
47 Tuc X9	
An ultra-compact X-ray binary 	

with a black hole accretor	

Ross Church	
Department of Astronomy and Theoretical Physics	

Lund University	
!
!
Collaborators:	
	 Melvyn B. Davies & Alexey Bobrick (Lund)	
	 Jay Strader (Michigan State)



Ultra-compact X-ray binaries (UCXBs)

MWD ⇡ 0.01M�

Observed as bright X-ray sources; e.g. 4U 1820-30



Talk summary

47 Tuc X9 is a black hole + CO white dwarf UCXB

Neutron star + CO white dwarf UCXBs undergo unstable	
mass transfer and merge

BH - CO white dwarf UCXBs like 47 Tuc X9 do not form 
in the field, but can form dynamically in dense clusters

Bahramian et al. (2017) MNRAS 467 2199	
Bobrick, Davies & RC (2017) MNRAS 467 3556	

Church et al. (2017) ApJL 851 4



27-day orbital period

Strong OVIII and CIV emission lines in X-ray spectrum;	
lack of He lines

X-ray / radio ratio implies a BH accretor

Miller-Jones et al. (2015) MNRAS 453 3918 	
Bahramian et al. (2017) MNRAS 467 2199	

Tudor et al. (2018) MNRAS 476 1889 

The first BH-COWD ultra-compact X-ray binary?

Observational summary
(Recap from Arash's talk yesterday)



Could the accretor be a neutron star?

Check stability of mass transfer in 	
neutron star - white dwarf binaries





SPH bottom line

Super-Eddington mass transfer highly non-conservative

Only effect of eccentricity is to change Ṁ

Mass lost carries away 0.5 - 0.75 of jorb

For details see Bobrick, Davies & RC (2017) MNRAS 467 3556



Stability analysis Mass transfer in WD-NS binaries 3571

Figure 14. Different estimates of the specific angular momentum lost from
the system, ⟨jz⟩, in units of the specific orbital angular momentum jorb, as a
function of WD mass MWD. The black solid line shows the specific orbital
angular momentum of the accreting NS, jNS. The red dashed line shows the
specific orbital angular momentum of a disc orbiting the accreting NS at
the circularization radius. The blue filled circles show the specific orbital
angular momentum lost in the mechanical wind in our SPH simulations,
and the dotted line a straight-line fit. The SPH estimate is subject to some
uncertainty and may be up to 20 per cent higher, depending on the criteria by
which the lost material is associated with the common envelope. The brown
squares and best-fitting dot–dashed line show the critical specific angular
momentum that separates stable and unstable systems.

A greater loss of angular momentum corresponds to unstable mass
transfer. The critical line is obtained by keeping the specific angular
momentum of the material lost in the mechanical disc wind con-
stant and finding the value that lies on the borderline of stability. The
blue dotted line corresponds to the model in which disc winds carry
away the angular momentum, as measured in our SPH simulations
and used in our standard conditions for the long-term evolution
(equations 10 and 14). The red dashed line in the figure corresponds
to the model in which disc winds carry away the material with the
specific angular momentum at the circularization radius around the
NS (equation 15). The black line represents the mass-loss model
where the material is lost entirely through a jet and carries away the
specific angular momentum of the NS.

As one may see from Fig. 14, for low-mass donors the disc winds
are much more efficient than jets at removing angular momentum
from the orbit. This is expected, since material lost in the jet carries
off the specific angular momentum of the NS. For low-mass donors,
the binary centre of mass is close to the NS, and hence, it has a very
small orbital angular momentum. The disc, on the other hand, may
retain significant angular momentum. The value depends on the
viscous time-scale for the disc, which we find to be relatively short.
Hence, we expect that material will be ejected from the disc before
disc instabilities and the resulting torques can return its angular
momentum to the binary. Similarly, the NS cannot be an efficient
sink of angular momentum due to its small physical size. Therefore,
we expect the specific angular momentum of material lost in the
wind to be close to typical values in the disc. Because material lost

Table 6. Results of different binary models.

Settings Critical mass (M⊙)

Defaults: fjet = 1, jwind = jfit, RCE = 1.1 a, 0.199
NCE = 104

jwind = jcirc 0.262
jwind = jjet 0.844

NCE → ∞ 0.202
NCE = 100 0.192
RCE = 3 a 0.200

fjet = 0.01 0.199
fjet = 10 0.200

in a jet carries off relatively little angular momentum, the jet-only
mass-loss model corresponds to slower orbital evolution at a given
mass and, hence, a much higher critical mass than we measure when
including the effects of disc winds.

In our SPH simulations, the material carries away more angular
momentum than that of a disc at the circularization radius at all
but the lowest masses. At lower WD masses, the WD has less
dynamical effect on the wind as it leaves the disc. Reassuringly, in
the SPH runs with the lowest mass WD, we measure that the angular
momentum carried off is roughly equal to that of the disc at the
circularization radius. At higher WD masses, however, the binary
motion increasingly influences the outflowing material, imposing an
additional torque as it escapes the disc. The lost material therefore
gains additional angular momentum.

Our SPH estimates of α are somewhat sensitive to the choice of
the boundary of the common envelope, shown in Fig. 9. We test
this by varying the radii of the surfaces that divide the particles
associated with the stars from those associated with the common
envelope, Rdiv, from 1.4 RRL to 1.8 RRL, which leads to an increase
in α by about 20 per cent for all of our models. For low-mass
helium WDs, we expect the SPH values of α to be close to the
ones corresponding to the circularization radius, as argued above.
Yet, even if the correct values of α were higher, we can still form
observed UCXB systems such as 4U 1820-30. An increase in α

for the binaries with higher mass CO or ONe WD donors will
have no significant effect on their evolution since these systems are
already unstable. Regardless of the exact value of α, for the range of
plausible values the qualitative behaviour is the same. Stable mass
transfer is possible only for the lowest mass He WD donors. Other
systems, including all C/O and O/Ne WD systems, will undergo
unstable evolution and merge.

The other model parameters have relatively little influence on the
location of the stability boundary, as can be seen in Table 6. The vis-
cous drag on the orbit owing to the presence of a common envelope
makes the system less stable as the viscous inspiral extracts further
angular momentum from the orbit. Similarly, the jet removes mass
with smaller specific angular momentum and hence larger values
of fjet make the system more stable. Overall, the main parameter
determining the stability boundary is α, i.e. the measure of the
angular momentum carried away by the lost material. Our model
predicts that the stability boundary is between 0.2 and 0.3 M⊙,
largely independently of the choice of the model parameters.

6.5 Observational implications of our modelling

Our models imply that the critical WD mass that divides stable from
unstable systems is significantly lower than that predicted by the

MNRAS 467, 3556–3575 (2017)

All massive WD-NS binaries are unstable!
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Could the accretor be a neutron star?

No

Check stability of black hole - white dwarf 	
ultra-compact X-ray binaries
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WD-BH mass transfer stability

Moderately efficient accretion 	
permits WD-BH UCXBs 

RC et al. (2017) ApJL 851 4



BH-WD UCXBs don't form in the field

This mass transfer stage is stable:

WD 	
progenitor

BH

The orbit widens

Form a non-interacting BH-WD binary



Making WD-BH binaries in clusters

Collision-induced common-envelope evolution



Rate and properties calculation

47 TUC X9: AN ACCRETING BLACK HOLE 3

ular cluster, such as 47 Tuc X9, this scenario is unlikely for
two reasons. Firstly, the progenitors of helium-star UCXBs
are relatively massive, so the UCXB forms less than 2 Gyr
after star formation (van Haaften et al. 2013). Given the
age of 47 Tuc this would require an unfeasibly long-lived
UCXB. Secondly, there is no reason to think that the He-star
UCXB channel would be enhanced in globular clusters. The
only other UCXB in a globular cluster reported to be have
a COWD donor is 4U 0513-40 (Koliopanos et al. 2014). In
that case, however, the authors’ diagnosis of a COWD donor
is based on the lack of an iron line, which is in fact likely
caused by the low metallicity in the globular cluster: a He-
rich donor fits better with the observed Type-I X-ray bursts
observed from the system (Koliopanos, private communica-
tion). Hence 47 Tuc X9 is the only binary for which a COWD
donor is required. Given this requirement, we go on to con-
sider dynamical formation of BH–COWD binaries.

3. DYNAMICAL FORMATION OF BH-COWD
BINARIES

It is challenging to form close BH-COWD binaries with
large mass ratios in the field because the final stage of mass
transfer from the white dwarf’s progenitor is then typically
stable owing to the large mass ratio. This leads to a wide
binary. Given this, and the interactive dynamical environ-
ment provided by the core of 47 Tuc, it is natural to consider
dynamical formation mechanisms. The processes relevant to
BH-WD binary formation in globular cluster cores have been
described in detail by Ivanova et al. (2010) and we gratefully
adopt their analysis as the foundation of this section. We
first analyze the expected rates and properties of BH-COWD
binaries formed by collisions of BHs with giant stars, then
briefly discuss the hardening of the resulting binaries so that
they merge.

The core of 47 Tuc has a stellar number density of about
10

5

pc

�3 and a central velocity dispersion of about 12 km/s
(Meylan 1989; McLaughlin et al. 2006). We make the sim-
plifying assumption that these quantities are constant in time.
All the collisions that we are interested in are therefore
strongly gravitationally focused, so the total number of BH-
WD binaries forming by direct collisions, N

form

, is related to
the number of black holes in the core, N•, by N

form

= �N•,
where

� = 2⇡Gf
p

f
seg

v�1

1
X

i

ni

Z

t
[Mi(t) +M•]R?,i(t)dt, (2)

where the sum is over stars of mass Mi, radius R?,i and
number density ni, and the integral runs over the giant phase
only. The velocity at infinity, v1, is taken to be the central
velocity dispersion, and M• is the mass of the black hole.
Tidal dissipation of energy in the giant envelope is sufficient
to lead to capture of the giant into a bound binary if the black
hole passes within a distance R

coll

= f
p

R?. Ivanova et al.
(2017) model a specific encounter between a black hole and a
red giant in detail using hydrodynamic simulations and find
that the maximum pericenter separation at which tidal cap-
ture takes place and the envelope is completely removed is

about three times the giant radius. Hence we take f
p

= 3.
The factor f

seg

is an ad-hoc correction for the enhancement
of the number of red giants in the core owing to mass segre-
gation. We let f

seg

= 2 following Ivanova et al. (2010). We
evaluate Equation 2 using tracks from Hurley et al. (2000)
evaluated at the metallicity of 47 Tuc, Z = 0.004 (Harris
1996). The initial mass function is taken from Kroupa (2002)
and we take the integral up to the assumed cluster age of
13.8Gyr.

Putting these numbers together, we estimate that about six
per cent of black holes should have had a collision that would
lead to a BH-COWD binary (see Table 1). We include colli-
sions with horizontal-branch stars, which dominate the total
numbers. Once the envelope has been ejected the resulting
object will resemble an sub-dwarf B (sdB) star, which are
produced after an RGB star fills its Roche lobe and the sub-
squent episode of common-envelope evolution removes the
hydrogen-rich envelope. We make the conservative assump-
tion that, once the envelope has been ejected, the core “burns
out” to form a hybrid white dwarf with a carbon-oxygen
center. More likely is that the resulting sdB star would ex-
haust core He and form a helium giant, leading to a second
episode of common-envelope evolution and a shorter merger
time. In either case, when observed as a UCXB, we would
expect such an object to be dominated by carbon and oxy-
gen since the helium-rich outer layers will be lost during the
early mass transfer. Our numbers are roughly consistent with
Ivanova et al. (2010); we find a slightly higher rate since we
take the integrated stellar population over time rather than
the present-day population. In conclusion, if the core of 47
Tuc contains a few tens of stellar-mass black holes then it
is likely that one or more of them has acquired a degenerate
carbon-oxygen companion in a collision with a giant.

Table 1. Total expected BH-WD binaries formed by direct colli-
sions per BH over 13.8 Gyr

M•/M� 5 10 20
N

form

/N• (all WD types) 0.046 0.082 0.15
N

form

/N• (COWD only) 0.024 0.041 0.076

By drawing from our predicted collisions uniformly in �

we obtain the properties expected for the post-collision bi-
naries. In all cases, since the pericenter separation R

coll


3R?, mass transfer will take place at pericenter. This mass
transfer leads to common-envelope evolution and the shrink-
ing of the binary orbit. We obtain the final orbital semi-
major axis a

f

from the standard common-envelope prescrip-
tion (Webbink 1984):

a
f

= R?
↵
CE

�

2

M•
M?

M?,core

M?,env
(3)

where we take the common-envelope efficiency parameter
↵
CE

= 1, and the structure parameter for the giants � ⇡ 1

as found to be appropriate for low-mass stars on the horizon-
tal branch (Wang et al. 2016). The giant’s core and enve-
lope masses are M?,core and M?,env respectively. To derive
r
peri

we consider the separation at closest approach during

Fraction of BHs undergoing collision with an evolved star

Tidal capture out to fp ⇡ 3 giant radii

Mass segregation increases rate by fseg ⇡ 2
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Assume a common-envelope-like process after collision

Ivanova et al. (2010) ApJ 717 948	
RC et al. (2017) ApJL 851 4



Collisionally-formed COWD-BH binaries

AGB
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Figure 2. Collisionally-formed binaries containing a 10M� black
hole and a carbon-oxygen core. We plot the binary’s pericenter sep-
aration, r

peri

, as a function of core mass M
core

. Brown circles and
blue squares show binaries formed from collisions with horizontal
branch and AGB stars respectively. Open symbols indicate circular
binaries; filled symbols eccentric binaries. Dashed and dotted lines
show contours of merger times by gravitational wave emission for
initially circular binaries of 1Gyr and 10Gyr.

the initial encounter, R
coll

. For gravitationally focused en-
counters R

coll

is uniformly distributed between 0 and f
p

R?.
If a

f

< R
coll

we take the binary to be circular; otherwise we
take it to be eccentric with r

peri

= R
coll

. This is a conser-
vative assumption given that Ivanova et al. (2017) find that
the pericenter separation reduces during common-envelope
mass loss. Figure 2 shows the pericenter separations r

peri

of
the binaries that form as a function of core mass.

It can be seen from Figure 2 that the typical binary forms
from a collision between a BH and a horizontal branch star
with M?,core ⇡ 0.5M�, and has a pericentre separation be-
tween 10 and 100R�. These binaries are too wide to merge
in a Hubble time by gravitational wave emission without
some additional help from the cluster. Ivanova et al. (2010)
argue that they will undergo collisions with wide binaries and
form hierarchical triples. If the outer orbit is sufficiently in-
clined with respect to the inner orbit then Kozai-Lidov cycles
can drive the inner binary up to high eccentricities. Gravita-
tional wave emission at pericentre then leads to rapid circu-
larisation and ultimately mass transfer begins. They conclude
that such triples should form sufficiently frequently that es-
sentially all of the binaries that we form by collisions will be
driven into mass transfer by Kozai-Lidov cycles.

If the outer binary is too wide, Kozai-Lidov cycles can
be suppressed by relativistic precession of the inner binary.
Adopting equation 4 of Hamers et al. (2013) to characteristic
values for our problem we obtain the maximum outer orbital
semi-major axis a

2,max

that can drive Kozai-Lidov cycles as

a
2,max

=854R�

✓
a
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20R�

◆
4/3 ✓

M
3

M�
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1/3 ✓

11M�
M?,core +M•

◆
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�
1� e2

1

�
1/3

(1� e2
2

)

1/2
, (4)

where the suffices 1 and 2 denote the inner and outer orbits
and M

3

is the mass of the star that orbits the inner binary’s
center of mass. For typical values of e

1

= 0.5 and e
2

= 0.9,
a
2,max

= 1780R�, which excludes barely any of the triples
that Ivanova et al. (2010) consider. Hence relativistic preces-
sion should have only a minor impact on this mechanism.

Based on the inferred mass transfer rate of ⇡ 10

�9 M�/yr
(Miller-Jones et al. 2015) and the likely remaining white
dwarf mass of a few per cent of a solar mass, the likely life-
time of 47 Tuc X9’s current state is 10

7 to 10

8 years. If all
the BH-COWD binaries that form over the lifetime of 47 Tuc
merge in the last Gyr – plausible, given the lengthy gravita-
tional wave inspiral and Kozai cycles required to merge – this
requires, on average, tens of binaries to produce a single vis-
ible UCXB today. In turn that would require a few hundred
10M� black holes in the core, which is at the very upper
end of realistic values. To derive this pessimistic analysis,
however, we have made several conservative assumptions.
Firstly, when considering the entire Galactic globular cluster
population, 47 Tuc represents only about 2.5 per cent of the
total number of stellar encounters (Bahramian et al. 2013).
Hence, if 47 Tuc X9 is the only comparable binary in the
Galaxy we can divide the required formation rate by a factor
of 40. Secondly, we neglect binaries that form via exchanges
and subsequent hardening by encounters and triples. This
channel is approximately equally efficient at producing BH-
WD binaries (Ivanova et al. 2010). We also ignore the fact
that any black holes present are likely to be in binaries with
other black holes. This increases their cross-section for col-
liding with giants as well as potentially providing a built-in
companion to drive Kozai cycles. Given these modifications
we argue that formation rates permit a BH-COWD binary.

A likely extragalactic relative of 47 Tuc X9 is the X-ray
source coincident with RZ 2109, a globular cluster in the
Virgo cluster galaxy NGC 4472 (Maccarone et al. 2007). Its
observed properties are consistent with a stellar-mass black
hole accreting from a COWD at around the Eddington limit
(Zepf et al. 2007, 2008). In our model, such objects form
via the same channel as 47 Tuc X9, but represent an ear-
lier phase of the evolution with higher ˙M . Figure 3 shows
the evolution of the mass-transfer rate and orbital period of a
typical BH-COWD UCXB at late times. The initial masses
of the black and white dwarf are 10M� and 0.5M�. The
circles and squares indicate the approximate states of 47 Tuc
X9 and the RZ 2109 X-ray source. Their respective evolu-
tion timescales imply that systems like 47 Tuc X9 should be
roughly 150 times as common as systems like the RZ 2109
X-ray source. Peacock et al. (2012) and Caldwell et al.
(2014) discuss spectroscopy of about 1600 massive globu-
lar clusters in NGC 4472 and M 87 that encompasses a to-
tal stellar mass of about 3 ⇥ 10

9 M�, within which the only

HB

Merge

Need help 	
merging

Bottom line: rate consistent with seeing one in the Galaxy
RC et al. (2017) ApJL 851 4
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