
the field 
indicating that 
PCVs are being 
destroyed.
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(Huang et al 2010)

Evidence for primordial CVs in M71 and M55
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MSPs
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(Lorrimer 2008)

Period derivative vs period for observed pulsars
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MSPs are produced in LMXBs
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(Lorrimer 2008)

A Venn Diagram of Pulsars
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(Ransom 2005)
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The MSP Enigma

Globular clusters contain many more 
MSPs than LMXBs

Millisecond pulsars (MSPs) produced in 
low-mass X-ray binaries (LMXBs)

but
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Intermediate-mass X-ray binary

(Davies & Hansen 1998)

How to make IMXBs within stellar clusters

cf. Cygnus X-2
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IMXBs make MSPs in the past
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Compact
Binaries
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Neutron-star binaries

Neutron-star binaries are a source of 
gravitational radiation.

Tight binaries will merge in < 10 billion years.

Mergers may produce short gamma-ray bursts.

May also be sites for heavy element production.

They are rare: fewer than 1 in 1000 neutron
stars are found in tight neutron-star binaries.
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Simulation of a neutron-star binary merger
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Simulation of a neutron-star binary merger
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Properties of binaries observed outside of clusters
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 Inspiral timescale

τgr = 3×108 yr
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Timescale for a circular binary of separation a to 
merge by gravitational radiation is
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Properties of binaries observed outside of clusters

(Lorrimer 2008)
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2 A.J. Levan, M.B. Davies and A.R. King

been lost earlier (probably in a common envelope phase). We
subsequently examine known compact binary systems (NS-
NS, NS-WD) and conclude that, at the time of the super-
nova, approximately 30% may have been sufficiently tight to
necessitate the formation of a disc. We suggest that low and
high luminosity GRBs may be distinguished by the forma-
tion of either a NS (low luminosity) or BH (high luminosity).
In the systems observed so far in the Milky Way only NS-NS
binaries have been seen, however similar systems, with more
massive cores could produce GRBs.

2 EVOLUTIONARY PATHWAYS TO

COMPACT OBJECT BINARIES

Compact binaries consisting of some combination of NSs and
BHs, and possibly white dwarfs (WDs), can be formed via
a variety of channels (see e.g. Belczynski et al. 2002). The
basic premise is shown in Figure 1, and is essentially the
same as that described in Bhattacharya & van den Heuvel
(1991).

The basic route to the formation of the compact object
binary is thus a relatively close binary system. To enable
the formation of a double neutron star (rather than a NS-
WD system) both components must have M > 8M!. The
initially more massive star evolves most rapidly, leaving the
main sequence first and, if the binary is sufficiently close,
causing a first incidence of conservative mass transfer. This
phase of mass transfer may significantly increase the mass
of the secondary (as was the case for J1141-6545 [Davies et
al. 2002]). The core of the primary will continue to evolve
to the point of core collapse and supernova explosion, pro-
ducing either a neutron star or black hole depending on its
mass. Subsequently the second star evolves off the main se-
quence. As the mass ratio at this point is large, the resulting
runaway mass transfer creates a common envelope in which
the He core of the secondary and the first neutron star inspi-
ral due to the loss of orbital angular momentum and energy
via dynamical friction in the envelope. Eventually this en-
velope is removed and a He-star – NS system remains (i.e.
the hydrogen has now been removed from the system so the
final SN will be observed as a SN Ib/c).

The penultimate step in the evolution of compact bina-
ries is the evolution of the He star – NS binary. As (essen-
tially) the final process prior to the second SN the evolution
of the binary at this stage can have the largest impact on
dynamics of the SN upon collapse. In particular the angular
momentum of the He-star will largely dictate the forma-
tion (or not) of a disc upon core collapse. We assume here
that the binary is tidally locked at the start of the Helium
main sequence and thus can follow the angular momentum
through to core collapse under this assumption, as is dis-
cussed in the next section. The evolution of a He-Star – NS
binary has been investigated in detail by Dewi et al. (2002).
For the very close binaries of interest here the He star will
essentially always fill its Roche Lobe, either on the Helium
main sequence or in the giant branch. The subsequent evo-
lution of the orbit is governed by three factors; i) inspiral
via gravitational radiation, ii) the effects of mass transfer
and iii) mass loss via winds. Gravitational radiation always
acts to decrease the separation of the two components while
mass loss decreases the total mass of the system and may

MS MS

MS

NS/BH

NS/BH

NS/BH He

SN/GRB
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Figure 1. An evolutionary pathway to the creation of a binary
containing a rapidly-rotating core-collapse supernova in a tight
orbit. The primary evolves first, possibly transferring material to
the secondary (stage 1). It then produces a neutron star (NS)
or black hole (BH), when it explodes as a core-collapse super-
nova (stage 2). The secondary then evolves, filling its Roche lobe
(stage 3) and transferring material to the NS/BH producing a
common envelope phase (stage 4). The NS/BH and He core of
the secondary spiral together ejecting the surrounding envelope
producing a very compact binary (stage 5). Tidal locking pro-
duces a rapidly-rotating He star such that the rotation is signif-
icant when the secondary explodes as a core-collapse supernova,
with a torus being formed around the central compact object by
infalling material.

drive the binary to wider separations. The effect of mass
transfer when the He star overflows its Roche Lobe can be
more complex. Matter overflowing the Roche Lobe falls onto
the already formed neutron star and the angular momentum
is then dissipated from the system. However, if this mate-
rial has low specific angular momentum then the system can
widen. Indeed, Dewi et al. (2002) find that for massive He
stars (i.e. those that will form neutron stars) the period typ-
ically increases through the He star evolution. Alternatively,
mass transfer from the He star may result in the merger of
the He star and the neutron star via a delayed dynamical
instability if the mass ratio is too extreme.

c© 2002 RAS, MNRAS 000, 1–6

Producing compact binaries outside of clusters

(Levan, Davies
and King 2006)
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A synthetic population of NS binaries

(Church et al 2011)
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Producing compact binaries within clusters

(eg Davies 1995)
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Where are gamma-ray bursts seen within galaxies?
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Where are gamma-ray bursts seen within galaxies?
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Where are gamma-ray bursts seen within galaxies?
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Where are gamma-ray bursts seen within galaxies?
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(Church et al 2011)

Evidence for NS-NS binaries in globular clusters

In some cases, SGRBs
seen to occur a large
distance from host 
galaxy but at distances
consistent with observed
globular cluster 
populations around other
galaxies.
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NS-NS binaries
Monte Carlo calculations show roughly
10 NS-NS binaries produced per dense 
cluster (cf Grindlay, Portegies Zwart, and 
McMillan 2006).

Next step: perform full N-body calculations
including binary evolution.

Globular clusters may turn out to be very
important factories producing NS-NS binaries
emitting gravitational waves as they spiral 
together, and producing GRBs.
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