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Abstract

The natural constants in the universe are adjusted so that dense and massive star forming re-
gions can end up in gravitational bound star clusters, called globular clusters. These objects
are found in all galaxies and are building blocks of galaxies and the universe. The kinematic
properties of globular clusters cannot be explained by that of a population consisting only of
single stars. In fact, an important aspect of these clusters are binary star systems, as they alter
the dynamical evolution. To date, there are some estimates of the binary fraction of Galactic
globular clusters, but very little is known about the properties of binary systems themselves.
With their high mass, black holes can also have an important impact on the cluster evolution.
However, black holes are extremely difficult to detect unless they are actively accreting.

In order to gain insights into the binary properties, such as orbital period, multi-epoch spec-
troscopic observations of individual stars in a given cluster are generally needed. However,
classical spectrographs only offer limited capabilities when it comes to probing the crowded
central regions of globular clusters where most of the binary systems are expected to be found.
This is where the Multi Unit Spectroscopic Explorer (MUSE), a second generation instrument
mounted on one of the Very Large Telescopes (VLTs), comes into play. With MUSE, the spectro-
scopy of individual stars in cluster cores became not only feasible, but also observationally effi-
cient. This work makes use of multi-epoch MUSE observations of 27 Galactic globular clusters,
including more than 380 000 stars and 1 400 000 individual spectra, to derive radial velocities
that allow the identification and characterisation of binary systems.

For the first time in astronomy, three binary systems, each composed of a black hole and a
visible stellar companion, were discovered by this blind spectroscopic survey. A fit of a Kep-
lerian orbit to these systems allowed us to infer the properties which are accessible by the radial
velocity method. These findings helped to understand the retention fraction of black holes and
how they affect the dynamical properties of globular clusters. The identification of these three
black holes in NGC 3201 provided evidence that the cluster hosts an extensive subsystem of
black holes including at least 40 objects. Black holes, as well as the binary systems, provide the
cluster with an extra source of energy that explains why the core of NGC 3201 is not as dense
as expected for a 12 Gyr old simple stellar population.

The pilot study on the globular cluster NGC 3201 shows what can be learned about the binary
content of a globular cluster when using state-of-the-art observations and simulations. A new
statistical method was developed to infer the binary probability of individual stars based on
noisy and sparse radial velocities taking data from all stars of a given cluster into account.
With the help of a sophisticated MOCCA globular cluster model of NGC 3201, the total binary
fraction of 6.8 %, freed from many observational biases, was derived for this cluster. This is
the most accurate estimate obtained to date. The best fitting MOCCA model also suggests
that NGC 3201 was born with a large binary fraction (≥ 50 %) and that the present day binary
population consists mainly of primordial binaries. For the first time in a study of globular
clusters, Keplerian orbits to a significant sample of 95 binaries were obtained. The periods,
eccentricities, and derived minimum companion masses of these systems give insights into the
binary population of NGC 3201. The combination of Hubble Space Telescope (HST) photometry
and literature data with the MUSE star sample of NGC 3201 revealed the binary nature and
spectral properties of peculiar objects such as blue straggler stars, sub-subgiants, and eclipsing
binaries. This showed a high blue straggler binary fraction of at least 58 % and evidence for two
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blue straggler formation scenarios in NGC 3201. On the one hand, blue stragglers are formed
involving mass transfer in a binary or triple star system. On the other hand, blue stragglers are
formed by the coalescence of two stars following the encounter of two binary systems.

It is now known that most Galactic globular clusters do not consist of only one primordial
stellar population, but have instead multiple populations that differ, for example, in elemental
abundances. NGC 3201 shows two distinct populations and it was a logical step to compare
the binary contents of these populations with each other. We found, that the binary fraction of
the first population is significantly higher than the fraction of the second population. Previous
studies have shown similar results for the outer regions of other clusters, but this work was the
first to find such results in a cluster centre. This challenges some theories that expect the binary
fractions of different populations in cluster centres to be the same. In the core of NGC 3201
the most plausible explanation is that the populations were formed with different primordial
binary fractions, which is conceivable if the second population has been formed within and
after the already formed first population.
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1. Introduction

In 1665, when the Galilean telescope was only almost 60 years old, the German amateur as-
tronomer Johann Abraham Ihle observed Saturn in the constellation Sagittarius (Schultz, 1866).
While he was observing, he recognised that one star close to Saturn did not look like the sur-
rounding stars: the object appeared diffuse and nebulous, not like a point source (Kirch, 1682).
A century later, telescopes had evolved and astronomers tried to make a name for themselves
by finding comets. Comets are not stationary, compared to the fixed stars, and appear as diffuse
objects on the night sky. The stationary objects, like the one Ihle discovered, looked similar to
comets in the telescopes of that time and so often led to false discoveries of new comets. The
french astronomer Charles Messier was annoyed by always finding the same stationary objects
and created in the years from 1758 to 1784 a list of 103 stationary diffuse objects that are visible
during the year from his site (Carroll & Ostlie, 2017, p. 940). This Messier catalogue became
famous as a collection of the brightest extended objects in the northern sky. We still give credit
to Ihle for the first report of a globular cluster observation, later listed in the Messier catalogue
as M22. Probably, it was Messier who was the first to resolve individual stars within the globu-
lar cluster M4.

A century later, photographic plates were introduced in astronomy and the era of modern
astrophysics started. In 1897, the 40-in (102 cm) telescope at the Yerkes Observatory was com-
missioned, still today the largest refracting telescope ever used for astronomy (Carroll & Ostlie,
2017, p. 155). In 1909 the German astronomer Karl Schwarzschild hired the talented Danish as-
tronomer Ejnar Hertzsprung at the Göttingen university and they moved together shortly after
to the Potsdam Observatory where the great refractor with 80 cm was commissioned in 1899
(Hearnshaw, 2014, pp. 129 ff.). At that time, the accepted theory for stellar evolution was that
stars were born as hot, blue, and bright (early type) O stars, burn their mass and become cooler,
red, and fainter (late type) M stars. Hertzsprung tried to find this correlation between abso-
lute magnitude and spectral type. Parallel to Hertzsprung, Henry Norris Russel came to the
same conclusions as Hertzsprung, that spectral type and luminosity of stars are correlated with
each other (Carroll & Ostlie, 2017, p. 220). But they both stumbled over bright, red stars which
contradict the stellar evolution theory. They both independently introduced the term giant, to
describe these luminous stars of late spectral type. Additionally, Russel used the term dwarf
for faint stars of late spectral type. Bengt Strömgren later connected the two person names for
the Hertzsprung-Russel Diagram (HRD), which shows the absolute magnitude in relation to
stellar type of stars (Strömgren, 1933). He also suggested that star clusters should be used to
understand stellar evolution better.
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Chapter 1. Introduction

The advantage of a star cluster is that member stars have roughly the same distance to the
Sun. Hence, a comparison of their apparent magnitudes is sufficient. It also became clear that
the spectral type of a star depends on its temperature and thus photometric colour (e.g. B-V or
V-I). The elaborate HRD was simplified to the observational colour-magnitude diagram (CMD),
also called observational HRD, which shows the apparent magnitude in relation to the colour of
observed stars (e.g. Shapley, 1916, Greenstein, 1939, a modern example CMD is shown later in
Fig. 1.5). With the crowded fields it took some time to get to the faint main sequence (MS) (e.g.
Arp et al., 1952). The observers were at first surprised that the bright end of the main sequence
seems to end where the giant branch starts, but this and other studies finally led to solving the
stellar evolution puzzle.

From the distribution of globular clusters in the night sky Karl Bohlin concluded in 1909 that
the Sun may not be at the centre of our Galaxy (Leverington, 1995). Distance measurements to
RR Lyrae stars in globular clusters and with the help of parallaxes to the Andromeda Nebulae,
Small Magellanic Cloud (SMC), and Large Magellanic Cloud (LMC) led to the Great Shapley-
Curtis Debate about whether all spiral nebulae belong to the Galaxy or are external Galaxies.
In the end, the debate was caused by false distance measurements: the distances to the globu-
lar clusters and thus the size of the Milky Way were overestimated, the distance to Andromeda,
SMC, and LMC underestimated. Once the distance measurement problem was solved, the glob-
ular clusters were correctly used to estimate the size of the Milky Way.

Globular clusters can also be used for other astrophysical purposes. Reliable age estimates
of globular clusters are a lower limit for the age of the universe. For cosmological models this
is an important constraint (Freeman & Bland-Hawthorn, 2002). In modern observations, glob-
ular clusters are extremely important test particles to determine the inner dynamics in distant
galaxies (e.g. Trujillo et al., 2019).

1.1. Globular clusters

A star cluster is a group of stars that are gravitationally bound to each other. An open cluster is
defined as a star cluster with hundreds up to 10 000 stars. In the Milky Way, these clusters are
normally tens of million of years young, since their gravitational potential is not sufficient to
hold the members together for long times. In contrast, globular clusters with 10 000 to several
million stars (up to a mass of 5× 106 M� for ω Centauri; NGC 5139 = ω Cen; see a modern col-
our image of ω Cen in Fig. 1.1), are spherically due to their deep gravitational potential (Meylan
& Heggie, 1997). This potential enables the globular cluster to survive within the potential
of a galaxy for several Hubble times. Some globular clusters in the outer halo of the Milky
Way are almost as old as the universe. The Milky Way hosts more than 150 globular clusters
(Harris, 1996, 2010 edition) and they make up 2 % of the light and baryonic mass of the Milky
way halo (Freeman & Bland-Hawthorn, 2002). On a large scale, the globular clusters are in-
teresting probes of galaxy evolution and on small scales give insights into stellar evolution. It
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1.1. Globular clusters

Figure 1.1.: A colour image of the globular cluster ω Centauri (NGC 5139) (ω Cen). Credit:
ESO/INAF-VST/OmegaCAM. Acknowledgement: A. Grado, L. Limatola/INAF-
Capodimonte Observatory.

was established in the 1950s that there are two populations of globular clusters in the Milky
Way, the clusters with more metal-rich stars are concentrated in the Galactic disk, whereas the
metal-poor clusters are located in the Galactic halo (Zinn, 1985). For a long time, it was thought
that the properties of globular clusters are only determined by two parameters – the metallicity
[Fe/H] and a debated second parameter, predominantly cluster age (Dotter et al., 2010) – but
since the discovery of multiple populations (for a review see Bastian & Lardo, 2018) it is clear
that globular clusters cannot be explained that easily.

3



Chapter 1. Introduction

1.1.1. Cluster formation

The formation of globular clusters is still an unsolved puzzle but of great interest because glob-
ular clusters could be the key to understand galaxy formation. Most observed galaxies host a
system of globular clusters, which suggests globular clusters are universal building blocks in
the cosmos (Freeman & Bland-Hawthorn, 2002). The early work by Searle & Zinn (1978) sup-
ports the hypothesis that globular clusters could be protogalactic stellar fragments from which
the Galaxy is formed (Freeman & Bland-Hawthorn, 2002). In the early universe, the gas density
was higher which resulted in a higher efficiency to form massive star clusters (e.g. Kruijssen,
2012). Therefore, most of the massive clusters formed very early, whereas today the formation of
low-mass clusters is mainly observed. (Some very massive clusters still form today, e.g. Bastian
et al., 2006). But how does the formation itself work? One idea is that there is nothing special
about globular cluster formation (Pfeffer et al., 2018), but we are still lacking a consistent form-
ation theory (e.g. Bastian & Lardo, 2018) that can explain the observed multiple populations.
More on multiple populations in Sect. 1.1.6.

Another scenario for globular cluster formation could be merger events of galaxies. During
the merging of two galaxies shock fronts and matter overdensities form that could produce star
clusters efficiently. A breakthrough is currently being achieved with the help of the Gaia mission
(Gaia Collaboration et al., 2016): a recent paper constrains the origin of individual Galactic
globular clusters to the Gaia-Enceladus galaxy (19 %), the Sagittarius dwarf galaxy (5 %), the
Helmi streams (6 %), the Sequoia galaxy (5 %), and 40 % formed in situ (Massari et al., 2019).
This impressively reveals the merger and thus star formation events which built up the Galaxy.
It would also mean, that the age of some globular clusters could be used to reconstruct the
formation history of a galaxy (Ashman & Zepf, 1992, Zepf & Ashman, 1993, Massari et al.,
2019). Furthermore, among the Galactic globular clusters, there could be six former nuclear star
clusters (Kruijssen et al., 2019). One of these is ω Cen, which is probably the remnant of the
nuclear star cluster of the accreted galaxy Gaia-Enceladus or the dwarf galaxy Sequoia (Ibata
et al., 2019, Massari et al., 2019). Another example is M54 (NGC 6715), which comes from the
Sagittarius dwarf galaxy.

1.1.2. Cluster evolution

Many globular clusters show high stellar densities of up to 105 M� pc−3, which lead to each
member star having many gravitational encounters with other members during its lifetime. As
a consequence, the initial orbital and thus velocity information of each star is lost over a specific
time in a cluster, the so-called relaxation time. Of course, for single stars the relaxation time
depends on the position and therefore on the stellar density at that position in the globular
cluster. The core radius rc of a cluster is defined as the radius where the surface brightness
drops to half its central value. Analogue to this, the half-mass radius rh is the radius where
half of the cluster mass is included. For stars in the core of all Galactic globular clusters, the
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Figure 1.2.: Surface brightness profiles of the different globular clusters.

relaxation time is shorter than the cluster age (< 10 Gyr, Harris, 1996). The same is true for
the half-mass radius rh of most clusters and shows that most globular clusters become relaxed
(forget their initial dynamical configuration) over their lifetime.

In thermodynamics, the velocities of particles with equal masses in a relaxed and closed sys-
tem follow a Maxwell-Boltzmann distribution with the maximum determined by the thermo-
dynamic temperature. In globular clusters, in terms of kinetic energy, it is exactly the same, the
cluster wants to evolve to a Maxwellian distribution of stellar kinetic energies. This idea in-
spired the King (1966) model, which essentially assumes all stars have the same mass, resulting
in a Maxwellian distribution of stellar velocities plus a cutoff energy where stars get unbound
due to the galaxy potential. Because stars have different masses, an equilibrium distribution of
kinetic energies can only be achieved if massive stars have lower velocities than less massive
stars. In the gravitational potential of the cluster, when massive stars transfer kinetic energy
to less massive stars, they sink a bit in the potential and transform potential energy to kinetic
energy to become even faster. For the less massive stars it is the opposite: the gained kinetic
energy is transferred into potential energy and they orbit slower on wider orbits around the
cluster centre. This results in a mass segregation of stars along the radius to the cluster centre.
King et al. (1995) observed this mass segregation in NGC 6397 and showed the underabundance
of fainter sources in the cluster core.
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Chapter 1. Introduction

As a consequence of mass segregation, the core is loosing energy (heat) when less massive
stars take the energy to larger radii. Due to tidal forces in the galactic potential, these stars in
the outskirts are more likely to get stripped away. A study by Baumgardt & Sollima (2017)
has shown that, on average, a globular cluster looses 75% - 90% of its initial mass. Thus,
mass segregation causes a preferential removal of low-mass stars. This heat flow results in a
gradual collapse of the core. That is why a globular cluster can be understood as a system with
negative heat capacity: when the core heats up (core collapse), energy is released (Meylan &
Heggie, 1997). Due to their short half-mass relaxation times, old globular clusters should be
core-collapsed (Gao et al., 1991). This contradicts the observations that less than 20 % of all
Galactic globular clusters are core-collapsed Harris (1996, 2010 edition). Figure 1.2 shows the
surface brightness profiles of four selected globular clusters. Instead of brightness the number
of stars in different radial bins divided by bin area and normalised to the number of stars in the
bin at the cluster core radius was taken from the HST ACS globular cluster survey (Sarajedini
et al., 2007, Anderson et al., 2008) for the different globular clusters. Two example globular
clusters – 47 Tucanae (NGC 104 = 47 Tuc) and M30 – meet the simple cluster evolution expect-
ation well and show a steep decrease in the surface brightness with larger radii. Following the
definition for the core radius mentioned before, their cores are extremely small compared to
the total cluster size and can be considered collapsed. The other two examples – ω Cen and
NGC 3201 – show an almost constant profile. These clusters have a relatively large core radius
compared to the total size and with respect to core collapse appear dynamically young. Hence,
there must be some heat source to retard core-collapse on larger timescales in these and other
globular clusters.

1.1.3. Binaries

One such heat source could be binary stars, but no detections of binaries in globular clusters
were made until the late 1980s (McMillan et al., 1998). For example, the systematic spectro-
scopic study of Gunn & Griffin (1979) found no binary systems. This suggested that globular
clusters are born with few if not any so-called primordial binary systems. The few known X-
ray binaries, pulsars, and novae remnants in globular clusters were explained by dynamical
capturing of stars during cluster evolution (Hut et al., 1992). Pryor et al. (1988) finally found
one spectroscopic binary in the globular cluster M3 by observing 111 giant stars. Subsequently,
more detections in several clusters were made and it became clear that binaries are crucial for
understanding globular cluster evolution in general (Heggie, 1975, Goodman & Hut, 1989, Hut
et al., 1992).

Today we know that the total binary fractions in globular clusters are typically lower (. 10 %)
than in the field (about 50 % Duquennoy & Mayor, 1991), but could easily reach values up
to 20 % in cluster centres due to mass segregation (binaries in clusters are in average more
massive than the typical mass of a member star) (McMillan et al., 1998, Milone et al., 2012).
Current observations show a typical increase of the globular cluster binary fraction by a factor
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Figure 1.3.: Surrounding velocity dispersion as a function of the period of binary systems with
hardness 1 and different eccentricities. Binaries below the curves are referred to as
hard and above the curves as soft binaries.

of 2 from two core radius to the cluster centre (Milone et al., 2016). Thus, the evolution and
dynamics of many cluster cores are controlled by binaries. We distinguish between hard (close)
and soft (wide) binaries: hard binaries have binding energies exceeding the mean kinetic energy
of cluster stars, whereas soft binaries are the opposite (McMillan et al., 1998). Figure 1.3 shows
the threshold between hard and soft binary systems depending on the period of the binary
system1 for the velocity dispersion of stars surrounding the binary (Binney & Tremaine, 2008,
see also in this thesis the third publication in Chapter 2 for the used equations). For example,
in the centre of ω Cen the velocity dispersion reaches values up to 20 km s−1 and a binary with
a period of only 100 d is a soft binary and should not survive over the cluster lifetime. Through
super-elastic dynamical scattering of stars with binary systems, hard binary systems normally
get hardened by transferring energy to the encountering stars (from the hot system to the cooler
star; Heggie, 1975). Thus, a large population of hard binaries acts as a heat source in their
environment. This heat retards the core collapse (single stars can get on wider orbits again). In
the picture of Fregeau et al. (2009), a globular cluster could be seen as a single self-gravitating
system like a star, which burns its binaries like stars burn their hydrogen to prevent core collapse

1A binary system with a primary star mass of 0.8M� and a companion mass of 0.6M� was assumed. Constraints
get even stronger if the masses differ more.
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Chapter 1. Introduction

(binary burning phase).

The destruction (ionisation) of binaries is not only possible by stellar encounters of (soft) bin-
aries with single stars (binary-single encounters), but also by binary-binary encounters. Dur-
ing binary-binary encounters, one binary system could be hardened and the other system be
resolved (Heggie, 1975, Fregeau et al., 2004). In the course of binary-single or binary-binary
encounters, binary systems tend to exchange the less massive component with a more massive
component. As a consequence, multiple binary exchanges equalise the mass components of
a binary system over time. Of course, another destruction process of a binary system could
be due to binary evolution, e.g. mass transfer, common envelope phase, stellar merger, super-
novae, and so on.

For the creation of new binary systems by tidal capture in three-body systems (Fabian et al.,
1975) an extremely high stellar density is necessary. Only some globular clusters reach high
enough densities in their cores and the number of destruction events also increases with density
(McMillan et al., 1998), so where does the current binary population in most clusters come
from and why is it not a negligible binary fraction? The answer is primordial binaries: very
high initial primordial binary fractions (about 50 to 100 %) are necessary to reproduce what we
observe today (Ivanova et al., 2005, Leigh et al., 2015).

The mass segregation of binaries towards the cluster core and the destruction of these systems
could reach an equilibrium and thus stabilise the core binary fraction over some time (Goodman
& Hut, 1989, Fregeau et al., 2009).

While binaries play an important role in the cluster evolution, the opposite is also true: the
binary evolution itself is influenced (often accelerated) by the interactions of stars in the cluster.
These interactions can lead to a number of extraordinary objects in globular clusters such as the
following (Pooley & Hut, 2006, Ivanova et al., 2008):

A cataclysmic variable star (CV) is a close binary system with a white dwarf accreting mass
from a red dwarf, helium star, or subgiant. In globular clusters these systems are relatively
faint and spectra of these objects are rare (Göttgens et al., 2019a).

A millisecond pulsar (MSP) is a pulsar with periods in the millisecond range. The pulsations
originate from rapidly rotating neutron stars that have been recycled through accretion of
matter from companion stars in close binary systems (Tauris & van den Heuvel, 2006).

A low-mass X-ray binary (LMXB) is a compact binary system where one of the components is
either a black hole or neutron star and the other component a less massive star filling its
Roche lobe (Tauris & van den Heuvel, 2006).

A blue straggler star (BSS) is a MS star in an open or globular cluster that is more luminous
and bluer than stars at the main sequence turnoff of the cluster (see Sect. 1.1.4 for an
introduction).
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Figure 1.4.: Correlation between binary fraction and absolute visual magnitude of Galactic glob-
ular clusters.

A sub-subgiant (SSG) is a star located below the subgiant branch in the CMD of an open or
globular cluster; see the second paper in Chapter 2 for a detailed description.

Stellar-mass black holes (BHs) can form binary systems just like stars and merge more easily
by efficiently radiating gravitational waves; an introduction to BHs is given in Sect. 1.1.5.

The connections with binary evolution of BSSs, SSGs, and BHs are discussed in detail in this
work.

An overabundance of LMXBs is observed in globular clusters and could be connected to the
stellar encounter rate of clusters (Pooley et al., 2003). Related to this, an overabundance of
neutron stars (NSs) and thus NS-NS or BH-NS binaries are likely (Ruiter et al., 2019). In con-
trast, CVs could be rare in clusters, since white dwarfs (in average less massive) are not mass
segregated and due to binary exchanges less likely to be retained in binary systems. In general,
the remnant fraction of compact or degenerated objects (e.g. NSs, BHs) in globular clusters is
poorly known (Hansen & Phinney, 1997), but binary studies could reveal these objects indir-
ectly.

There are several observational techniques for identifying binaries; they are discussed in
Sect. 1.2.1. One efficient technique is high precision photometry (Sollima et al., 2007a, Milone

9



Chapter 1. Introduction

et al., 2012), which uses the fact that binary stars with both components contributing to the
total brightness of one unresolved source have a position in the CMD that is different from
single stars (e.g. at the MS often called binary main sequence, see Fig. 1.5). This technique has
a high discovery efficiency for binaries with both components having similar masses, but it
does not reveal the orbital parameters of the binary systems. Notwithstanding this, a signific-
ant anti-correlation between the binary fraction in a cluster and its absolute luminosity (mass)
was found by Milone et al. (2012). Figure 1.4 shows this correlation between the binary fraction
and the absolute visual magnitude of Galactic globular clusters based on the core binary frac-
tions fq>0.5

core with binaries having a mass ratio q > 0.5 published in Milone et al. (2012) and the
absolute visual magnitudes published in Harris (1996, 2010 edition).

1.1.4. Blue stragglers

Sandage (1953) identified an extension of the main sequence towards bluer (hotter) and brighter
stars in the CMD of the globular cluster M3 after carefully ensuring the cluster membership of
this stellar population (comparable stars are visible in Fig. 1.5 of the globular cluster NGC 3201).
At first this seemed to contradict the stellar evolution theory, since the same age of all stars
should result in a CMD with a continuous transition from the main sequence to the giant branch
(e.g. Williams, 1964). But McCrea (1964) and van den Heuvel (1967) had the idea that mass
transfer in binary systems could explain all observed properties of these so-called blue straggler
stars. It became clear that blue stragglers appear younger and more massive compared to the
cluster population. In globular clusters only mass transfer in a binary system, binary mergers in
binary-binary (binary-single) collisions, or the coalescence of two stars in a multiple-star system
remain as plausible explanations for blue straggler formation (Stryker, 1993). But why are blue
stragglers in globular clusters so interesting? First, blue stragglers are present in all observed
clusters and are thus an integral component of globular clusters (Davies et al., 2004, Ferraro
& Lanzoni, 2009). Second, due to their relatively small number and their higher brightness
(and blue colour), they are easier to observe. Third, the properties of blue stragglers link stellar
evolution with cluster dynamics (Bailyn, 1995):

The last point is currently of great interest, since it not only allows us to understand the blue
straggler formation, but also can be used to track the cluster evolution history. On the one
hand, as described in Sect. 1.1.3, a globular cluster is formed with some amount of primor-
dial binaries. Hard primordial binary systems could evolve to the mass transfer phase, which
could end in the coalescence of both stars forming a “primordial blue straggler” (Hypki & Gi-
ersz, 2017a). On the other hand, in high stellar density environments, blue stragglers could be
formed from collisions of stars. For example, due to dynamical interactions with other stars
or systems, wide binaries could become more and more eccentric until the binary components
collide (Hypki & Giersz, 2017a). A dynamically formed blue straggler could also result from a
binary-binary encounter, in which two components collide and form a blue straggler (Hypki &
Giersz, 2017a). Interestingly, the largest portions of blue stragglers were found in NGC 288 and
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Figure 1.5.: Colour-magnitude diagram of the globular cluster NGC 3201 with annotations for
important regions. Notice the photometric binary main sequence above the main
sequence.

in M80, the former with the lowest and the letter with the highest central density, suggesting
that both formation channels are efficient in producing blue stragglers (Davies et al., 2004, Fer-
raro & Lanzoni, 2009). If only primordial blue stragglers would be present in globular clusters,
their number should scale linearly with total cluster mass (assuming an equal primordial bin-
ary fraction in all clusters). If only dynamical blue stragglers would be present, their amount
should be directly correlate with the collision rate of a given cluster. Actually, in the cores of
globular clusters a correlation in the number of blue stragglers with the total core stellar mass
was found by Knigge et al. (2009). Theoretically, denser globular clusters create more dynam-
ical blue stragglers (Hypki & Giersz, 2017a), whereas in low density clusters the evolutionary
primordial blue stragglers should dominate (Beccari et al., 2013). Leigh et al. (2019) found that
the blue straggler population of most clusters mainly consists of primordial blue stragglers,
suggesting that the mass transfer scenario in binary systems is most efficient. In the post-core
collapse clusters the dynamical collision scenario best explains the observation of the blue strag-
gler population. This is also supported by a correlation between the core blue straggler fraction
and the binary fraction of globular clusters (Sollima et al., 2008, Milone et al., 2012): the higher
the binary fraction, the higher the probability that blue stragglers form. There are also globular
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clusters with two distinct blue straggler sequences, but it is not clear if they are connected to
distinct formation channels or can be attributed to different formation events (e.g. Bailyn, 1992,
Ferraro et al., 2009, Hypki & Giersz, 2017b, Beccari et al., 2019).

We are still lacking a feasible observational discrimination between primordial and dynam-
ical blue stragglers. In high resolution spectra a depletion of carbon and oxygen in a subpop-
ulation of blue stragglers was found in 47 Tuc and M30 which could be explained by the mass
transfer scenario (Ferraro et al., 2006, Lovisi et al., 2013b), but in other clusters that depletion
was not found, which makes a correct interpretation more difficult (e.g. Lovisi et al., 2013a).
Another way to get insights in the formation channel of blue stragglers could be the study of
the stellar rotation of blue stragglers. Angular momentum could either be transferred via mass
transfer to the blue straggler or gained in a merger event, but for a correct interpretation mean-
ingful models and theories are currently missing (Simunovic & Puzia, 2014, Mucciarelli et al.,
2014, Leiner et al., 2018).

Another important discovery is that the spatial distribution of blue stragglers in globular
clusters could be interpreted as a dynamical clock of the cluster (Ferraro et al., 2012, Alessandrini
et al., 2016, Lanzoni et al., 2016). In the observations, the radial fraction of blue stragglers to
other stars has at different cluster core radii one defined minimum in all globular clusters. The
idea is that blue stragglers are sensitive test particles to mass segregation. In dynamically young
clusters only a few blue stragglers from a relatively small influence sphere have migrated to-
wards the centre, causing a minimum of the blue straggler frequency near the centre. In dy-
namical older clusters, this minimum is on larger cluster core radii, indicating mass segregation
has affected a larger portion of the cluster. A clear correlation of this dynamical clock was found
with the cluster relaxation time, enabling easy observations of blue stragglers to determine the
dynamical age of a globular cluster. Properties that could influence the dynamical clock are the
clusters binary fraction and the retention fraction of dark remnants in the core (Alessandrini
et al., 2016).

1.1.5. Black holes

When non-rotating baryonic matter reaches a density higher than (Scheck, 2006)

ρ =
3c6

32πG3M2
(1.1)

– with the speed of light c, the gravitational constant G, and the mass of the matter M – it has
a so-called event horizon congruent to the Schwarzschild radius rS at which the space time is
curved in such a way that even light cannot escape the inner ’volume’ (Schwarzschild, 1916,
Carroll & Ostlie, 2017, p. 635)

rS =
2GM

c2
≈M × 2.95 km M−1� . (1.2)
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Because of this effect, these objects are called black holes (BHs). The interiors of BHs are not
known and not accessible for experiments: Einstein predicted a singularity for these objects
in his General Relativity, but such should not exist in nature. He also predicted gravitational
waves (GWs) in space-time, created by accelerated masses and thought these tiny waves would
never be detected, but those detected from a binary black hole merger by Abbott et al. (2016)
directly proved multiple facts: GWs are existent, stellar-mass black hole mergers happen, and
the GWs from the merger are completely consistent with General Relativity. Since then, multiple
GW events have been observed and merger rates for our local universe have been estimated.
At first, these merger rates were too high compared to most theories available, but it has been
since shown that such high rates can be reproduced assuming a significant fraction (if not most)
of black hole binaries are created in globular clusters (see the review by Rodriguez et al., 2018).

Currently two types of black holes are known in the universe, stellar-mass black holes (BHs)
and supermassive black holes (SMBHs). Stellar-mass BHs are usually remnants of stellar evol-
ution reaching the density described above and having masses up to few 100 M�. At the end
of stellar evolution, fusion processes come to a halt, causing the radiation pressure to decrease
and the star to collapse into a degenerated (compact and faint) star. Stars remaining under
the Chandrasekhar limit of about 1.46 M� become white dwarfs. Stars exceeding the Tolman-
Oppenheimer-Volkoff limit of about 3 M� should collapse into black holes (Bombaci, 1996).
Neutron stars (NSs) live in between these mass limits. In addition to the stellar evolution path,
the creation of primordial BHs from pure hydrogen and helium is also conceivable (Carr, 1975).
Stellar-mass black holes have been identified in X-ray compact binary systems and are now re-
sponsible for nearly all observed GW events to date. Theorists have long predicted that globular
clusters could produce many BHs, but could only hold one or two of them due to natal kicks or
via mutual interactions (e.g. Spitzer, 1969, Kulkarni et al., 1993, Sigurdsson & Hernquist, 1993):
BHs migrate towards the cluster centre due to the short relaxation time and kick each other out.
However, observational evidence in the last years of BHs in globular clusters has proven that
this idea is wrong (Maccarone et al., 2007, Strader et al., 2012, Chomiuk et al., 2013, Minniti et al.,
2015). My dissertation makes a significant contribution to this by the discovery of a detached
stellar-mass BH in a globular cluster (see the first paper in Chapter 2) which proves that BHs
are not exceptional objects but represent an important ingredient of globular clusters. Thanks to
these observations, more realistic simulations including binary evolution have been conducted,
reproducing globular clusters with extended black hole systems (e.g. Mackey et al., 2007, 2008b,
Morscher et al., 2015, Wang et al., 2016a, Kremer et al., 2018b, Askar et al., 2018). They show
that 10 % of the initial cluster mass is converted into BHs and that these BHs accumulate around
cluster centres due to mass segregation. The retention fraction of these BHs, their mass spec-
trum, and the shape of the BH system within a cluster are still unclear (Belczynski et al., 2006,
Baumgardt & Sollima, 2017, Giesler et al., 2017). This effect is also important in the understand-
ing of the number of GW sources created by globular clusters. If black holes are retained in the
cores of globular clusters, they alter the cluster evolution completely: analogue to the binary
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burning in the core of a globular cluster (see Sect. 1.1.3), a black hole burning is also conceivable
(Kremer et al., 2020). This thesis contributes to answering these open questions.

SMBHs are those indirectly observed in the centres of galaxies. A prominent example is
Sagittarius A*, a SMBH within the centre of the Milky Way. Stars around that SMBH have
been used to weight the black hole and to detect the gravitational redshift caused by general
relativity (Gravity Collaboration et al., 2018). Recently, the first direct image of the M87 SMBH
has been published by the Event Horizon Telescope Collaboration et al. (2019), confirming the
observation to be consistent with General Relativity. From observations of the early universe
(high redshift) there is evidence for SMBHs formed rapidly from primordial gas clouds (e.g.
Volonteri, 2012, Wise et al., 2019). Another scenario to form a SMBH is the runaway merging of
massive stars or stellar-mass black holes in globular clusters, an effect that strongly depends on
the cluster metallicity (Gieles et al., 2018). Scaling relations linking black hole masses to galaxy
bulge masses and velocity dispersion have been found (McConnell & Ma, 2013): the lower
the galaxy mass, the lower the mass of the central BH, although no observational evidence for
SMBHs below 105 M� in low mass galaxies (< 1010 M�) is present (Kormendy & Ho, 2013).

It is natural to search for BHs in globular clusters: following the scaling relation, they could
have central BHs with masses between the known stellar-mass BHs and SMBHs. These BHs
are therefore called intermediate-mass black holes (IMBHs). To date, there is no convincing ob-
servational evidence for these black holes (Baumgardt, 2017, Tremou et al., 2018). For example,
Lützgendorf et al. (2011a) claimed to have found an IMBH in NGC 6388 but this discovery was
justifiably questioned by Lanzoni et al. (2013). The observational bias comes from the fact that
stellar-mass black holes and binaries can influence the kinematics of surrounding stars in the
same way as an IMBH would do (e.g. Mann et al., 2019). This is where our MUSE survey (see
Sect. 1.4.2) comes in, helping to solve this puzzle. Currently, ω Cen and M54 are promising can-
didates to host an IMBH, because they could be former nuclei of galaxies as mentioned before
in Sect. 1.1.1. Furthermore, IMBHs could be the seeds for SMBHs in the early universe, and
IMBHs could be built up from BHs. The most likely place in which these formation scenarios
are possible are globular clusters. Finally, GW observations could also help to solve this puzzle.

1.1.6. Multiple populations

Until 1999 it was considered that all stars in globular clusters, except some peculiar objects,
are roughly formed at the same time from the same material, hence are a simple single stellar
population. The discovery of two distinct stellar populations in ω Cen by Lee et al. (1999) ques-
tioned this assumption. Of course, as mentioned in Sect. 1.1.1, ω Cen is not a typical globular
cluster, but with the spectroscopic discovery of the sodium-oxygen, magnesium-aluminium,
carbon-nitrogen anti-correlations, and helium-enriched stellar populations in several globular
clusters, it became clear that multiple populations are present in most, probably all massive
Galactic globular clusters (e.g. Kraft, 1994, Gratton et al., 2001, 2004, Piotto et al., 2005, Carretta
et al., 2007a, 2009b). With recent Hubble Space Telescope (HST) photometry, often the red-giant
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branch (RGB) and the MS show multiple stellar sequences (e.g. Bedin et al., 2004, Piotto et al.,
2007, Milone et al., 2008, Piotto et al., 2015, Milone et al., 2017). Extending our view to other
galaxies like the SMC and LMC revealed that extragalactic globular clusters also host multiple
stellar populations (e.g. Mackey et al., 2008a), but some intermediate-age globular clusters seem
not to exhibit multiple populations (Li et al., 2014, de Grijs & Li, 2018). In summary, multiple
populations occur in clusters more massive than about 104 M� and older than 2 Gyr (Martocchia
et al., 2018).

No generally accepted formation scenario is known for the variety of multiple populations in
globular clusters (see Bastian & Lardo, 2018, for a review). The kinematic properties of stars in
the different populations in connection with their chemical abundances could give some clues
about the formation of the populations. In most Galactic globular clusters, two different popu-
lations are apparent: the more primordial population 1 (P1, in the past called first generation)
and the enriched population 2 (P2, in the past called second generation). The relative number
of P1 and P2 stars depends on the mass of the globular cluster: in high mass globular clusters
the P1 stars are outnumbered by the P2 stars. Additionally, the P2 population could again show
further sub-populations as in NGC 2808 (Piotto et al., 2007, Milone et al., 2015). The P2 stars are
normally more centrally concentrated than the P1 stars (e.g. Sollima et al., 2007b, Lardo et al.,
2011, Kučinskas et al., 2014). There are also exceptions to this: for example, P1 stars in M15
are more concentrated than P2 stars in the centre and also in the outskirts (Larsen et al., 2015).
In young globular clusters, a difference in stellar spins between populations could mimic the
appearance of chemically different populations (Kamann et al., 2018a). However, a fast-rotating
star has a slightly different hydrostatic equilibrium than a slow-rotating star which could alter
its stellar evolution (de Grijs & Li, 2018). Another misidentification of populations could be due
to the binary main sequence as described in Sect. 1.1.3 (for a deeper discussion see also the third
paper in Chapter 2). Findings of lower velocity dispersions in P2 populations compared to the
corresponding P1 populations can also be attributed to binary stars, increasing the dispersion
in P1 (Dalessandro et al., 2018).

As discussed in Sect. 1.1.3 the binary fraction originates from the primordial binary fraction
in most globular clusters, thus most binaries can be considered as primordial. The dominating
destruction process of these binaries depends on the cluster density. Hence, the binary fraction
of a more centrally concentrated population should decrease over time compared to an outer
population. The lower binary fraction of P2 stars compared to P1 stars has been confirmed by
observations (e.g. D’Orazi et al., 2010, Lucatello et al., 2015, Dalessandro et al., 2018) and can
also be modelled (e.g. Vesperini et al., 2010, Hong et al., 2015). Lucatello et al. (2015) derived a
P1 binary fraction of (4.9± 1.3) % and a P2 binary fraction of (1.2± 0.4) % from 21 binaries in
ten globular clusters, and Dalessandro et al. (2018) found 12 binaries with a P1 binary fraction
of about 14 % and a P2 binary fraction of lower than 1 % in NGC 6362. The mixed populations
in the cores of globular clusters experience the same destruction processes over time and should
end up with similar binary fractions (Hong et al., 2015, 2016). One problem is that the simula-
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tions use equal masses for all stars. There are two possible explanations for the conservation of
different population binary fractions in the core: if on average P2 stars have more radial orbits
in the cluster potential than P1 stars, most of the time the P2 stars seem to be on wider orbits
but experience the dense core once per revolution, thus decreasing the binary fraction of P2
more in contrast to P1. Another explanation would be different primordial binary fractions of
the populations, but apart from a slightly different chemical composition, no complete theory
exists to explain the big differences in binary fraction we observe (Dalessandro et al., 2018).

Beyond the internal cluster formation scenarios, some cluster populations could be attributed
to merger events: for example ω Cen and NGC 1851 show some odd populations that could
have been accreted (Lee et al., 1999, Carretta et al., 2010).

1.1.7. Simulations

A typical Galactic globular cluster was born with a million stars and evolves over at least 10 Gyr.
Thus, the simulation of the gravitational interactions between stars, the stellar evolution, bin-
ary interactions, natal kicks of NSs and BHs, and influence of an external gravitational potential
of a galaxy is a computational challenge. A direct approach would be a so-called N -body in-
tegrator, which calculates the gravitational forces between all N stars on every dynamical time
step. An indirect approach would be a Monte Carlo method which approximates these forces.
Additionally, both approaches need models for stellar evolution, binary evolution, and a galaxy
potential. These additional models could actually be identical for both approaches. Such simu-
lations usually start with a defined number of already formed stars drawn from an initial mass
function (IMF) such as the Salpeter (1955) IMF or Kroupa (2001) IMF. The spatial distribution of
these stars could be set up using a King (1966) model or observations of young massive clusters.
Assumptions, such as dynamic equilibrium, homogeneous mass distribution, and no substruc-
tures in the initial configuration of a simulation, should be kept in mind when comparing with
observations (de Grijs, 2010).

A lot of progress has been made simulating realistic globular clusters. On the N -body side,
in 20 years the number of stars simulated grew from 103 (Spurzem & Aarseth, 1996) and 105

(Baumgardt & Makino, 2003) to 106 (Wang et al., 2016a) recently. These N -body simulations are
essential to validate the Monte Carlo methods. Actually, Monte Carlo methods have produced
large globular cluster simulations earlier (e.g. 106 stars in Giersz, 2006), but only the compar-
ison with the N -body simulations gives good confidence to them. Ones a Monte Carlo code is
validated, the parameter space can be investigated on much shorter timescales compared with
N -body simulations. Several Monte Carlo codes have been introduced (e.g. Spurzem & Giersz,
1996, Giersz, 1998). Based on the Monte Carlo approach of Hénon (1971) over the years an
advanced simulation called MOCCA has been developed and validated against N -body sim-
ulations (Hypki & Giersz, 2013, Giersz et al., 2013, Leigh et al., 2013, 2015). With this code a
survey of simulated models has been created (e.g. Askar et al., 2017, 2018, Arca Sedda et al.,
2018) which represents most of the Galactic globular clusters.
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1.2. Multiple star systems and binaries

Figure 1.6.: Schemes for hierarchical multiple star systems. Every level connects two compon-
ents in a quasi binary system. Circles represent stars.

Modern N -body simulations such as the DRAGON simulation and Monte Carlo simula-
tions, such as the MOCCA simulation, also include the dynamical evolution of binary systems.
Because it is way more computationally expensive to include binary evolution into N -body
simulations, the initial (primordial) binary fraction is usually low, e.g. 5 % in the DRAGON
simulation. In the Monte Carlo simulations it is even possible to have a 100 % binary frac-
tion. Recent simulations (e.g. Hypki & Giersz, 2013) are able to reproduce binary products such
as blue straggler stars, cataclysmic variables, binary black holes, and so on. As explained in
Sect. 1.1.3, it is more likely that high primordial binary fractions > 50 % are needed to explain
the observational properties of most globular clusters and the peculiar stars they contain, but
there is still no final agreement within the literature. These modern simulations also retain –
in contrast to the simplified Spitzer (1969) model – many black holes and could be used to pre-
dict the number of gravitational wave events to expect from globular clusters. For example,
the DRAGON simulation confirmed for the first time the existence of a BH subsystem in a full
direct N -body simulation. More on the simulation results of black holes in Sect. 1.1.5.

1.2. Multiple star systems and binaries

A multiple star system is a system in which multiple stars are bound to each other by gravity.
A famous example for such systems is Mizar, which with Galilean telescopes is easy to resolve
into two components Mizar A and Mizar B. Until 1889 this system was thought to be a binary
system, but in that year Mizar A was proved to be a spectroscopic binary (Pickering, 1890). In
1908 the same happened to Mizar B (Ludendorff, 1908, Frost, 1908). These four stars are a good
example for a hierarchical quadruple star system. Since only two-body systems are stable over
long timescales, and close stars act gravitationally almost as a single point mass on another
distant star (or close binary), hierarchical systems like in Fig. 1.6 sketched live longer.
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1.2.1. Observational techniques

From an observational point of view, there are different ways to observe multiple star systems.
Components of multiple star systems, such as Mizar A and B can be directly observed with
telescopes if the angular separation of the components is higher than the minimal angular res-
olution θmin of the telescope

θmin = 1.22
λ

D
. (1.3)

This is the well-known Rayleigh criterion for a circular aperture D and the effective observa-
tional wavelength λ. Actually, with modern optical interferometry, even small angular sep-
arations, like the components of Mizar A have, can be directly resolved (Benson et al., 1997).
For simplicity, we concentrate hereafter only on binary systems, since most multi-star systems
should be hierarchical systems with two bodies being on the dominant timescale for the dy-
namics of the system. With astrometry the binary system could also be analysed if only one
“wobbling” component could be measured.

Another indirect method to observe binaries is to look for flux changes of the system. In the
case of an eclipsing binary system, a change in brightness is measurable when one component
eclipses the other component. If the inclination is correct, such systems have a secondary eclipse
in addition to the primary eclipse. With high precision photometry it is also possible to detect
nearby binary systems which are not eclipsing due to changes in geometric effects, e.g. the
reflection of light from one component onto the other, the deformation of one star due to the
companion star, or relativistic beaming (lensing) of star light.

Exotic objects, like the ones described in Sect. 1.1.3, can also be identified by radio, X-ray, or
Gamma-ray searches, depending on the flux in these electromagnetic wavelengths.

With Doppler spectroscopy it is possible to observe the Doppler effect and thus the stellar
velocity in line of sight in stellar spectra due to gravitational effects. The resolving power R of
a spectrograph

R =
λ

∆λ
(1.4)

with the smallest resolvable difference in wavelength ∆λ at the wavelength λ determines what
changes are resolvable in a spectrum. In the case of a binary system with one component being
magnitudes brighter than the other component, at any point in time, the spectrum would look
the same except for a wavelength shift. This wavelength shift ∆λ could be translated to the
so-called line of sight (LOS) non-relativistic radial velocity vr

∆λ

λ
=
vr

c
. (1.5)

These binaries are called single-lined spectroscopic binaries (SB1), whereas binaries with both
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components visible in the spectrum are called double-lined spectroscopic binaries (SB2). The
spectra of SB2 can look different at different times, since the Doppler shifted spectra of both
stars are combined in one spectrum. For SB2 no absolute wavelength calibration is needed to
derive the system properties, whereas for SB1 an accurate wavelength reference is needed to
calculate ∆λ consistently at every time step.

1.2.2. The radial velocity technique of binary systems

To derive the Keplerian parameters from the radial velocities of a binary system, an orbital
model is needed. For circular orbits of a two-body system, using Kepler’s third law, the radial
velocity semi-amplitude K1 of the object M1 is the projection of its orbital velocity v1 with the
orbital plane inclination i:

K1 = v1 sin i = M2

√
G

a(M1 +M2)
sin i (1.6)

with the body masses M1 and M2, the semi-major axis a of the system, and the gravitational
constant G. Therefore, the time t dependent radial velocity vr,1(t) is

vr,1(t) = v0 +K1 cosM(t) with M(t) = 2π

(
t

P
+ φ

)
(1.7)

the so-called mean anomaly, the barycentric system velocity v0, the period P , and the phase φ
(since periastron) of the system.

For the general two-body problem with eccentricity e the Kepler equation

E(t)− e sinE(t) = M(t) , (1.8)

with the eccentric anomaly E(t) is helpful. Note, this equation is not analytically solvable for
E(t), but using the Banach-Caccioppoli fixed-point theorem, it is possible to approximate the
equation iteratively

E(t)0 = M(t) (1.9)

E(t)n+1 = M(t) + e sinE(t)n . (1.10)

The true anomaly T (t) can be expressed as (Lovis & Fischer, 2010)

T (t) = 2 arctan

(√
1 + e

1− e
tan

E(t)

2

)
. (1.11)
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Figure 1.7.: The radial velocity curves of an example binary system with semi-amplitude
K1 = 10 km s−1, period P = 100 d, eccentricity e = 0.5, phase φ = 30◦ and three
different arguments of periapsis ω (see legend).

The radial velocity induced by the true anomaly of the object M1 is finally

vr,1(t) = v0+K1 [e cosω + cos (T (t) + ω)] with K1 = M2

√
G

a(M1 +M2)(1− e2)
sin i , (1.12)

the radial velocity semi-amplitude K1, and the argument of periapsis ω. For the case with
e = 0 these equations resemble Eq. 1.6 and Eq. 1.7. Figure 1.7 shows an eccentric binary system
example with the used parameters given in the description of the figure. It demonstrates how
the same orbit looks in radial velocities when only changing the argument of periapsis and thus
the projection of the orbit to the observer. It also shows how asymmetric and different from
sinusoidal functions a radial velocity curve can appear.

Using these equations, Kepler’s third law, and sufficient radial velocity measurements of a
SB1 binary system, the semi-amplitude K and thus period P and eccentricity e can be cal-
culated. From radial velocities it is not possible to determine the inclination i of the system.
Knowing one of the masses (e.g. M1) only the other minimum companion mass M2 sin i can be
derived. The same is true for the semi-major axis a, which is projected with i too.

In Table 1.1 the parameters to describe the configuration of a binary system are summarised
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Table 1.1.: Parameters to describe the configuration of a binary system.
Parameter Unit Description
M1, Mvisible M� Mass of the luminous (brighter) component.
M2, Minvisible M� Mass of the fainter component.
P d Period of the orbit (same for both components).
e – Eccentricity of the orbit.
a AU Semi-major axis of the orbit.
i ◦ Inclination of the orbit

(0◦ is a face-on and 90◦ an edge-on orbital plane).
φ ◦ Phase in time of the orbit.
ω ◦ Argument of periapsis.
K, K1 km s−1 Semi-amplitude of the measurable radial velocities of the (usu-

ally) luminous component.
vr, vr,1(t) km s−1 Time-dependent radial velocities of the (usually) luminous com-

ponent.

and are used throughout this work.

1.3. Integral-field spectroscopy and MUSE

A simple spectrograph is fed with one light source and disperses this light via a dispersion ele-
ment (e.g. prism, grating, grism) into different wavelengths to obtain a spectrum on a screen or
sensor. For multiple sources in the focal plane of a telescope there are different approaches to get
the spectral information simultaneously for each source. A simple way is the so-called objective
prism spectroscopy which uses a great prism or grating in the path of the light beam to disperse
the light of every source. The offset of the sources is retained in the offset of the dispersed light
on the sensor. Of course, this approach limits the spectral resolving power, the minimal off-
set between the sources and maximises the contaminating background. Another approach is
to use multi-object spectrographs, where an aperture (fibre or optical element) selects a source
and feeds it into a dedicated spectrograph or with high enough offsets in a single spectrograph
to get independent spectra. These multi-object spectrographs are frequently used today and
reach high spectral resolving powers. Their limit is of course a compromise between the size of
the point spread function (PSF) of the source and the physical dimension of the aperture and
their limited number. If PSFs overlap, multi-object spectrographs are usually not able to get
individual spectra of blended sources. Therefore the next step further is to entirely divide the
focal plane optically into small areas without gaps which are then send to spectrographs inde-
pendently. These spectrographs are so-called integral-field spectrographs (IFSs) and use optical
field splitter, slicer, lenslet arrays, or fibre arrays to divide the focal plane without compromise
into a matrix. These spectrographs enable astronomers to get three dimensions of information
– two spatial and one spectral – of a specific field of view (FoV). It does not really matter where
the object in the FoV is and how extended the source is. Hence, blended, nearby sources can be
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untangled using the fully preserved spatial information. A side effect of these spectrographs is,
that they are good in conserving the light flux, since most of the photons in the FoV should end
on one of the sensors (apart from reflective or refractive imperfections and edge effects of the
optical elements).

The first generation of IFSs, like SINFONI (Eisenhauer et al., 2003) or PMAS (Roth et al., 2005)
had a relatively small FoV but demonstrated the performance of such spectrographs. For the
second generation instrumentation of the Very Large Telescopes (VLTs) at the Paranal observat-
ory in Chile of the European Southern Observatory (ESO) a consortium was founded to develop
a next generation IFS called Multi Unit Spectroscopic Explorer (MUSE). It was commissioned
in 2014 and combines the survey capabilities of an imager with the power of an IFS, while be-
ing very efficient (35 % throughput at 7000 Å). In the wide field mode (WFM), MUSE covers a
1′ x 1′ FoV with a spatial sampling of 0.2 ′′ and a spectral sampling of 1.25 Å (resolving power of
1770 < R < 3590) in the wavelength range from 4750 to 9350 Å (Bacon et al., 2010). In parallel
to the MUSE instrument a next generation adaptive optics module, Ground Atmospheric Layer
Adaptive optiCs for Spectroscopic Imaging (GALACSI), was developed (Ströbele et al., 2012).
It uses four sodium laser guide stars and a high speed and low noise wave front sensor to adjust
the deformable secondary mirror of the Unit Telescope 4 at the VLT (VLT-UT4) to correct for the
ground layer distortions by the atmosphere. Since October 2017 the MUSE instrument can use
GALACSI to get sharper images (Leibundgut et al., 2017).

1.4. MUSE survey of globular clusters

1.4.1. Pilot study

During the commissioning of the MUSE instrument from July 26nd to August 3rd, 2014, a 5 x 5
mosaic of the central part of the globular cluster NGC 6397 was observed. In Husser et al.
(2016) the capabilities of MUSE to do spectroscopy in this crowded field are presented. Using
the precise positions of the stars from HST astrometry with the MUSE data cubes, a PSF-fitting
technique was used to extract spectra of individual stars (Kamann et al., 2013). 18 932 spectra
of 10 521 stars could be extracted, which excelled by far all spectroscopic surveys done in glob-
ular clusters to that time. It was shown that the spectra of in MUSE spatially blended sources
could be successfully deblended from each other using the spatial and spectral information of
the rich MUSE data. From the individual spectra the luminosity, effective temperature, radial
velocity, and metallicity of each star could be derived with a full spectrum fit based on a grid of
synthetic PHOENIX spectra (Husser et al., 2013). This enabled the creation of the first compre-
hensive spectroscopic HRD of a globular cluster. Thanks to the large sample of 7142 member
stars tracing evolutionary states from the red giant branch to 4 magnitudes below the main
sequence turnoff, it became statistically significant that the metallicity is changing along the
branches with a minimum at the main sequence turnoff as expected. As a side effect two pecu-
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liar objects, a possible pulsar companion, and the subdwarf O star (sdO) ROB 162 were found
in the data. This demonstrated that the survey capabilities of MUSE enabled spectroscopic dis-
coveries, without knowing where to point the slit or fibre of a normal spectrograph.

The second publication by Kamann et al. (2016) refers to the internal dynamics of the globular
cluster NGC 6397 with the aim to probe the presence of a central black hole. More effort was
done to separate the star sample into cluster members and foreground stars by using the ob-
tained spectroscopic information. The derived radial velocity measurements were calibrated,
because they are crucial to do proper statistics with the whole radial velocity sample. It was
shown that MUSE reaches a radial velocity accuracy of 1 km s−1. There was slight evidence of a
rotational component in the cluster, that means the whole cluster system rotates, whereas indi-
vidual star orbits still appear to be distributed randomly. Even though NGC 6397 was thought
to be a core collapsed cluster, a mild central cusp in the velocity dispersion profile was found to-
wards the cluster centre. A comparison with a JEANS model revealed that a black hole of 600 M�
in the centre is in agreement with the data. However, other explanations for the velocity dis-
persion profile cusp, such as dark stellar components and thus an increasing mass-to-light ratio
towards the cluster centre, are possible.

With these large samples of spectra, Wendt et al. (2017) showed that it is possible to probe
the local interstellar medium (ISM) in line of sight between NGC 6397 and us. The absorption
of, for example, Na I, K I and the so-called diffuse interstellar bands in the local bubble are
responsible for some absorption features which appear in all spectra. Because of these multiple
sight lines through the medium and the relatively large FoV of MUSE, maps of these absorption
features could be made.

1.4.2. A stellar census of globular clusters with MUSE

After the successful commissioning of MUSE, a large guaranteed time observations (GTO) pro-
gramme was started in 2014 to survey a large number of Galactic globular clusters. Table 1.2
lists the 26 GTO globular clusters (excluding NGC 6397) with their alternative name, position
of the cluster centre, velocity dispersion, core radius, and the median number of observations
(epochs) per pointing (as of June 2019). These globular clusters were chosen to have good vis-
ibility at Paranal Observatory and a high velocity dispersion which is resolvable with MUSE
spectral resolution.

In 2018, after 4 years of MUSE observations on the GTO programme targets, Kamann et al.
(2018b) published the first paper of a series presenting the results of the MUSE globular cluster
survey. Using 500 000 spectra of 200 000 stars, with on average 9000 stars per cluster, the internal
dynamics of 22 globular clusters were analysed. Preliminary results of my work were used to
clean the dynamical sample from binaries, because they could falsify the results a bit. From that
the dynamical distance could be estimated to 14 clusters, for which proper motion data was
available. However, the main result of that study is, that a significant (> 3σ) central rotation
of 13 out of these 22 clusters could be detected. Furthermore, the study shows evidence for
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Table 1.2.: The MUSE Galactic globular cluster GTO targets.
ID Name RA Dec. velocity dispersion core radius epochs

km s−1 pc median

NGC 104 47 Tuc 00◦24′05.′′67 -72◦04′52.′′6 11.0± 0.3 0.47 13
NGC 362 01◦03′14.′′26 -70◦50′55.′′6 6.4± 0.3 0.45 2
NGC 1851 05◦14′06.′′76 -40◦02′47.′′6 10.4± 0.5 0.32 7
NGC 1904 M79 05◦24 11.′′09 -24◦31′29.′′0 5.3± 0.4 0.6 6
NGC 2808 09◦12′03.′′10 -64◦51′48.′′6 13.4± 1.2 0.7 4
NGC 3201 10◦17′36.′′82 -46◦24′44.′′9 5.0± 0.2 1.85 14
NGC 5139 ω Cen 13◦26′47.′′24 -47◦28′46.′′5 16.8± 0.3 3.58 12
NGC 5286 13◦46′26.′′81 -51◦22′27.′′3 8.1± 1.0 0.94 4
NGC 5904 M5 15◦18′33.′′22 +02◦04′51.′′7 5.5± 0.4 0.96 2
NGC 6093 M80 16◦17′02.′′41 -22◦58′33.′′9 12.4± 0.6 0.44 2
NGC 6121 M4 16◦23′35.′′22 -26◦31′32.′′7 4.0± 0.2 0.74 1
NGC 6218 M12 16◦47′14.′′18 -01◦56′54.′′7 4.5± 0.4 1.1 3
NGC 6254 M10 16◦57′09.′′05 -04◦06′01.′′1 6.6± 0.8 0.99 1
NGC 6266 M62 17◦01′12.′′80 -30◦06′49.′′4 14.3± 0.4 0.44 3
NGC 6293 17◦10′10.′′20 -26◦34′55.′′5 7.7± 1.3 0.14 2
NGC 6388 17◦36′17.′′23 -44◦44′07.′′8 18.9± 0.8 0.35 4
NGC 6441 17◦50′13.′′06 -37◦03′05.′′2 18.0± 0.2 0.44 4
NGC 6522 18◦03′34.′′02 -30◦02′02.′′3 6.7± 0.7 0.11 3
NGC 6541 18◦08′02.′′36 -43◦42′53.′′6 8.2± 2.1 0.39 2
NGC 6624 18◦23′40.′′51 -30◦21′39.′′7 5.4± 0.5 0.14 2
NGC 6656 M22 18◦36′23.′′94 -23◦54′17.′′1 7.8± 0.3 1.24 2
NGC 6681 M70 18◦43′12.′′76 -32◦17′31.′′6 5.2± 0.5 0.08 2
NGC 6752 19◦10′52.′′11 -59◦59′04.′′4 4.9± 0.4 0.2 2
NGC 7078 M15 21◦29′58.′′33 +12◦10′01.′′2 13.5± 0.9 0.42 3
NGC 7089 M2 21◦33′27.′′02 -00◦49′23.′′7 8.2± 0.6 1.07 4
NGC 7099 M30 21◦40′22.′′12 -23◦10′47.′′5 5.5± 0.4 0.14 4
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a correlation between the internal rotation strengths and the relaxation times of the clusters.
This means, that the rotation plays an important role during the evolution of a cluster: globular
clusters are born with a high angular momentum which is then dissipated through two-body
interactions to the observed amplitude today. The paper also demonstrated that MUSE achieves
a radial velocity accuracy of 1–2 km s−1 and that radial velocity measurements could be reliably
derived from spectra with low signal to noise (S/N > 5).

In October 2017 the adaptive optics (AO) system of MUSE was commissioned. A paper on
cluster kinematics and stellar rotation was published by Kamann et al. (2018a) on the inter-
mediate-age star cluster NGC 419 in the Small Magellanic Cloud (SMC) using data from the
commissioning runs. The paper shows impressively how the spatial resolution of MUSE from
0.74 ′′ improved to 0.35 ′′ (at 8000 Å), when activating the AO system. This increased the num-
ber of stars and spectra in the final sample to 3321, covering all bright stars in the CMD of the
MUSE FoV down to 1 magnitude below the main sequence turnoff. The analysis of these stars
shows evidence for a difference in stellar rotation of V sin i ≈ 40 km s−1 between the red and
blue side of the main sequence. Also an indication for cluster rotation was found for this young
(about 1.5 Gyr) SMC cluster.

During the investigation of emission line objects in globular clusters, Göttgens et al. (2019b)
found a nova remnant in the globular cluster NGC 6656 (M 22). This is only the third nova rem-
nant found in Galactic globular clusters and has an estimated mass of 1–17× 10−5 M�. Surpris-
ingly, the location of the nova coincides with a reported observation by ancient Chinese astro-
nomers in May 48 BCE. Thus, this nova might be the oldest recorded and confirmed extra-solar
observation in human history. A catalogue of 156 Hα emission line objects with CVs, pulsat-
ing variable stars, eclipsing binary stars, the optical counterpart of a known black hole, and
likely sub-subgiants (SSGs) or red stragglers (RSs) has been published in Göttgens et al. (2019a).
This study was carried out at the same time as my study (the second paper in Chapter 2) and
many results from the analyses of the binary stars of all globular clusters in our sample have
been incorporated into the emission line catalogue. Both emission line papers demonstrate the
efficiency of MUSE in detecting nebulae and single emission lines in spectra.

In the field of multiple populations (see Sect. 1.1.6), Latour et al. (2019) published a paper
about single element abundances in the combined spectra of the four cluster populations of
NGC 2808. My contribution was the matching of the newer HST photometry with bluer filters
(Nardiello et al., 2018, Piotto et al., 2015) with our ACS photometry and the implementation of
the “chromosome map” method to separate the different cluster populations. The variations in
the spectral lines of oxygen, sodium, magnesium and aluminium are detected. Despite the low
spectral resolution, MUSE is capable of reproducing the results of studies with high spectral res-
olution in the context of multiple populations. Furthermore, Husser et al. (2020) used the Ca II
triplet (CaT) on individual spectra to extend the CaT-metallicity relation below the horizontal
branch (HB). With this relation it is possible to infer the metallicity of RGB stars just from the
CaT with an average uncertainty of about 0.12 dex. The metallicity distributions of 25 globular
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clusters are investigated and the metallicity differences of the multiple populations studied in
more detail. The CaT-metallicity relation is also calibrated based on absolute magnitude and
luminosity which could be used literally outside the field of globular clusters for field stars with
known absolute magnitude, like the stars Gaia observes.

1.5. Aims of this work

The MUSE survey of globular clusters holds a unique data treasure. As introduced in Sect. 1.1.3,
binaries are of elementary importance for the understanding of globular clusters. The aim of
this work is the first all-encompassing spectroscopic study of binary stars in globular clusters.
This work includes the assurance of a meaningful determination of radial velocities from the
observation till the final analyses. For example, to get a better phase coverage of short period
binaries, the observation strategy to have two observations per night and pointing for some
clusters was introduced. One aim of this work is to ensure that systematic effects, during the
reduction of MUSE observations and the extraction of spectra from these reductions, which
affect the radial velocities and their uncertainties, are avoided. The determination of the radial
velocities and their uncertainties themselves must be robust and reliable. A way has to be found
how to analyse the radial velocities of individual stars automatically and to detect the variability
of a star. Other effects which could cause radial velocity variations should be considered in the
detection process of a binary system.

MUSE enables for the first time a complete systematic spectroscopic study of binaries and
their properties in globular clusters. As there is no comparable study, this is breaking new
ground. The research plan at the beginning of the PhD project (29 June 2016) was to use the
multi-epoch observations of globular clusters with MUSE to address three aspects:

1. To infer the observational binary fraction of globular clusters using the radial velocity
technique on individual stars in the FoV of MUSE.

2. To study the blue straggler star binarity of some globular clusters in more detail and to
get some clue on their formation scenario.

3. To study the orbital parameters (period, eccentricity, host and companion mass) of a rep-
resentative sample of binaries in more detail.

During the PhD project all three points have been investigated. In addition to this, black
holes in globular clusters have become an important part of this work. It was previously not
known whether BHs in binary systems in globular clusters would be detectable within our
FoVs, which is why the first publication in Chapter 2 concentrates on the first BH found by
our blind spectroscopic survey. We demonstrated that 20 radial velocity measurements are
sufficient to infer the orbital parameters of the binary system reliably and to prove the unseen
companion to be a stellar-mass BH without any prior knowledge. The second publication in
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Chapter 2 addresses not only all three research aspects together on NGC 3201, but also shows
how to use advanced globular cluster models to translate a biased observational binary fraction
into the total binary fraction of a globular cluster. Furthermore, thanks to the combination
of many different previous works with our data, not only blue straggler stars (BSSs) but also
sub-subgiants (SSGs) have been studied in more detail. For a significant sample of 95 binary
stars the orbital parameters could be derived and a representative period-eccentricity plot has
been created for a globular cluster for the first time. Finally, the third publication in Chapter 2
gives insight into the binary fraction of the two photometric distinguishable populations of
NGC 3201, which reveals a significant difference between population 1 and 2, pointing towards
a different dynamical evolution of the two populations.

The publication list might give the impression, that only the globular cluster NGC 3201 has
been studied, but this is not true. The radial velocity (see the second paper in Chapter 2) and
differential photometry (see Sect. A.1) methods have been applied to all clusters with enough
observations. The problem is, as has been explained in detail in the second paper in Chapter 2,
that sophisticated models are necessary to translate observational binary fractions to real bin-
ary fractions. Nevertheless, Appendix A contains some intermediate results obtained for other
globular clusters. That part also contains other useful methods which were developed during
the PhD project.

Finally this work ends with conclusions and an outlook in Chapter 3.
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2. Publications

This chapter presents publications as originally published, reprinted with permission from the
corresponding publishers. The copyright of the original publications is held by the respective
copyright holders, see the following copyright notices. In order to fit the paper dimension,
reprinted publications may be scaled in size and/or cropped.

Giesers et al. (2018) c© 2018 MNRAS. Reprinted with permission of the Oxford University
Press. The original publication is available at MNRAS (https://doi.org/10.1093/
mnrasl/slx203).

S. Kamann contributed to the introduction and G. Anglada Escudé did the likelihood
periodogram analysis and plot.

Giesers et al. (2019) c© 2019 ESO. With permission from Astronomy & Astrophysics. The
original publication is available at A&A (https://doi.org/10.1051/0004-6361/
201936203).

A. Askar did the numerical simulation and contributed to the description of this model in
Section 4.1.

Kamann et al. (2020) c© 2020 ESO. Reprinted with kind permission of Sebastian Kamann and
Astronomy & Astrophysics. The original publication is available at A&A (https://
doi.org/10.1051/0004-6361/201936843).

This paper was written by S. Kamann. My main contributions are the statistical and indi-
vidual analyses on the radial velocity sample of the RGB stars, the creation of Figure 1.,
and discussions in Section 3.3.
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ABSTRACT
As part of our massive spectroscopic survey of 25 Galactic globular clusters with MUSE,
we performed multiple epoch observations of NGC 3201 with the aim of constraining the
binary fraction. In this cluster, we found one curious star at the main-sequence turn-off with
radial velocity variations of the order of 100 km s−1, indicating the membership to a binary
system with an unseen component since no other variations appear in the spectra. Using an
adapted variant of the generalized Lomb–Scargle periodogram, we could calculate the orbital
parameters and found the companion to be a detached stellar-mass black hole with a minimum
mass of 4.36 ± 0.41 M�. The result is an important constraint for binary and black hole
evolution models in globular clusters as well as in the context of gravitational wave sources.

Key words: black hole physics – techniques: imaging spectroscopy – techniques: radial ve-
locities – binaries: spectroscopic – globular clusters: individual: NGC 3201.

1 IN T RO D U C T I O N

Owing to their old ages and high masses, Galactic globular clus-
ters probably have produced a large number of stellar-mass black
holes during their lifetimes. Nevertheless, there is an ongoing de-
bate about the number of black holes that actually remain in the
cluster. In the absence of continuous star formation, stellar-mass
black holes soon become the most massive objects in the cluster,
where they accumulate around the centres as a consequence of mass
segregation. However, because of the high mass-ratio with respect
to the surviving low-mass stars (�4:1), it is expected that the black
holes form a dense nucleus that is decoupled from the dynamics
of the remaining cluster (Spitzer 1969). Interactions within this
nucleus are then expected to eject the majority of black holes, so
that only few survive after 1 Gyr (Kulkarni, Hut & McMillan 1993;
Sigurdsson & Hernquist 1993).

However, over the past years, radio observations have revealed
several sources in extragalactic and Galactic globular clusters that

� E-mail: giesers@astro.physik.uni-goettingen.de (BG); dreizler@astro.
physik.uni-goettingen.de (SD)

are likely to be stellar-mass black holes according to their combined
radio and X-ray properties (Maccarone et al. 2007; Strader et al.
2012; Chomiuk et al. 2013). Under the assumption that only a
small fraction of the existing black holes are actively accreting
matter from a companion (Kalogera, King & Rasio 2004), these
detections point to much richer black hole populations in globular
clusters than previously thought. In fact, state-of-the art models for
clusters do predict that the retention fractions of black holes might
be significantly enhanced compared to the earlier studies mentioned
above (e.g. Breen & Heggie 2013; Morscher et al. 2013). The reason
for this is that the Spitzer (1969) instability only develops partially
and the black hole nucleus does not detach from the kinematics of
the remaining cluster. As a consequence, the evaporation time-scale
is prolonged.

The search for black holes in globular clusters has recently gained
further importance through the first detection of gravitational waves,
produced by the coalescence of two massive black holes (Abbott
et al. 2016a). As shown by Abbott et al. (2016c) or Askar et al.
(2017), dense star clusters represent a preferred environment for the
merging of such black hole binaries. Hence, it would be crucial to
overcome the current observational limits in order to increase our
sample of known black holes. Compared to radio or X-ray studies,
dynamical searches for stellar companions have the advantages of

C© 2018 The Author(s)
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D
ow

nloaded from
 https://academ

ic.oup.com
/m

nrasl/article-abstract/475/1/L15/4810643 by SU
B G

oettingen user on 13 June 2019

A detached stellar-mass black hole candidate in the globular cluster NGC 3201

31



L16 B. Giesers et al.

also being sensitive to non-accreting black holes and of provid-
ing direct mass constraints. We are currently conducting a large
survey of 25 Galactic globular clusters with MUSE (Multi Unit
Spectroscopic Explorer, Bacon et al. 2010), which provides us with
spectra of currently 600 to 27000 stars per cluster (see Kamann
et al. 2017). Our survey includes a monitoring for radial velocity
variations, which is very sensitive to the detection of stellar com-
panions of massive objects (i.e. black holes, neutron stars and white
dwarfs). Here, we report the detection of a 4.36 ± 0.41 M� black
hole in the globular cluster NGC 3201.

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

The observational challenge in globular clusters is the crowding
resulting in severe blending of nearby stars especially in the cluster
cores. For photometric measurements of dense globular clusters, in-
struments like the Hubble Space Telescope (HST) provide sufficient
spatial resolution to obtain independent measurements of most of
the stars (Sarajedini et al. 2007). For spectroscopic surveys, inves-
tigations of dense stellar fields were limited to the brightest stars
or to regions with sufficiently reduced crowding. In globular clus-
ters, the combination of field of view (1 × 1 arcmin2) and spatial
sampling (300 × 300 spaxel2) of MUSE allows us to extract spectra
with a spectral resolution of 1800 < R < 3500 of some thousand
stars per exposure (for more details see Husser et al. 2016). We use
the standard ESO MUSE pipeline to reduce the MUSE raw data
(Weilbacher et al. 2012). The extraction is done with a PSF-fitting
technique using the combined spatial and spectral information
(Kamann et al. 2013, 2014).

This work is part of our investigation of the binarity of clusters
using the radial velocity method. Binaries that are able to survive
in the dense environment of a globular cluster are so tight (see Hut
et al. 1992) that even HST is unable to resolve the single components
such that they will appear as a single point-like source. Radial
velocity surveys, however, will rather easily detect those compact
binary systems. Except for the case when both stars have the same
brightness, the extracted MUSE spectrum will be dominated by one
of the stars, i.e. we mostly detect single line binary systems. With
the knowledge of the stellar mass and the orbital parameters from
our analyses, we can nevertheless infer the minimum masses of the
unseen companions.

Up to this publication, we have observed three globular clusters
NGC 104 (47 Tuc), NGC 3201, and NGC 5139 (ω Cen) with suf-
ficiently many observations to analyse the radial velocity signals
vr of individual stars. We identified three stars with radial veloc-
ity variations exceeding 100 km s−1. Only one of them (hereafter
called target star) in NGC 3201 appears in two overlapping point-
ings, resulting in 20 extracted spectra with good signal-to-noise
ratios (from 24 to 56, 43 on average). The other two stars need
more observations to analyse the orbital parameters. Table 1 lists
the target star’s derived radial velocities and seeing values for each
observation from five observation runs.

3 PH OTO M E T R I C A N D S P E C T RO S C O P I C
A NA LY S I S

The investigation of the target star properties is performed in two
steps. Photometry provides the mass of the target star and allows
us to exclude alternative explanations for the large radial velocity
signal. Below, we describe the spectral analysis from which we
obtain the cluster membership.

Table 1. Barycentric corrected radial velocity vr, (Vega) magnitude IF814W,
and seeing (See.) measurements for the target star. (�JD: Julian observation
date JD − 2456978 d, ESO ID: ESO Programme ID Code.)

�JD (d) v r (km s−1) IF814W (mag) See. (arcsec) ESO prog. ID

0.83733 570.8 ± 2.2 16.88 ± 0.08 0.82 094.D-0142
11.85794 512.9 ± 2.7 16.89 ± 0.06 0.90 094.D-0142
11.86438 511.9 ± 2.8 16.91 ± 0.08 0.84 094.D-0142
30.81091 475.0 ± 2.2 16.83 ± 0.06 0.60 094.D-0142
30.83250 482.1 ± 2.4 16.88 ± 0.07 0.66 094.D-0142
31.78096 477.1 ± 2.0 16.86 ± 0.06 0.72 094.D-0142
31.80265 480.8 ± 2.1 16.87 ± 0.07 0.88 094.D-0142
149.49256 536.8 ± 2.0 16.90 ± 0.06 0.60 095.D-0629
151.47767 550.8 ± 3.6 16.82 ± 0.07 1.12 095.D-0629
153.47698 559.3 ± 2.5 16.86 ± 0.08 1.00 095.D-0629
156.47781 585.4 ± 2.2 16.86 ± 0.08 1.04 095.D-0629
160.47808 609.5 ± 2.0 16.87 ± 0.08 0.70 095.D-0629
441.74475 476.2 ± 2.0 16.90 ± 0.06 0.66 096.D-0175
441.76738 472.0 ± 1.8 16.88 ± 0.07 0.64 096.D-0175
443.74398 474.8 ± 2.1 16.89 ± 0.06 0.66 096.D-0175
443.76792 472.5 ± 2.1 16.85 ± 0.08 0.54 096.D-0175
538.47410 471.1 ± 1.9 16.86 ± 0.06 0.80 097.D-0295
542.47958 471.9 ± 2.0 16.88 ± 0.06 0.78 097.D-0295
808.87270 501.4 ± 2.7 16.80 ± 0.06 0.60 098.D-0148
809.87675 512.7 ± 2.5 16.87 ± 0.08 0.96 098.D-0148

Figure 1. Charts with the target star marked with red cross-hairs and the
reference star marked within a blue square. (a) The image is taken from
the HST ACS globular cluster survey from Sarajedini et al. (2007) and
Anderson et al. (2008). (b) Same field of view seen by MUSE with a
seeing of 0.6 arcsec. The displayed image is a cut (90 × 81 pixels) from an
integrated white light image of the MUSE data cube.

3.1 Photometric analysis

Fig. 1 shows the target star (red cross-hairs) with a magnitude of
IF814W = 16.87 mag (Vega) and its nearby stars from HST ACS
data (Anderson et al. 2008). To monitor the reliability of our anal-
yses, we have picked the star in the blue square with a magni-
tude of IF814W = 17.11 as a reference star (RA = 10h 17m 37.s36,
Dec. = −46◦ 24′ 56.′′48). The three nearest stars have magnitudes
fainter than 19 mag. For a consistency check and for investigating
photometric variability, we convolve each flux calibrated spectrum
with the corresponding ACS filter function and compare it to the
ACS photometry. For all extracted spectra, we reach a magnitude
accuracy of at least 95 per cent compared to the HST ACS mag-
nitude (see Table 1). This indicates that the target star is extracted
without contamination.

In order to derive the mass and surface gravity log g for the
spectrum fit (see Table 2) of the target star, we compare its HST
ACS colour and magnitude with a PARSEC isochrone (Bressan
et al. 2012). For the globular cluster NGC 3201, we found the
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Table 2. Target star properties. The position and magnitude were taken
from the HST ACS globular cluster survey catalogue (Anderson et al. 2008),
mass and surface gravity are derived from isochrone fitting, effective tem-
perature and metallicity are derived from spectral fitting. For more details
see Section 3.

RA 10h 17m 37.s090 Dec. −46◦ 24′ 55.′′31

IF814W (16.87 ± 0.02) mag (Vega)
M (0.81 ± 0.05) M� log g (3.99 ± 0.05) dex
Teff (6126 ± 20) K [M/H] (−1.50 ± 0.02) dex

Figure 2. CMD of the globular cluster NGC 3201 created from the HST
ACS photometry of Anderson et al. (2008). The target star position is high-
lighted by a black X. The line represents our best-fitting PARSEC isochrone
(Bressan et al. 2012, for more details see Section 3.1).

best matching isochrone compared to the whole HST ACS Colour–
magnitude diagram (CMD) with the isochrone parameters [M/H] =
−1.39 dex (slightly above the comparable literature value [Fe/H]
= −1.59 dex, Harris 1996), age = 11 Gyr, extinction EB − V = 0.26,
and distance = 4.8 kpc (see Fig. 2). The target star is at the main-
sequence turn-off with a mass of 0.81 ± 0.05 M� as estimated from
the isochrone.

Although the position of the target star in the CMD is not in the
classical instability strip, we want to exclude radial velocity vari-
ations caused by photometric variability (e.g. due to pulsations).
Therefore, we use the differential photometry method on our MUSE
data. We first run an iterative algorithm to find a large sample of
reference stars (which are present in all observations). After these
stars have been identified, normally with an intrinsic standard de-
viation of 0.005 mag in the filter IBessel reconstructed from the ex-
tracted spectrum, we compare each star of each observation with
our reference stars selecting 20 with comparable colour. The photo-
metric analysis for the target star shows no significant variation (see
Table 1). We would expect significant changes in the brightness of
the target star to explain such a high radial velocity amplitude via
pulsations. We therefore conclude that the radial velocity variations
are not intrinsic to the target star. The absence of large photometric
variations also suggests the absence of an interacting binary. We
like to note that no radio or X-ray source is known at the target
star’s position. For instance, Strader et al. (2013) performed a deep
systematic radio continuum survey for black holes also in NGC
3201, but did not publish any discovery. Some X-ray sources were
found by Webb, Wheatley & Barret (2006), but none at the target
star’s coordinates.

Figure 3. The combination of all radial velocity corrected spectra of the
target star (in black). The best-fitting PHOENIX spectrum is indicated in
the background in red (thicker curve for better visibility). The bottom panel
shows the residuals after subtracting the best fit to the data.

3.2 Spectroscopic analysis

After the extraction of point sources, the individual spectra of the
20 visits are fitted against our Göttingen Spectral Library (Husser
et al. 2013) of synthetic PHOENIX spectra to determine the stel-
lar effective temperature and metallicity as well as radial velocities
and the telluric absorption spectrum. The simultaneous fit of stellar
and telluric spectra is performed with a least-squares minimization
comparing the complete observed spectrum against our synthetic
spectra. The telluric absorptions are used to correct for small re-
maining wavelength calibration uncertainties, allowing us to reach
a radial velocity precision down to 1 km s−1. For more details about
the stellar parameter fitting methods, we refer to Husser et al. (2013,
2016). We find huge changes in radial velocity between the spec-
tra of up to 138 km s−1. We got the same variation if we do just
cross-correlations between the spectra and the initial template, of
course with higher uncertainties. Besides the radial velocity signal,
the spectral fitting of the individual spectra did not reveal any other
significant variations. The radial velocities are given in Table 1,
whereas the mean stellar parameters are given in Table 2.

Using the derived radial velocities, the individual spectra are
placed into rest frame and are then combined using the drizzling
method from Fruchter & Hook (2002) and finally normalized to the
continuum. The combined spectrum in Fig. 3 is compared to one
of our PHOENIX spectra for a star at the main-sequence turn-off
in the globular cluster NGC 3201. The spectral properties match
the position of the star in the CMD displayed in Fig. 2. We note
that there are no emission lines that could indicate, for example,
a cataclysmic variable or a compact binary with an illuminated
low-mass star and a hot companion like a white dwarf or neutron
star.

The mean radial velocity 506 ± 1 km s−1 and mean metallic-
ity [M/H] = −1.50 ± 0.02 dex of the target star is in good
agreement with the cluster parameters in the Harris (1996) cata-
logue. Further, the fitted radial velocity of the binary barycentre
(see Table 3) matches precisely the radial velocity of the cluster
494.0 ± 0.2 km s−1. This makes the target star a bonafide cluster
member.

4 R ESULTS

The analysis of the radial velocity variation is done using the gener-
alized Lomb–Scargle (GLS) periodogram (Zechmeister & Kürster
2009), the likelihood function approach of Baluev (2008), and a final
fit of a Keplerian orbit. Fig. 4 shows the likelihood periodogram of
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Table 3. Binary system properties. The Keplerian parameters were calcu-
lated with an MCMC consisting of 107 iterations. The derived mass was
calculated using 2.0 × 104 MCMC samples and the same number of target
star mass samples.

Period P 166.88+0.71
−0.63 d

Doppler semi-amplitude K (69.4 ± 2.5) km s−1

Eccentricity e 0.595 ± 0.022
Argument of periastron ω (2.6 ± 3.2) ◦
Periastron passage T0 (57140.2 ± 0.5) d
Barycentric radial velocity γ 0 (494.5 ± 2.4) km s−1

Linear trend γ̇ (−0.27 ± 2.70) km s−1

Jitter s 0.68+0.40
−0.25 km s−1

Minimum companion mass Msin (i) (4.36 ± 0.41) M�
Minimum semi-major axis a(M) (1.03 ± 0.03) au

Figure 4. Likelihood periodogram of the radial velocities of the target star.
The black curve is a version of the GLS periodogram for circular orbits
using the F-ratio statistic to represent the significance of each solution. The
red triangles show the improvement on the log-likelihood statistic using a
full Keplerian fit at the period search level instead.

the target star for the period range 0.2–1000 d. The black curve
(F-ratio) represents the GLS periodogram for circular orbits. It
shows highly significant periods at 1 d, fractions of 1 d, 51 d, and
83 d. The 1 d period and fractions of it are aliases of our nightly ob-
servation basis. With Keplerian fits for the same period range, the
resulting picture is different. The red triangles (ln-L curve) show
these Keplerian fits as a log-likelihood statistic. The 167 d period
has a very low false-alarm probability of 2.2 × 10−8, so the signal is
extremely significant. Compared to all other peaks, the ln-likelihood
of the preferred solution is higher by �ln L = 16. Within the frame-
work of this type of periodogram, this implies a ∼8.9 × 106 higher
probability. Moreover, the 51 d and 83 d peaks are most likely only
harmonics of this period (83 d ≈ 167 d/2) and the window func-
tion, which has a high power at 135 d (1/51 − 1/83 ≈ 1/135). We
also performed a detection probability test comparable to Fiorentino
et al. (2010) to verify that our sampling is sensitive to all periods in
the probed range.

Fig. 5 shows the radial velocity measurements phase folded with
the 167 d period and the best-fitting Keplerian orbit solution. The
reduced χ2 of the Keplerian orbit fit is 1.2 (for comparison the
reduced χ2 of the best circular orbit at the 83 d period is 45).
The resulting orbital parameters fitted with the MCMC approach of
Haario et al. (2006) are shown in Table 3. The reference star does not
show any significant radial velocity variation (reduced χ2 = 0.42).

5 D I S C U S S I O N A N D C O N C L U S I O N S

The data show strong evidence that the target star is in a binary
system with a non-luminous object having a minimum mass of

Figure 5. The top panel shows the radial velocity measurements vr of
the target star, phase folded for the 167 d period. Error bars are smaller
than the data points. The red curve shows the best-fitting Keplerian orbit
(see Table 3). The middle panel contains the residuals after subtracting this
best-fitting model to the data. The bottom panel shows the radial velocity
measurements of the reference star. Grey dots are phase shifted duplicates
of the black ones, and are included to improve the visualization.

4.36 ± 0.41 M�. This object should be degenerate, since it is invis-
ible and the minimum mass is significantly higher than the Chan-
drasekhar limit (∼1.4 M�). The small distance of the system from
the centre of the globular cluster (10.8 arcsec) is expected from
mass segregation. Most likely, the degenerate object has exceeded
the Tolman–Oppenheimer–Volkoff limit that predicts all objects to
collapse into black holes above ∼3 M� (Bombaci 1996). We note
that the mass estimate of the dark companion depends only weakly
on the mass of the target star within reasonable error estimates (e.g.
for the unrealistic case of a target star with 0.2 M�, the minimum
companion mass will still be above 3 M�).

Alternatively, the discovery could eventually be explained
through a triple star system that consists of a compact double neu-
tron star binary with a main-sequence turn-off star around it. In the
literature, neutron star binaries show a narrow mass distribution of
1.35 ± 0.04 M� per star (Thorsett & Chakrabarty 1999; Lattimer
2012). Recent discoveries show that a single neutron star could
reach 2.0 M� (Özel & Freire 2016). Thus, a double neutron star
system with both components having more than 2.0 M� could ex-
plain the observations. Since such a system was not observed to date
and the actual mass of the discovered object is probably higher, a
black hole scenario is more likely. In this case, our results represent
the first direct mass estimate of a (detached) black hole in a globular
cluster.

The recent discovery of coalescing black hole binaries (Abbott
et al. 2016b) suggests that there is a large population of stellar-mass
binary black holes in the Universe. Our results confirm that the
components of such binaries can be found in globular clusters.

The black hole is assumed to be detached because the closest
possible approach in our best-fitting model is 0.4 au and the Roche
limit for the target star with a reasonable radius of 1 R� is of the
order of 3 R�. We have no evidence that the black hole accretes
mass emits X-rays or radio jets.

Compared to other globular clusters, the most unusual structural
parameter of NGC 3201 is the large cluster core radius (1.3 arcmin,
see Harris 1996). As the presence of black holes can lead to an
expansion of the core radius through interactions between black
holes and stars (Strader et al. 2012), the discovery of the presented
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black hole could be an indication that NGC 3201 possesses an
extensive black hole system in its core. More observations with
MUSE could reveal more black hole companions using the radial
velocity method.

To get the true system mass function, it is necessary to measure
the inclination of the system. Since the Sun’s distance to the globu-
lar cluster NGC 3201 is 4.9 kpc (Harris 1996), the orbital movement
of the target star is of the order of 0.2 mas. This should be observ-
able with interferometers. Unfortunately, for the ESO interferometer
VLTI GRAVITY, a reference star with K 11 mag within 2 arcsec is
missing (Gillessen et al. 2010). Maybe it could be observable with
diffraction limited large telescopes like HST, the VLT with NACO at
UT1, or the VLT with the new adaptive optics facility (GRAAL) at
UT4. Certainly, this would be a nice astrometry task for the JWST
and for the upcoming first-light instrument MICADO at the ELT
(Massari et al. 2016).
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ABSTRACT

We utilise multi-epoch MUSE spectroscopy to study binary stars in the core of the Galactic globular cluster NGC 3201. Our sample
consists of 3553 stars with 54 883 spectra in total comprising 3200 main-sequence stars up to 4 magnitudes below the turn-off.
Each star in our sample has between 3 and 63 (with a median of 14) reliable radial velocity measurements within five years of
observations. We introduce a statistical method to determine the probability of a star showing radial velocity variations based on
the whole inhomogeneous radial velocity sample. Using HST photometry and an advanced dynamical MOCCA simulation of this
specific cluster we overcome observational biases that previous spectroscopic studies had to deal with. This allows us to infer a binary
frequency in the MUSE field of view and enables us to deduce the underlying true binary frequency of (6.75 ± 0.72)% in NGC 3201.
The comparison of the MUSE observations with the MOCCA simulation suggests a large portion of primordial binaries. We can also
confirm a radial increase in the binary fraction towards the cluster centre due to mass segregation. We discovered that in the core
of NGC 3201 at least (57.5 ± 7.9)% of blue straggler stars are in a binary system. For the first time in a study of globular clusters,
we were able to fit Keplerian orbits to a significant sample of 95 binaries. We present the binary system properties of eleven blue
straggler stars and the connection to SX Phoenicis-type stars. We show evidence that two blue straggler formation scenarios, the
mass transfer in binary (or triple) star systems and the coalescence due to binary-binary interactions, are present in our data. We also
describe the binary and spectroscopic properties of four sub-subgiant (or red straggler) stars. Furthermore, we discovered two new
black hole candidates with minimum masses (M sin i) of (7.68 ± 0.50) M�, (4.4 ± 2.8) M�, and refine the minimum mass estimate on
the already published black hole to (4.53 ± 0.21) M�. These black holes are consistent with an extensive black hole subsystem hosted
by NGC 3201.

Key words. binaries: general – blue stragglers – stars: black holes – techniques: radial velocities –
techniques: imaging spectroscopy – globular clusters: individual: NGC 3201

1. Introduction

Multi-star systems are not only responsible for an abundance
of extraordinary objects like cataclysmic variables, millisecond
pulsars, and low-mass X-ray binaries, but can also be regarded
as a source of energy: Embedded in the environment of other
stars, like in star clusters, the gravitational energy stored in a
multi-star system can be transferred to other stars. In globular
clusters with stellar encounters on short timescales this energy
deposit is for example delaying the core collapse (Goodman &
Hut 1989). From a thermodynamic point of view, multi-star sys-
tems in globular clusters act as a heat source. The prerequisite
for this mechanism is, of course, that globular clusters do con-
tain multi-star systems at some point during their lifetime. For

? The full radial velocity sample (Table A.1) is only available at the
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5)
or via http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/632/
A3

the main-sequence field stars >50% (Duquennoy & Mayor 1991;
Duchêne & Kraus 2013) in our Milky Way are in multi-star sys-
tems. In globular clusters, binary fractions are typically lower
than in the field (Milone et al. 2012), but can reach values around
∼50% (e.g Sollima et al. 2007; Milone et al. 2012) in central
regions. This radial gradient can be explained by mass segrega-
tion and indeed is reproduced in simulations (e.g. Fregeau et al.
2009; Hurley et al. 2007). The initial fraction of multi-star sys-
tems in globular clusters is changed due to dynamical formation
and destruction processes caused by stellar encounters, as well
as stellar evolution during the (typical long) life time of Galactic
globular clusters. The primordial fraction of multi-star systems
to single stars for globular clusters therefore cannot be easily
inferred from observations (Hut et al. 1992). As a result, the ini-
tial fraction is poorly constrained and simulations use values in
a wide range from 5% (Hurley et al. 2007) to 100% (Ivanova
et al. 2005). Current observations are still consistent with this
wide range in primordial binary fractions, depending on which
orbit distribution is assumed (Leigh et al. 2015).
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Until today there is only one technique with a high dis-
covery efficiency for multi-star systems, namely high precision
photometry (Sollima et al. 2007; Milone et al. 2012). It uses
the fact that binary stars with both components contributing to
the total brightness of one unresolved source have a position
in the colour-magnitude-diagram (CMD) differing from single
stars. For example, a large number of binaries is located to the
brighter (redder) side of the main-sequence (MS). This method is
sensitive to binaries in the MS with arbitrary orbital period and
inclination. However, no constraints on orbital parameters are
possible. The advantage is that this method is efficient in terms
of observing time and produces large statistical robust samples.
The disadvantage is that in terms of individual binary system
properties it only has access to the biased mass-ratio parame-
ter. Milone et al. (2012) investigated 59 Galactic globular clus-
ters with this method using the Hubble Space Telescope (HST).
They studied MS binaries with a mass ratio q > 0.5 and found
in nearly all globular clusters a significantly smaller binary fre-
quency than 50%. The results show a higher concentration of
binaries in the core with a general decreasing binary fraction
from the centre to about two core radii by a factor of ∼2. A
significant anti-correlation between the cluster binary frequency
and its absolute luminosity (mass) was found. Additionally, the
authors confirm a significant correlation between the fraction of
binaries and the fraction of blue straggler stars (BSS), indicating
a relation between the BSS formation mechanism and binaries.

In the literature there are almost no spectroscopic studies of
the binarity in globular clusters. One systematic search was done
in the globular cluster M4 based on 5973 spectra of 2469 stars
by Sommariva et al. (2009). They discovered 57 binary star can-
didates and derived a lower limit of the total binary fraction of
(3.0 ± 0.3)% for M4.

In light of the important role of binaries in globular clus-
ters, we designed the observing strategy of the MUSE globu-
lar cluster survey (Kamann et al. 2018) such that we can infer
the binary fraction of every cluster in our sample. For all clus-
ters we aim for at least three epochs of each pointing. For a
selection of clusters, namely NGC 104 (47 Tuc), NGC 3201,
and NGC 5139 (ω Cen), we are also able to study individual
binary systems in more detail. This paper concentrates on the
globular cluster NGC 3201. NGC 3201 has, apart NGC 5139, the
largest half-light and core radius of all globular clusters in our
survey. Its binary fraction within the core radius appears to be
relatively high ((12.8 ± 0.8)%, Milone et al. 2012). In Giesers
et al. (2018), we reported a quiescent detached stellar-mass black
hole with 4.36 ± 0.41) M� in this cluster, the first black hole
found by a blind spectroscopic survey. Based upon our discov-
ery, NGC 3201 was predicted to harbour a significant population
of black holes (see Kremer et al. 2018; Askar et al. 2018a). In
our MUSE data, NGC 3201 has the deepest observations, the
most epochs to date, and the least crowding. It is therefore the
ideal case for our purpose.

This paper is structured as follows. In Sect. 2 we describe
peculiar objects which are important in the context of binary star
studies in NGC 3201. In Sect. 3 the observations, data reduction
and selection of our final sample are discussed. In Sect. 4 we
present a MOCCA simulation of the globular cluster NGC 3201
that we used to create a mock observation for comparisons
and verifying the following method. We introduce a statistical
method to determine the variability of radial velocity measure-
ments and use the method to determine the binary fraction of
NGC 3201 in Sect. 5. In Sect. 6 we explain our usage of the
tool The Joker to find orbital solutions to individual binary
systems and present their orbital parameter distributions. We

discuss peculiar objects in our data, such as blue straggler stars,
sub-subgiants and black hole candidates in Sect. 7. We end with
the conclusions and outlook in Sect. 8.

2. Peculiar objects in globular clusters

2.1. Blue straggler stars

In most globular clusters a collection of blue straggler stars
can be easily found in the CMD along an extension of the MS
beyond the turn-off point. Their positions indicate more massive
and younger stars than those of the MS. Without continuing
star formation due to lacking gas and dust in globular clusters,
mass transfer from a companion is the usual explanation for
the formation of a blue straggler. This mass transfer could be
on long timescales, like in compact binary systems, or on short
timescales, as for collisions of two stars (in a binary system or of
a priori not associated stars). However, it is still unclear which of
these processes contribute to the formation of blue stragglers and
how often. Ferraro et al. (1997) discovered a bimodal radial dis-
tribution of blue stragglers in M3 and suggested that the blue
stragglers in the inner cluster are formed by stellar collisions
and those in the outer cluster from merging primordial binaries.
Sollima et al. (2008) identified that the strongest correlation
in low-density globular clusters is between the number of blue
stragglers and the binary frequency of the cluster. They sug-
gested that the primordial binary fraction is one of the most
important factors for producing blue stragglers and that the colli-
sional channel to form blue stragglers has a very small efficiency
in low-density globular clusters.

Hypki & Giersz (2017) performed numerical simulations of
globular clusters with various initial conditions. They found that
the number of evolutionary blue stragglers (formed in a compact
binary system) is not affected by the density of the globular clus-
ter. In contrast, the number of dynamically created blue strag-
glers (by collisions between stars) correlates with the density.
The efficiencies of both channels strongly depend on the initial
semi-major axes distributions. Wider initial orbits lead to more
dynamically created blue stragglers. Finally, they found in all
globular cluster models at the end of the simulation a constant
ratio between the number of blue stragglers in binaries and as
single stars RB/S ∼ 0.4.

A mass distribution of blue stragglers has been estimated by
Fiorentino et al. (2014) from pulsation properties of blue strag-
glers in the globular cluster NGC 6541. They found a mass of
(1.06 ± 0.09) M�, which is significantly in excess of the clus-
ter MS turn-off mass (0.75 M�). Baldwin et al. (2016) found
an average mass of blue straggler stars of (1.22 ± 0.12) M� in
19 globular clusters. Geller & Mathieu (2011) found a surpris-
ingly narrow blue straggler companion mass distribution with
a mean of 0.53 M� in long-period binaries in the open cluster
NGC 188. They suggested that this conclusively rules out a col-
lisional origin in this cluster, as the collision hypothesis predicts
significantly higher companion masses in their model.

2.2. Sub-subgiant stars

A star in a cluster is called a sub-subgiant (SSG) if its posi-
tion in the CMD is redder than MS turn-off stars (and its bina-
ries) and fainter than normal subgiant stars. These stars are
related to the so called red stragglers (RS) which are redder
than normal (red) giant stars. For our study this distinction is not
important and we call them hereafter sub-subgiants. The evolu-
tion of these stars cannot be explained by single star evolution.
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Geller et al. (2017a) describe in detail the demographics of SSGs
in open and globular clusters and conclude that half of their SSG
sample are radial velocity binary stars with typical periods less
than 15 d, 58% are X-ray sources, and 33% are Hα emitters. The
formation scenarios explained in Leiner et al. (2017) for SSG
and RS are isolated binary evolution, the rapid stripping of a
subgiant’s envelope, or stellar collisions. So far, from observa-
tions and simulations, no channel can be excluded, but it seems
that the binary channel is dominant in globular clusters (Geller
et al. 2017b).

2.3. SX Phoenicis-type stars

SX Phoenicis-type (SXP) stars are low-luminosity pulsators in
the classical instability strip with short periods. In globular clus-
ters they appear as blue straggler stars with an enhanced helium
content (Cohen & Sarajedini 2012). SXP stars show a strong
period-luminosity relation, from which distances can be mea-
sured. The period range is from 0.02 d to 0.4 d with typical peri-
ods around ∼0.04 d ≈ 1 h. SXP stars are thought to be formed in
binary evolution, but it is not clear whether they are indicative of
a particular blue straggler formation channel. The prototype star
SX Phoenicis shows a radial velocity amplitude of 19 km s−1 due
to radial pulsation modes (Kim et al. 1993).

2.4. Black holes

Observers are searching for two kinds of black holes in globu-
lar clusters. On the one hand, we have no conclusive evidence
for central intermediate-mass black holes (IMBH, see Baumgardt
2017; Tremou et al. 2018). One of the challenges in searching for
IMBHs is that typical signatures, such as a central cusp in the sur-
face brightness profile or the velocity dispersion profile can also
be explained by a binary star or stellar-mass black hole population
(for Omega Cen, see Zocchi et al. 2019). On the other hand, there
are known stellar-mass black holes in Galactic globular clusters
(e.g. Strader et al. 2012; Giesers et al. 2018). If they are retained,
stellar-massblackholes shouldquicklymigrate to theclustercores
due to mass segregation, and strongly affect the evolution of their
host globular clusters (e.g. Kremer et al. 2018; Arca Sedda et al.
2018; Askar et al. 2018a, 2019). However, the retention fraction
of black holes in globular clusters is highly unknown, which also
limits our abilities to interpret gravitational wave detections. For
NGC 3201, Askar et al. (2018a) and Kremer et al. (2018) pre-
dicted that between 100 and more than 200 stellar-mass black
holes should still be present in the cluster, with up to ten in a binary
system with a MS star.

3. Observations and data reduction

The observational challenge in globular clusters is the crowded
field resulting in multiple star blends. For photometric mea-
surements of dense globular clusters, instruments such as the
ones attached to the HST have just sufficient spatial resolu-
tion to get independent measurements of stars down the MS.
In the past, spectroscopic measurements of individual globular
cluster stars (with a reasonable spectroscopic resolution) were
limited by crowding in the cluster centre. Since 2014 we are
observing 27 Galactic globular clusters (PI: S. Kamann, formerly
S. Dreizler) with the integral field spectrograph Multi Unit Spec-
troscopic Explorer (MUSE) at the Very Large Telescope (VLT;
Kamann et al. 2018). In the wide field mode, MUSE covers a
1′ × 1′ field of view (FoV) with a spatial sampling of 0.2′′ and a
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Fig. 1. Pointing chart of the MUSE instrument for the globular cluster
NGC 3201. The inverted background image is from the ACS globular
cluster survey (Sarajedini et al. 2007). The MUSE FoV is a collapsed
RGB image created from the spectral cubes. Note the overlapping areas
between the pointings.

spectral sampling of 1.25 Å (resolving power of 1770 < R <
3590) in the wavelength range from 4750 to 9350 Å. MUSE
allows us to extract spectra of some thousand stars per exposure.

The overall aim of our stellar census in globular clusters with
MUSE is twofold. On the one hand we investigate the spectro-
scopic properties of more than half a million of cluster members
down to the MS. On the other hand we investigate the dynam-
ical properties of globular clusters. Upcoming publications are
in the field of multiple populations (Husser et al. 2019; Latour
et al. 2019; Kamann et al., in prep.), the search for emission line
objects (Göttgens et al. 2019a,b), cluster dynamics like the over-
all rotation (Kamann et al. 2018), and gas clouds in direction
of the clusters (Wendt et al. 2017). Since this survey represents
the first blind spectroscopic survey of globular cluster cores, we
expect many unforeseen discoveries.

For this paper, we used all observations of NGC 3201
obtained before May 2019. The pointing scheme can be seen
in Fig. 1. In addition to the pointings listed in Kamann et al.
(2018), we also implemented a deep field mainly to go deeper
on the MS. Table 1 lists the number of visits and total integra-
tion times for the different pointings. Our data include adaptive
optics (AO) observations, our standard observing mode since the
AO system was commissioned in October 2017. The AO obser-
vations are treated in the same way as our previous observations.
The only difference is that a wavelength window of each spec-
trum around the sodium lines (5805 Å–5965 Å) has to be masked
due to the AO laser emission. During each visit, the pointing was
observed with three different instrument derotator angles (0, 90,
1801 degrees) in order to reduce systematic effects of the indi-
vidual MUSE spectrographs.

Figure 1 shows our observation scheme for NGC 3201. We
secured at least 12 observations per pointing (see Table 1 and
Fig. 2). Thanks to the overlapping pointings, up to 63 indepen-
dent observations per star are available in the central region (see
Fig. 3).

To differentiate between radial velocity signals from short
period binaries and those of longer period binaries, we observed
each of the four pointings twice with a separation of two to three

1 The deep pointing was observed with an additional derotator angle
of 270 degrees.
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Table 1. Exposures, observations, and integration time per pointing.

Pointing Exposures Observations Total time [min.]

01 49 17 163
02 49 15 143
03 44 15 143
04 36 12 114

Deep 16 4 160∑
194 63 723

Pointing 01

& Deep

Pointing 02

Pointing 03

10 1 100 101 102 103

t [days]

Pointing 04

Fig. 2. All possible measurement baselines per star and pointing. ∆t is
the time between two observations.

hours in a single night. We already had this distinction some-
times for the stars observed within the same night in the over-
lapping region of two pointings (like for the published black
hole candidate). Without that short baseline a hard binary with a
period below one day could mimic the signal of a companion of
a black hole candidate at a longer period (temporal aliasing).

The reduction of all exposures was carried out using the
standard MUSE pipeline (Weilbacher et al. 2012, 2014). The
extraction from the final product of each visit (epoch) is
done by a PSF-fitting technique implemented in the software
PampelMuse (Kamann et al. 2013). After an extraction is fin-
ished the individual spectra are fitted against a synthetic stellar
library to determine stellar properties with Spexxy (Husser et al.
2013). The extraction and stellar parameter fitting methods are
summarised in Husser et al. (2016) and Kamann et al. (2018).

3.1. Radial velocities

In this study, we want to investigate if a given star is in a binary
system using the radial velocity method. Binaries that are able
to survive in the dense environment of a globular cluster are so
tight, that even HST is not able to spatially resolve the binary
components at the distance of NGC 3201. For this reason, the
binary system will appear as a single point-like source. Except
for the case when both stars have similar brightness (see Sect. 4
on how we handle these binaries), the extracted MUSE spectrum
will be dominated by one star. The measured radial velocity vari-
ation of this star can be used to determine the properties of the
binary system indirectly.

Since we aim for the highest possible radial velocity pre-
cision, we checked if the standard wavelength calibration of the
MUSE instrument and the uncertainties calculated by the extrac-
tion and fitting routines are reliable. For this purpose we anal-
ysed the wavelength shift of the telluric lines in the extracted
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Fig. 3. Histogram of applicable (accepted after filtering) number of
observations per star (blue) and cumulative distribution of the same data
(orange).
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Fig. 4. Radial velocity uncertainties εv of all spectra in the sample used
for NGC 3201 as a function of the spectral signal-to-noise.

spectra per observation to correct for tiny deviations in the wave-
length solution of the pipeline (see Sect. 4.2 in Kamann et al.
2018, for details). We also cross checked the radial velocity of
every spectrum obtained by the full-spectrum fit using a cross-
correlation of the spectrum with a PHOENIX-library template
(Husser et al. 2013) (see criterion in Sect. 3.2). Figure 4 shows
the resulting uncertainties εv as a function of S/N of the spectra
in our final sample of NGC 3201. We get reliable radial veloci-
ties from S/N > 5 spectra (Kamann et al. 2018). At S/N = 10
the uncertainties are εv ≈ (7.0 ± 1.7) km s−1, at S/N & 50 the
uncertainties are εv ≈ (1.7±0.5) km s−1. These uncertainties rep-
resent our spectroscopic radial velocity precision, the accuracy
of the MUSE instrument (wavelength shift between two obser-
vations) is below 1 km s−1 (Kamann et al. 2018).

3.2. Selection of the final sample
For the sample selection two things are crucial. Firstly, we only
want reliable radial velocities with Gaussian distributed uncer-
tainties. Secondly, our sample should only consist of single
and multiple star systems which are cluster members, excluding
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Galactic field stars. Finally, stars that mimic radial velocity vari-
ations due to intrinsic pulsations should be excluded. To ensure
this the following filters are applied:

– The reliability of every single spectrum is ensured by the
subsequent criteria, which are either 0 (false) and 1 (true). We
apply a cut for the signal to noise S/N of a spectrum

RS/N = S/N ≥ 5.

The quality of the cross-correlation is checked using the
r-statistics and FWHM defined by Tonry & Davis (1979)

Rcc = r ≥ 4 ∧ FWHM > 10 Å.

A plausible uncertainty εv,cc of the cross-correlation radial veloc-
ity vcc

Rεv,cc = εv,cc > 0.1 km s−1 ,

and a plausible uncertainty εv of the full-spectrum fit radial
velocity v

Rεv = εv > 0.1 km s−1

is ensured. We check that the velocity is within 3σ of the cluster
velocity vcluster and the cluster dispersion σv,cluster including the
standard deviation taken from the Harris (1996, 2010 edition)
catalogue. For typical binary amplitudes we add 30 km s−1 to the
tolerance, yielding

Rv =
|v − vcluster|√

ε2
v + σ2

v,cluster + (30 km s−1)2
≤ 3.

The last criterion is the check if cross-correlation and full-
spectrum fit are compatible within 3σ with each other,

Rv=vcc =
|v − vcc|√
ε2

v + ε2
v,cc

≤ 3.

We combine all these criteria in an empirically weighted equa-
tion, which gives us a result between 0 and 1,

Rtotal = (2RS/N + 10Rcc + Rεv,cc + 3Rv + 2Rεv + 5Rv=vcc )/23.

A radial velocity is considered as reliable if the reliability Rtotal
surpasses 80%.

– We exclude spectra which are extracted within 5 px from
the edge of a MUSE cube to avoid systematic effects.

– We exclude spectra where PampelMuse was unable to
deblend multiple nearby HST/ACS sources (this is of course see-
ing dependent and affects mostly faint sources).

– To identify confusion or extraction problems in a MUSE
spectrum, we calculated broad-band magnitudes from the spec-
trum in the same passband that was used in the extraction pro-
cess and calculated the differences between input and recovered
magnitudes. We accept only spectra with a magnitude accuracy
>80% (see Sect. 4.4 in Kamann et al. 2018, for more details).

– In some low S/N cases the cross-correlation and full-
spectrum fit returned similar but wrong radial velocities due
to noise in the spectrum. These could be outliers by several
100 km s−1 introducing a strong variation in the signal and pass-
ing the reliability criteria described before. To find outliers we
generally compare all radial velocities vi (with their uncertainties

εv,i) of a single star with each other. We define the set of all radial
velocities as A = {vi}. An outlier vx in the subset B = A� {vx} of
all radial velocities except the inspected radial velocity, is iden-
tified with

σA

σB
> κ ∧ |vx − B̃|

εv,x + σB
> κ with κ = 3.

B̃ is the median of the radial velocities vi in the set B. σ
is the standard deviation of the corresponding quantity. Using
this equation outliers are identified and excluded from further
analyses.

– We manually set the binary probability in our sample to
0 for 10 RR Lyrae- and 5 SX Phoenicis-type stars known in
the Catalogue of Variable Stars in Galactic Globular Clusters
(Clement et al. 2001; Clement 2017) and Arellano Ferro et al.
(2014)2.

– Since NGC 3201 has a heliocentric radial velocity of
(494.0 ± 0.2) km s−1 and a central velocity dispersion of (5.0 ±
0.2) km s−1 (Harris 1996, 2010 edition), we select members by
choosing stars with mean radial velocities >400 km s−1.

– Our final sample only consists of member stars with at least
3 spectra per star after all filters have been applied.

We end up with 3553 stars and 54 883 spectra out of 4517
stars and 68 084 spectra in total. Due to different observational
conditions the stars near the confusion limit cannot be extracted
reliably from every observation. Figure 3 shows a histogram
of all applicable observations per star for the final sample of
NGC 3201. We have 3285 (91%) stars with five or more epochs,
2637 (73%) with ten or more epochs, and 918 (26%) stars with
20 or more epochs.

3.3. Mass estimation

We estimate the mass of each star photometrically by com-
paring its colour and magnitude from the ACS globular clus-
ter survey (Sarajedini et al. 2007; Anderson et al. 2008) with
a PARSEC isochrone (Bressan et al. 2012). For the globu-
lar cluster NGC 3201, we found the best matching isochrone
compared to the whole ACS CMD with the isochrone param-
eters [M/H] = −1.39 dex (slightly above the comparable lit-
erature value [Fe/H] = −1.59 dex, Harris 1996, 2010 edition),
age = 11 Gyr, extinction EB−V = 0.26, and distance = 4.8 kpc.
The mass for each star is determined from its nearest neighbour
on the isochrone. For blue straggler stars we assume a mass of
(1.20 ± 0.05) M� (Baldwin et al. 2016) instead.

3.4. The electronic catalogue

An outline of the final sample of the radial velocities is listed
in Table A.1. The columns ACS Id, position (RA, Dec), and
V equivalent magnitude from the ACS catalogue (Sarajedini
et al. 2007) are followed by the mean observation date of the
combined exposures (BMJD), the barycentric corrected radial
velocity vr, and its uncertainty εv from our MUSE observa-
tions. The last column contains the probability for variability
in radial velocity P(χ2

i , νi), determined as described in Sect. 5.
Three versions of the catalogue, one with the full final sample
(see Sect. 3.2), one with non-member stars, and one with the

2 The RR Lyrae-type stars are the brightest stars showing radial veloc-
ity variations in our sample and we verified that some of them show
Keplerian-like signals with periods <1 d and high eccentricities.
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Table 2. Globular cluster properties for the MOCCA model in compar-
ison to observed values.

RA 10h17m36s.82 (a)

Dec −46◦24′44′′.9 (a)

Distance to Sun 4.9 kpc (a)

Metallicity [Fe/H] −1.59 dex
Barycentric radial velocity (494.0 ± 0.2) km s−1 (a)

MOCCA Literature

Central velocity dispersion [km s−1] 5.23 (∗) (5.0 ± 0.2) (a)

Core radius [pc] 1.54 1.85 (a)

Half-light radius [pc] 4.16 4.42 (a)

Total V-band luminosity [L�] 9.27 × 104 8.17 × 104 (a)

Central surface brightness [L�/pc2] 2.25 × 103 9.14 × 102 (a)

Age [Gyr] 12 (12.0 ± 0.8) (b)

Mass [M�] 2.3 × 105 (1.49 ± 0.09) × 105 (c)

Total binary fraction [%] 8.72 –

Notes. (∗)Computed for stars brighter than 3 mags below MS turn-off.
References. (a) Harris (1996, 2010 edition) catalogue; (b) Dotter et al.
(2010); (c) Baumgardt & Hilker (2018).

RR Lyrae and SX Phoenicis stars are available at the CDS and
on the project website3.

4. MOCCA simulation of NGC 3201
We want to compare our observations of binaries in NGC 3201
with models. Our first attempt using a toy model with realis-
tic binary parameter distributions for this specific cluster like of
period, eccentricity, mass ratio, etc. failed since the creation of
binaries from these distributions is unrealistic. Moe & Di Ste-
fano (2017) demonstrated that randomly drawing values of these
orbital parameter distributions does not lead to realistic currently
observed binary distributions even when the parameter distribu-
tions themselves are realistic. Especially not for globular clus-
ters where dynamical interactions between stars play an impor-
tant role. Thus we have to use more sophisticated simulations
of globular clusters including all relevant physics for the cluster
dynamics and the binary evolution. Simulating the dynamical
evolution of realistic globular clusters in a Galactic potential up
to a Hubble time is computationally expensive.

4.1. The model
An approach that has been used to extensively simulate realis-
tic globular cluster models is the Monte Carlo method for stellar
dynamics that was first developed by Hénon (1971). This method
combines the statistical treatment of relaxation with the particle
based approach of direct N-body methods to simulate the long
term evolution of spherically symmetric star clusters. The parti-
cle approach of this method enables the implementation of addi-
tional physical processes (including stellar and binary evolution)
and is much faster than direct N-body methods. In recent years,
an extensive number of globular cluster models have been simu-
lated with the MOCCA (MOnte Carlo Cluster simulAtor; Giersz
1998; Hypki & Giersz 2013; Giersz et al. 2013; Askar et al.
2017; Hong et al. 2018; Belloni et al. 2019) and CMC (Clus-
ter Monte Carlo) codes (Joshi et al. 2000; Pattabiraman et al.
2013; Morscher et al. 2015; Rodriguez et al. 2016; Chatterjee
et al. 2017).

For the purpose of this project we needed a simulated glob-
ular cluster model that would have present-day observational
properties comparable to NGC 3201 and that would also contain

3 https://musegc.uni-goettingen.de/

stellar-mass black holes like the one we found (Giesers et al.
2018). Therefore, we used results from the MOCCA Survey
Database I (Askar et al. 2017) to identify initial conditions for
a model that had global properties close to NGC 3201 at an age
of 12 Gyr. This model has been subsequently refined with addi-
tional MOCCA simulations based on slightly modified initial
conditions to find an even better agreement with the properties
of NGC 3201 at an age of 12 Gyr including total luminosity, core
and half-light radii, central surface brightness, velocity disper-
sion and binary fraction.

The MOCCA code utilizes the Monte Carlo method to com-
pute relaxation. Additionally, it uses the fewbody code (Fregeau
et al. 2004, small number N-body integrator) to compute the out-
come of strong interactions involving binary stars. MOCCA also
makes use of the SSE (Hurley et al. 2000) and BSE (Hurley et al.
2002) codes to carry out stellar and binary evolution of all stars
in the cluster. MOCCA results have been extensively compared
with results from direct N-body simulations and they show good
agreement for both the evolution of global properties and num-
ber of specific objects (Giersz et al. 2013; Wang et al. 2016).

The following initial parameters were used for the MOCCA
model we simulated specifically for this work to have a com-
parison to NGC 3201: The initial number of objects was set to
N = 5.5 × 105. The initial binary fraction was set to 50%, result-
ing in 2.25 × 105 single stars and 5.5 × 105 stars in binary sys-
tems, thus in total 8.25× 105 stars in the initial model. The initial
binary properties were set as described in Belloni et al. (2017). The
metallicity of the model was set to (Z = 5.1×10−4) to correspond
to the observed metallicity of NGC 3201 provided in the Harris
(1996, 2010 edition) catalogue. We used a King (1966) model
with a central concentration parameter (W0) of 6.5. The model had
an initial half-mass radius of 1.65 pc and a tidal radius of 165 pc.
The initial stellar masses were sampled using a two-component
Kroupa (2001) initial mass function (IMF) with masses in the
range 0.08 M� to 100 M�. Neutron star natal kicks were drawn
from the Hobbs et al. (2005) distribution. For black holes, natal
kicks were modified according to black hole masses that were
computed following Belczynski et al. (2002). The properties of
the evolved simulated model at 12 Gyr are listed in Table 2 and
compared to literature values. The MOCCA model for NGC 3201
is able to reproduce well the observational core radius, half-light
radius, central velocity dispersion, and the V-band luminosity pro-
vided in Harris (1996, 2010 edition). The central surface bright-
ness for the MOCCA model is a factor of 2.5 larger than the
observed one which is unfortunately not given with an uncer-
tainty. In contrast, McLaughlin & van der Marel (2005), for exam-
ple, found about twice the observational central surface bright-
ness listed in Harris (1996, 2010 edition). Given the observational
uncertainties and limitations, the agreement between the simu-
lated model and the observed values are reasonable.

4.2. The mock observation

We project the simulation snapshot at 12 Gyr in Cartesian coor-
dinates using the cocoa code (Askar et al. 2018b). We use the
distance modulus of NGC 3201 at a distance of 4.9 kpc (Harris
1996, 2010 edition) to get the apparent magnitude of all stars.
For binary stars we combine the two components into a single
magnitude. We select the stars within the MUSE FoV (of all
pointings). Additionally we use our observational completeness
function for NGC 3201 (see Fig. 5) to select stars accordingly.

After we identified a set of stars comparable to the MUSE
observations, we created mock radial velocities for these stars. To
this aim, we let our observational data guide the simulation. For
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Fig. 5. Completeness as a function of magnitude for all MUSE obser-
vations of NGC 3201, using photometry from the ACS globular cluster
survey (Sarajedini et al. 2007). The fraction of all possible extracted
spectra to observed spectra within the MUSE FoV is shown. Blue:
extracted spectra with S/N > 2. Orange: extracted spectra in the final
sample (see Sect. 3.2). (The uncertainties are smaller than the points.)

each observed star (in our MUSE sample) we randomly picked
a MOCCA star with comparable magnitude. We then used the
epochs of the observed star to create new radial velocity mea-
surements. For single stars we simply assumed a radial veloc-
ity of 0 km s−1 for every time step. For binaries we calculated
the radial velocity for the brighter component from a Keplerian
orbit using the MOCCA properties of the binary system (masses,
period, inclination, eccentricity, argument of periastron, and peri-
astron time). However, due to the spectral resolution of MUSE its
measured radial velocity amplitude will be influenced by the flux
ratio of the two components of the binary system. From Monte
Carlo simulations we found that the theoretical expected radial
velocities vr,theoretical are linearly damped with the flux ratio:

vr,measured = vr,barycentre +

(
1 − f2

f1

)
vr,theoretical. (1)

With the flux of the brighter component f1 and the fainter com-
ponent f2. vr,barycentre is the radial velocity of the barycentre, which
can be neglected if only relative velocities are of interest. In the
case of both components having the same flux, the measured radial
velocity vr,measured amplitude will be zero. Thus, for example, twin
MS binary stars are hard to find. In the case when the fluxes of the
components are very different, the observed radial velocity ampli-
tude corresponds to the amplitude of the brighter component. We
apply this damping for every simulated radial velocity. Finally we
scatter these radial velocities within the uncertainties taken from
the MUSE corresponding measurements.

5. The binary fraction of NGC 3201
Section 4 reflects the efforts required to create realistic models
for globular clusters. We therefore conceived a model indepen-
dent approach to derive the binary frequency of a globular clus-
ter, as well as the probability of an individual star to be radial
velocity variable.

5.1. A new method to detect variable stars

We here introduce a general statistical method which could be
applied to any inhomogeneous sample with a varying number of

(a few) measurements and a large range of uncertainties. Here
it is applied to radial velocity measurements: To detect radial
velocity variations in a given star with m measurements, we com-
pute the χ2

i for the set of measurements x j with uncertainties σ j
to determine how compatible they are with the constant weighted
mean x (null hypothesis) of the measurements:

χ2
i =

m∑

j=1

1
σ2

j

(
x j − x

)2
with x =

∑m
j=1

x j

σ2
j∑m

j=1
1
σ2

j

· (2)

A star that shows radial velocity variations higher than the
associated uncertainties will have reduced χ2 > 1 on aver-
age. In contrast, a star without significant variations will have
reduced χ2 ≈ 1. As described in Sect. 3 each star in our sample
has its own number of observations and therefore its own num-
ber of degrees of freedom (ν = m − 1, see Fig. 3). Assuming
Gaussian distributed uncertainties for all measurements and a
common degree of freedom for all stars, we know the expected
χ2-distribution in form of the cumulative distribution function
(CDF) F for the null hypothesis that all stars show constant sig-
nals. If there are binary stars with radial velocity variations in
our sample, there will be an excess of higher χ2 values compared
to the null hypothesis. Therefore, the empirical CDF computed
from the measured χ2 will increase slower than the CDF com-
puted using the null hypothesis.

For a chosen degree of freedom (e.g. ν = 3) we calculate the
probability P̄ of each star to match the null hypothesis through
the comparison of the observed empirical distribution function
(EDF) Fobserved with the expected CDF (comparable to the top
panel in Fig. 6):

P̄(χ2
i , νi = 3) =

1 − F(χ2
i , 3)theoretical

1 − F(χ2
i , 3)observed

· (3)

Since the EDF Fobserved is simply the fraction of stars below a
given χ2, we divide the number of stars we measured below a
given χ2 with the expected number from the known CDF to cal-
culate P (comparable to the middle panel in Fig. 6). The proba-
bility of a star to be variable for a given degree of freedom ν is
P = 1 − P̄:

P(χ2
i , νi) =

F(χ2
i , νi)theoretical − F(χ2

i , νi)observed

1 − F(χ2
i , νi)observed

· (4)

To use the statistical power of the whole sample with the total
number of stars n, this equation can be generalised to multiple
degrees of freedom by noticing that n Ftheoretical is the expected
number of stars below a given χ2. The (expected or observed)
total number of stars below a given χ2, taking all available
degrees of freedom into account, can be expressed using the
number of the stars per degree of freedom nν and adding up the
contributions from all degrees of freedom in a “super CDF”:

Ŝ (χ2
i ) =

1
n

∑

ν

F(χ2
i , ν) nν, (5)

from which n Ŝ is the analogue of n Ftheoretical (and n Fobserved) for
multiple degrees of freedom. Inserting this into Eq. (4) yields

P(χ2
i , νi) =

n Ŝ (χ2
k) − k

n − k
with k =

∣∣∣∣
{
χ2|χ2/ν < χ2

i /νi

}∣∣∣∣ (6)

where k is the number of stars with a reduced χ2 lower than the
one of the given star, i.e. χ2

i /νi and χ2
k .
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Fig. 6. Top panel: superposition of observed empirical distribution func-
tion (EDF) and expected theoretical cumulative distribution function
(CDF) using the null hypothesis that no variable star exist in sample.
Middle panel: resulting ∆CDF. Bottom panel: histogram of variability
probabilities in the sample.

The upper panel of Fig. 6 shows the observed EDF and the
theoretical “super CDF” Ŝ . Both functions deviate for increasing
χ2, which indicates that stars in the sample not only show sta-
tistical variations. The middle panel shows the resulting ∆CDF
(Eq. (6)) for our sample. If we evaluate it with the reduced χ2

ν we
get the probability for each star to vary in radial velocity. The
bottom panel of Fig. 6 shows the resulting binary probability
distribution of all NGC 3201 stars in our sample.

Comparing the number of stars with P > 0.5 to the total num-
ber of stars yields the discovery binary fraction. We checked this
approach using Monte Carlo simulations for different star sam-
ples of single and binary stars. It should be noted that at this 50%
threshold there is a balance of false-positives and false-negatives,
but that ensures a robust measurement for the overall statistics.
Of course, for individual stars the acceptance probability to be a
binary should be higher.

The statistical uncertainty of the binary fraction is calculated
by the quadratic propagation of the uncertainty determined by
bootstrapping (random sampling with replacement) the sample
and the difference of the fraction for P > 0.45 and P > 0.55
divided by 2 as a proxy for the discriminability uncertainty
between binary and single stars.

5.2. Verification of the method on the MOCCA mock
observation

To verify the validity of this statistical method, we applied it to
the MOCCA mock observation introduced in Sect. 4. For each
star we calculated the variability probability according to Eq. (6).
We also calculated a kind of semi-amplitude by bisection of the
peak to peak of the simulated radial velocities (∆vr / 2) of each
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Fig. 7. Top panel: variability probability as a result of the statistical
method for all known binaries in the MOCCA mock observation as
a function of ∆vr / 2, a proxy for the projected radial velocity semi-
amplitude. Bottom panel: histograms of the variability probability for
known single and binary stars in the MOCCA mock observation.

star. In the top panel of Fig. 7 the mean binary probability in rela-
tion to this semi-amplitude for all known binaries in the mock
observation is presented, using a binning of 30 stars per data
point. In view of the radial velocity uncertainties (see Fig. 4) the
statistical method gives plausible results: for example 50% of all
stars with a semi-amplitude around 10 km s−1 are recovered. The
bottom panel of Fig. 7 shows histograms of the binary proba-
bility of the known single stars (in blue) and the known binary
stars (in orange). We get a separation of the binary stars (peak
at probability ≈ 1) and single stars (peak at probability ≈ 0). It
shows the power of our approach, as it results in a binary distri-
bution peaked at high probabilities and a single star distribution
peaked at low probabilities. Using a threshold of P = 0.5 (0.8)
would result in a false-positive rate of 324/781 (44/617) stars.
These rates agree with the expectations, since the method gives
us a balance of false-positives and false-negatives at the 50%
threshold, as mentioned before.

The statistical method yields a discovery fraction of (22.1 ±
1.8)% for this mock observation. Compared with the true binary
fraction in this mock observation of 25.9% we get a discovery
efficiency of 85.2%. This implies that we can expect to detect
the vast majority of binary stars present in our observed MUSE
sample.

5.3. Application to the MUSE observations

Using the statistical approach we obtained an observational
binary frequency (discovery fraction) of (17.1 ± 1.9)% within
our MUSE FoV. The bottom panel of Fig. 6 shows the result-
ing binary probability of our stars in the sample. To determine
the true binary frequency of the globular cluster NGC 3201 we
have to overcome our observational biases. Our survey is a blind
survey and we do not select our targets as in previous spec-
troscopic studies. Nevertheless, we still have a magnitude limit
below which we cannot derive reliable radial velocities and we
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are confined to the MUSE FoV. In Fig. 5 the magnitude com-
pleteness of MUSE stars compared to the ACS globular clus-
ter survey (Sarajedini et al. 2007) of NGC 3201 is shown (blue
curve). After filtering (see Sect. 3), we end up with the magni-
tude completeness of the binary survey (orange curve). To get
the binary frequency we have to divide the discovery fraction
by the discovery efficiency. As described in Sect. 4, the discov-
ery efficiency cannot be derived by simple assumptions (except
for inclination of the binary system). Moreover, the efficiency
strongly depends on the number of observations and the sam-
pling per star. Figure 3 shows that our distribution of applicable
observations is inhomogeneous and likewise is our time sam-
pling (see Fig. 2).

We use the MOCCA mock observation to overcome these
biases. Assuming the MOCCA simulation is realistic and com-
parable to our MUSE observation, we found a binary frequency
of (20.08 ± 0.22)% within our MUSE FoV, taking the discovery
efficiency of Sect. 5.2 into account. We can now use the origi-
nal MOCCA simulation and compare its true binary frequency
of 8.72% with the true binary frequency of the mock observation
25.9% and get a factor of 0.336. Applying this factor and the dis-
covery efficiency it is possible to translate the MUSE discovery
fraction into the total binary fraction of NGC 3201 to

(6.75 ± 0.72)%.

The main reason for this value being significantly lower than
our observed binary frequency is the central increase in binaries
due to mass segregation. Our value is in reasonable agreement
with the binary fraction of the MOCCA simulation, 8.72%, con-
sidering the assumptions that have to be made in Monte Carlo
models. This highlights again that the MOCCA simulation that
we selected represents an accurate model for NGC 3201.

We also verified to what extent our study is consistent with
the results of Milone et al. (2012), who reported a core binary
frequency of (12.8±0.8)%. Without applying any selection func-
tion, the MOCCA simulation yields a binary fraction of 12.5%
within the core radius of NGC 3201. Hence, our results appear
to be consistent with the study of Milone et al. (2012) and the
apparent differences (with respect to our discovery fraction of
(20.08 ± 0.22)%) can be attributed to selection effects.

5.4. Primordial binaries
We created different MOCCA simulations of NGC 3201 to get
a comparable mock observation and thus binary fraction to
our observations. The best matching MOCCA simulation (see
Sect. 4) has an initial binary fraction of 50% which indicates that
a large portion of primordial binaries is necessary to reproduce
the current observations of NGC 3201.

Recent studies have shown that populations of cataclysmic
variables and X-ray sources observed in several globular clus-
ters can be better reproduced with globular cluster simula-
tions that assume high primordial binary fractions (e.g. Rivera
Sandoval et al. 2018; Cheng et al. 2018; Belloni et al. 2019).
In addition, Leigh et al. (2015) and Cheng et al. (2019) found that
a high primordial binary fraction is also necessary to reproduce
the binary fraction outside the half-mass radius and the mass seg-
regation we observe in Galactic globular clusters.

5.5. Mass segregation
Due to mass segregation it is expected that binary systems
(which are in total more massive than single stars) will migrate
towards the centre of a globular cluster (see Sect. 1). Thus the
binary fraction should increase towards the cluster centre. In
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Fig. 8. Observational binary fraction of NGC 3201 in radial bins as a
function of the cluster centre. Blue: MUSE bins with 100 stars per bin.
Orange: MOCCA MUSE equivalent mock observation, same bins as
MUSE.

Fig. 8 the observational binary discovery fraction in relation to
the projected distance to the centre of the globular cluster is
shown. Since we do not have true distances to the cluster cen-
tre, any observed radial trend is expected to be somewhat weaker
than the underlying trend with true radii. Nevertheless, we found
a mild increase in the binary fraction towards the cluster cen-
tre. The slope of a simple linear fit is (−0.055 ± 0.003)% per
arcsec with a Pearson correlation coefficient of −0.28. Despite
the observational biases and the limited radial distance to the
cluster centre this result agrees with the theoretical expectations.
Compared to the mock simulation, for which the same projected
radial bins have been applied, the result is qualitatively the same.
We like to stress that the original MOCCA simulation has a clear
radial trend in the binary frequency (using three dimensional
radial bins).

6. Determination of orbital parameters

Constraining the orbital properties (six standard Keplerian
parameters) of a binary system with very few or imprecise radial
velocity measurements is difficult. Naively one could assume
that in dense globular clusters only hard binaries (with high bind-
ing energy and typically short period) could survive and should
circulise their orbit during their lifetime. However, not only due
to dynamical interactions, a significant number of binaries are
expected to be on eccentric orbits (Hut et al. 1992). Methods like
the generalised Lomb-Scargle periodogram (GLS; Zechmeister
& Kürster 2009) are good to find periods in unequally sampled
data. GLS is good for finding periods in circular orbits, but tends
to fail in eccentric configurations. The APOGEE team also faced
the same challenges and created a tool named “The Joker”
(Price-Whelan et al. 2017).

6.1. THE JOKER

The Joker is a custom Monte Carlo sampler for sparse or noisy
radial velocity measurements of two-body systems and can pro-
duce posterior samples for orbital parameters even when the like-
lihood function is poorly behaved.

We follow the method of Price-Whelan et al. (2018) to find
orbital solutions for our NGC 3201 stars. Our assumptions to use
The Joker are accordingly:
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Fig. 9. Le f t: radial velocities (black data points) of the companion of the black hole candidate with ACS Id #5132. The blue curves are the possible
orbital solutions determined by The Joker for this star. Right: period-eccentricity plot of these samples.

– Two bodies: We assume the multiple star systems in
NGC 3201 to consist of two stars or only two stars to be on the
dominant timescale for the dynamics of the system (hierarchical
multi-star system).

– SB1: The light of the binary components adds up in the
MUSE spectrograph as a single source. We assume one of the two
binary components does not contribute significantly to the spec-
trum (single-lined spectroscopic binary = SB1). In the case both
components have similar magnitudes (double-lined spectroscopic
binary = SB2) it is not possible for us to separate the components
for typical radial velocity amplitudes, due to the low spectral res-
olution of MUSE. As mentioned in Sect. 4, the amplitude of SB2
systems depends on the flux ratio of the two binary components.

– Isolated Keplerian systems: The radial velocity variations
are due to orbital motions and not caused by possible intrin-
sic variations (e.g. pulsations). Moreover, the cluster dynamics
occurs on a longer timescale than the orbital motion in the binary
system.

– Gaussian distributed uncertainties: We ensured all radial
velocity uncertainties to be free from systematic effects, inde-
pendent of each other and represent purely Gaussian noise (for
details see Kamann et al. 2018, and Sect. 3.2).

We generated 229 = 536 870 912 prior samples for the period
range 0.3 d to 4096 d. We requested 256 posterior samples for
each star with a minimum of 5 observations and a minimum 50%
probability to be a variable star. In our sample 515 met these con-
ditions and could be processed with The Joker. If fewer than
200 posterior samples were found for one star, we used a dedi-
cated Monte Carlo Markov chain (MCMC) run as described in
Price-Whelan et al. (2017) to get 256 new samples. We analysed
their posterior distributions and will focus on objects with uni-
modal or bimodal distributions in the following.

In Fig. 9 the result of this process for one example star (com-
panion of a black hole candidate, more in Sect. 7.3) in our sam-
ple is presented. The 256 orbital solutions (in blue) represent the
posterior likelihood distribution for this star and are in this case
in principle two unique solutions with uncertainties. We define
this solutions to be bimodal in orbital period. If in this example,
only one solution (one cluster in the right panel of Fig. 9) would
be present, we would define it as unimodal. In general, we have
unimodal samples when the standard deviation of The Joker
periods P on logarithmic scale meets the criterion:

σln P < 0.5. (7)

To identify bimodal posterior samples we use a similar
method as described in Price-Whelan et al. (2018): We use the

k-means clustering with k = 2 from the scikit-learn package
(Pedregosa et al. 2011) to separate two clusters in the posterior
samples in orbital period (like the two clusters in the right panel
of Fig. 9). Each of the two clusters have to fulfil Eq. (7). We take
the most probable (the one with more samples than the other) as
the result for this bimodal posterior samples. Finally, we take the
median and the standard deviation as uncertainty of all parameters
from these results.

6.2. Binary system properties

The CMD in Fig. 10 is created using the newer HST UV glob-
ular cluster survey photometry of NGC 3201 (Nardiello et al.
2018; Piotto et al. 2015) which was matched to the photome-
try of the HST ACS globular cluster survey (Sarajedini et al.
2007; Anderson et al. 2008) we used as an input catalogue for the
extraction of the spectra. The binary probability for each star
we determined by our statistical method is colour-coded. As
expected, many MS binaries positioned to the red of the MS are
found by our method. Red giants brighter than the horizontal
branch magnitude could not be found in binary systems in our
sample. A good check for the statistical method are the chromo-
spherically active binaries, which deviate in our CMD signifi-
cantly from the MS (see annotation in CMD) and are very well
confirmed by the method. More details about the other stellar
types are presented in the following Sect. 7.

As described in Sect. 6.1 we analysed all stars with a 50%
variability probability. We found 95 stars from which 78 stars
have unimodal and 17 stars bimodal posterior samples in orbital
period. That means the period of these stars is well constrained
but does not mean all Keplerian parameters are constrained sim-
ilarly well. We present the results of The Joker in Table A.2
with the star position, magnitude, a selection of the fitted param-
eters (period, eccentricity, amplitude, visible mass), and the
derived invisible minimum (companion) mass. The comment
column contains additional information to individual stars as
explained in the table notes. For a selection of interesting stars of
this table we show the best Keplerian fit in Fig. A.1 and a blind
random set in Fig. A.2. These plots show in the upper panel the
radial velocities vr of an individual star from our final sample
phase folded with the period from the best fitting model. The
lower panel contains the residuals after subtracting this model
from the data. In addition to the identifier (ACS Id), position and
magnitude from the ACS catalogue (Sarajedini et al. 2007), we
note the period P, eccentricity e, invisible minimum mass M2,
reduced χ2 of the best fitting model, and the comment in every
plot for convenience.
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Fig. 11. Eccentricity-period plot of the well constrained binaries in
NGC 3201. Binaries with unimodal (blue) and bimodal (orange) solu-
tions in the posterior period sampling. The maximum eccentricity in
green represents the theoretical limit (above a 2 d period) to which
binary systems are stable (see Sect. 6.2).

For the first time Fig. 11 shows the eccentricity-period dis-
tribution of binaries in a globular cluster. We found binaries

in a period range from 0.27 d to 3000 d with eccentricities
from 0 to 0.9. The eccentricity distribution is biased towards
low eccentricities, because for these orbits fewer measurements
are necessary to get a unique solution. In the figure we also
show a maximum eccentricity emax power law derived from a
Maxwellian thermal eccentricity distribution

emax(P) = 1 −
(

P
2 days

)−2/3

for P > 2 days (8)

for a given period P (Moe & Di Stefano 2017). This represents
the binary components having Roche lobe fill factors ≤70% at
periastron. All binaries with P < 2 d should have circular orbits
due to tidal forces. Additionally, we also take dynamical star
interactions into account by using a limit on the orbital veloc-
ity at apoastron. The orbital velocity should always be higher
than the central cluster dispersion of 5 km s−1 of NGC 3201
(Harris 1996, 2010 edition). This limit on eccentricity is domi-
nant for periods >260 d. Except for the contact binary star (ACS
Id: #13108, see Table A.2) all stars behave accordingly. Note that
when the eccentricity distribution of one star peaked at zero we
still took the median like in all other distributions. Therefore the
stars below P < 2 are consistent within their uncertainty with
e = 0. Figure 11 also clearly shows that not all binaries in globu-
lar clusters have been circularised over the lifetime of a globular
cluster. We, however, do not find high-eccentric long-period (e.g.
e > 0.6 and P > 300 d) binaries within the eccentricity limit.
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Fig. 12. Companion masses (<1 M�) of the well constrained bina-
ries in NGC 3201 are shown. The blue histogram contains the fitted
results (minimum masses) from The Joker, whereas the orange his-
togram contains the same results after applying a statistical correction
for orbital inclination to obtain the actual companion mass distribution
(see Sect. 6.2).

This could either be due to our observational bias or an effect
which restricts the eccentricity even further.

Figure 12 shows the minimum companion masses of the well
constrained binaries (blue histogram). In orange all masses are
resampled 1000 times from their fitted mass divided by sin i to
obtain the actual companion mass distribution. The inclination
i is taken from a sinusoidal detection probability distribution
between 0 to π/2 with a cutoff mass of 0.8 M� (roughly maxi-
mum normal stellar mass in NGC 3201). This results in a linear
anti-correlation between the companion mass and the frequency
of binaries having this companion mass. As explained in Sect. 4
we have a bias towards binaries with both components having
different luminosities. Milone et al. (2012) found a flat mass
ratio distribution throughout all clusters above a mass ratio >0.5.
The pairing fraction of our binaries is beyond the scope of this
paper, since we would need to correct for the luminosity ratio
effect and the selection function of The Joker, which is cur-
rently unknown in our case.

Noteworthy is that all red giant binaries in our sample with
well constrained orbits have periods larger than 100 d. This corre-
sponds toaminimumsemi-majoraxisof&0.5 AUandisconsistent
with not having Roche-lobe overflow in the binary system.

7. Peculiar objects in NGC 3201

7.1. Blue straggler stars and SX Phoenicis-type stars

Our sample of NGC 3201 contains 40 blue stragglers with suffi-
cient observations and signal to noise. From these stars, 23 are
most likely in binary systems while 17 are not (including the
SX Phoenicis-type stars assumed to be single stars). This obser-
vational binary fraction of (57.5 ± 7.9)% is much higher than
the one of all cluster stars or even the Milky Way field stars
(see Sect. 1). Our ratio of binaries to single blue straggler stars
RB/S = 1.35 in the core of NGC 3201 is significantly higher
than the prediction by Hypki & Giersz (2017) of RB/S ∼ 0.4,
but could also be explained by an overabundance of the more
massive blue straggler binaries (compared to single blue strag-
glers) due to mass segregation. Nevertheless, this high binary
fraction strongly suggests that most of the blue stragglers in
our sample were formed within a binary system. As in Sect. 2
explained, a cluster member needs additional mass to become a

blue straggler. Two formation scenarios are consistent with this
high binary fraction: (1) mass transfer within a triple star system
(e.g. Antonini et al. 2016), (2) stellar mergers induced by stellar
interactions of binary systems with other binaries or single stars
(e.g. Leonard 1989; Fregeau et al. 2004).

From these 23 blue straggler binaries The Joker could
find 11 highly constrained solutions, three are extremely hard
binaries (<1 d) with a minimum companion mass ranging from
0.11 M� to 0.24 M� and six relatively wide (>100 d) with mini-
mum companion masses ranging from 0.35 M� to 0.67 M�. The
remaining 2 blue stragglers are in between the period and com-
panion mass range (see stars in Table A.2 with comment “BSS”
for more details). Figure 10 shows the blue stragglers and their
period range in a CMD. We also identified five blue straggler
stars as known SX Phoenicis-type variable stars in the Catalogue
of Variable Stars in Galactic Globular Clusters (Clement et al.
2001; Clement 2017) and one of them as a SX Phoenicis candi-
date in Arellano Ferro et al. (2014). We also see their pulsations
(similar to the RR Lyrae-type stars) as a radial velocity signal up
to amplitudes of 18 km s−1. We cannot distinguish between the
pulsation signal and a possible signal induced by a binary com-
panion, thus we consider these stars to be single stars and the
velocity variability solely explained by radial pulsations.

Mass transfer in a relatively wide blue straggler binary sys-
tem is almost impossible. Thus, only the three hard binaries
probably result from this process. It is obvious that mass trans-
fer is taking place in the contact binary system with ACS Id
#13108. On the other hand, head-on collisions of single stars
would result in single blue stragglers and are extremely unlikely
in a low-density cluster such as NGC 3201. Therefore, it is more
likely that a high percentage of the blue stragglers in our sam-
ple result from coalescence in systems with ≥3 stars. The com-
plex behaviour of such systems favours configurations that result
in the coalescence of two of its members (e.g. Leonard 1989;
Fregeau et al. 2004; Antonini et al. 2016). If more than two stars
in the formation of blue stragglers are involved, this could also
mean that hard blue straggler binary systems could have a third
outer component inducing an additional, much weaker signal.
We could not identify such a signal in our data. For example, the
star with ACS Id #12746 (see radial velocity signal in Fig. A.1)
is the most central hard blue straggler binary in our sample with
63 observations, but its radial velocity curve does not contain
any significant additional signal.

The projected spin velocities (V sin i) of blue stragglers have
been suggested as a possibility to infer their ages and origins
(e.g. Leiner et al. 2018). V sin i measurements of blue strag-
glers in NGC 3201 have been performed by Simunovic & Puzia
(2014) and cross-matching their sample with our data results in
a subset of five blue stragglers with spin velocities ranging from
(34.6±1.6)km s−1 to (135.2±3.5)km s−1. We note that all of them
are binary systems. However, no clear picture emerges regarding
a possible relation between spin velocity and orbital properties.

As introduced, SX Phoenicis-type stars are most likely
formed in binary evolution. That is why it is possible for them
to have a companion, but the companions radial velocity signal
would be hidden in the pulsation signal.

7.2. Sub-subgiant stars

We found four SSG stars4 within our MUSE FoV (see posi-
tion in Fig. 10). Assuming the radial velocity changes are only

4 The four SSGs in our sample could also be defined as red stragglers,
since they are at the boundary of both definitions in Geller et al. (2017a).
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Keplerian (and not by pulsations), The Joker could determine
unique Keplerian solutions for all of them (see stars in Table A.2
with comment “SSG”).

Fortunately the SSG with ACS Id #14749 (see also plot in
Fig. A.1) is a known detached eclipsing binary with a period
of 10.0037 d (Kaluzny et al. 2016) and we found the same
period (10.006 ± 0.002) d with our method. But this also means
the system is observed edge-on and our companion mass is its
true mass. The visible star shows a radial velocity amplitude of
(42.9± 1.5) km s−1 with a very low eccentricity of (0.09± 0.07),
and a companion mass of (0.53 ± 0.04) M� for an assumed pri-
mary mass of (0.82 ± 0.05) M�. That makes a system mass of
1.35 M� and considering mass transfer, one possible pathway
could be towards the blue straggler region (Leiner et al. 2017).
Compared to our best fitting model spectrum (and to a well fit-
ted Hβ line) all spectra of this star show a partially filled-in Hα
absorption line (the absorption is not as deep as expected, see
Fig. A.3 as an example). This could mean that mass transfer
is already underway. In this case this could be used to infer an
accretion rate, but is beyond the scope of this paper.

The two short period (<6 d, #22692, #13438) SSGs show
X-ray emission according to the November 2017 pre-release of
the Chandra Source Catalog Release 2.0 (Evans et al. 2010).
The SSG (#22692) with the 5.1 d period actually has significant
varying Hα emission lines in most of our spectra. One spectrum
of this star with Hα in emission is presented in Fig. A.4. The
maximum emission line is twice as strong as the minimum line
compared to the continuum. Again, it would be interesting to cal-
culate the accretion rate for this case, but is beyond the scope of
this paper. The SSG (#13438) with the 5.9 d period has partially
filled-in Hα absorption lines in all spectra like the eclipsing SSG
described before. One spectrum of this star with the filled-in Hα
line is shown in Fig. A.3. Both short period SSGs have a similar
semi-amplitude of ∼37 km s−1, no eccentricity and a minimum
companion mass of (0.35 ± 0.03) M�.

The SSG (#11405) has with 17.2 d the longest period, unlike
the other stars a relatively high eccentricity of 0.4 and a low min-
imum companion mass of 0.15 M�.

The detection of a dozen more SSGs and RSs in our MUSE
globular cluster sample will be published in the emission line
catalogue of Göttgens et al. (2019b).

7.3. Black hole candidates

Here we report our new measurements for the stellar-mass black
hole (BH) candidate in NGC 3201 previously published in Giesers
et al. (2018). The additional observations perfectly match the
known orbital model and confirm the BH minimum mass to be
(4.53±0.21) M�. The deviation to the previously minimum mass
of (4.36 ± 0.41) M� is within the uncertainties. Furthermore, the
observations fill in the apoapsis which was missed by previous
observations (see #12560 in Fig. A.1) and exclude other possible
orbital solutions. We would like to emphasise that this star has
been analysed with The Joker and MCMC like all other stars,
without the effort invested in it as in Giesers et al. (2018).

In our full sample of NGC 3201 we detected two addi-
tional BH candidates with solutions from the fit of The Joker.
Table A.2 shows the resulting properties of these binary sys-
tems with ACS Id #21859 and #5139. Both systems are faint
with extracted spectra of S/N ≤ 10. Remarkable is the system
(#21859) with a unique solution and a semi-amplitude of about
300 km s−1, we cannot explain the radial velocity curve shown in
Fig. A.1 with other explanations than an unseen companion with
a minimum mass of (7.68± 0.50) M�. The other system (#5132)

has two solutions with the more probable (82% probability) min-
imum companion mass of (4.40 ± 2.82) M� and the less proba-
ble of 1.10 ± 0.20 M�. This candidate is not well constrained
and needs more observations to be confirmed as a BH. To our
knowledge, both sources do not have an X-ray or radio counter-
part. This is remarkable in the case of #21859, as the presence
of a partially filled-in Hα line in the MUSE spectra suggests that
accretion is present. We show a combination of all spectra shifted
to rest-frame in Fig. A.5.

In light of the recent results based on Monte Carlo simula-
tions, it appears feasible that NGC 3201 hosts several BHs in bina-
ries with MS stars. Both Kremer et al. (2018) and Askar et al.
(2018a) predict the presence of at least ∼100 BHs in the cluster,
with tens of them in binaries with other BHs or bright companions.
More specifically, in the best model of Kremer et al. (2018), four
BHs have MS-star companions. Interestingly, all of those systems
show eccentricities &0.6, add odds with the new candidates that
we discovered (cf. Table A.2). On the other hand, the semi-major
axes of our candidates of 0.067 AU and 2.804 AU are within the
range of semi-major-axis values that Kremer et al. (2018) found
in their best model of NGC 3201 (see their Fig. 3).

Our MOCCA snapshot at 12 Gyr contains 43 BHs with 33
single BHs, 2 BH-BH binaries, and 6 BH-star binaries. The
median mass of all BHs is 16.8 M� within a range of 3.7 M�
to 78 M�. Two BH-star binaries and 5 single BHs are in the
probable mass region of the BH candidates we discussed here.
The total number of BHs is lower than the previous predictions,
but the number of BHs with detectable companions is consistent
with our observations throughout all models.

8. Conclusions and outlook

We elaborated the first binary study from our MUSE survey of 27
Galactic globular clusters in the core of NGC 3201 and showed
the variety of results our blind multi-epoch spectroscopic obser-
vations reveal. Since modelling a globular cluster contains many
imponderables, we developed a statistical method – applicable to
any time-variant measurements with inhomogeneous sampling
and uncertainties (not only radial velocities) – which can distin-
guish between a constant and varying signal (like in single and
binary stars). We determined an observational binary frequency
of (20.08±0.22)% using this statistical method. Based on a com-
parison with an advanced MOCCA simulation of NGC 3201, we
calculated a total binary fraction of (6.75±0.72)% for all stars in
the whole cluster. We confirmed the trend of an increasing binary
fraction towards the cluster centre due to mass segregation. We
found a significantly higher binary fraction (57.5±7.9)% of blue
straggler stars compared to the cluster, indicating that the for-
mation of blue stragglers in the core of NGC 3201 is related
to binary evolution. For the first time, we presented well con-
strained Keplerian orbit solutions for a significant amount of
stars (95) using the Monte Carlo tool The Joker. Eleven of
these are blue straggler stars very likely in binary systems and
shed light on the properties of these systems. We conclude that
both the mass transfer formation scenario and the collisional for-
mation scenario of blue stragglers are present in our data. Col-
lision means in this case the coalescence of two stars during a
binary-binary or binary-single encounter. We found four SSG
stars by connecting our MUSE spectroscopy with HST photom-
etry and X-ray observations. Fortunately, we got definite Keple-
rian solutions for all of them and have insights into their proper-
ties for the first time in a globular cluster. Finally, we presented
three stellar-mass BH candidates, from which one is already pub-
lished (Giesers et al. 2018) and one with a minimum mass of
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(7.68 ± 0.50) M� is clearly above a single and even binary neu-
tron star companion mass limit. In total, these BH candidates in
binary systems with MS stars would strongly support the hypoth-
esis that NGC 3201 has an extensive BH population of up to hun-
dred more BHs (Kremer et al. 2018; Askar et al. 2018a). This
cluster, and maybe other globular clusters as well, could be a
significant source of gravitational waves.

In a following paper we will present binary fractions in the
context of multiple stellar populations within NGC 3201. We
will continue to observe ω Cen and 47 Tuc to have a compa-
rable amount of epochs and will end up with a magnitude more
stars per cluster compared to NGC 3201. Finally, we will publish
the binary fractions of all clusters in our survey and try to find
correlations with cluster parameters.
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Appendix A: Additional tables and figures
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Fig. A.1. Selection of interesting results from The Joker sorted by ACS Id. The upper panel of every plot shows the radial velocities of the star
from our final sample phase folded with the period from the best-fitting model. (Sometimes the uncertainties appear smaller as the data points.)
The best-fitting model is plotted with the continues line. The lower panel contains the residuals after subtracting this model from the data. We
note the source number, period P, eccentricity e, invisible mass M2 and reduced χ2 of the best fitting model in every plot. See Table 1 for more
information to individual stars.
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Fig. A.2. Same as Fig. A.1 for a random selection of results from The Joker.
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spectrum offset by 0.3 in orange. Bottom panel: residuals after subtracting the best fit from the data. Right panels: zoom at the Hβ and Hα line
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Fig. A.4. Same as Fig. A.3 for the sub-subgiant with ACS Id #22692. Note that in contrast to star #13438 (cf. Fig. A.3), this star shows an observed
Hα emission line.
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Fig. A.5. Same as Fig. A.3 for the companion of the black hole candidate with ACS Id #21859.

Table A.1. Radial velocity measurements: 10 randomly selected rows from the electronically published catalogue with ∼50 000 rows.

ACS Id RA Dec Mag. BMJD vr εv P(χ2
i , νi)

(◦) (◦) F606W (d) (km s−1) (km s−1) (%)

11317 154.41447 −46.41358 15.77 2457136.4895 491.7 1.5 100
24879 154.38805 −46.40288 19.86 2457009.7918 499.4 6.4 36
10605 154.42077 −46.42044 18.52 2458490.7212 481.6 3.3 17
12088 154.40818 −46.42113 19.09 2457009.8027 491.0 4.7 4
15271 154.38357 −46.41156 20.50 2457786.8727 496.3 7.2 16
23145 154.40307 −46.39943 20.74 2457008.8456 490.3 7.2 60
11426 154.41367 −46.41481 18.17 2458227.6446 506.6 8.0 35
22284 154.41001 −46.39965 20.39 2458227.6446 517.2 8.3 13
22723 154.40600 −46.40560 18.70 2458490.7325 478.0 4.8 7
13914 154.39437 −46.41315 21.16 2458249.5006 495.6 8.1 7

Notes. ACS Id: identifier in the catalogue of NGC 3201 in the ACS globular cluster survey (Sarajedini et al. 2007). Position and magnitude are
also taken from this catalogue. The full table is available at the CDS.
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Table A.2. Binary system properties.

ACS Id RA Dec Mag. Period Eccentricity Amplitude Vis. mass Invis. min. mass Comment
(◦) (◦) F606W (d) (km s−1) (M�) (M� sin i)

13108 154.40005 −46.42014 17.68 0.269 ± 0.007 0.50 ± 0.21 33.4 ± 14.3 1.20 ± 0.05 0.11 ± 0.05 BSS, Hα, EW
25210 154.38502 −46.40803 18.05 0.3731 ± 0.0001 0.22 ± 0.24 9.2 ± 2.3 0.80 ± 0.05 0.03 ± 0.01 Hα, bimodal
12746 154.40330 −46.41368 16.72 0.4706 ± 0.0001 0.01 ± 0.02 28.0 ± 0.8 1.20 ± 0.05 0.12 ± 0.01 BSS, V sin i
13862 154.39460 −46.42221 20.21 0.7287 ± 0.0001 0.09 ± 0.12 41.9 ± 6.4 0.60 ± 0.05 0.14 ± 0.03 Hα, bimodal
22697 154.40615 −46.41101 19.41 0.8631 ± 0.0001 0.12 ± 0.10 30.7 ± 2.4 0.69 ± 0.05 0.12 ± 0.02 bimodal
12581 154.40447 −46.41137 19.09 0.89 ± 0.43 0.14 ± 0.18 27.1 ± 3.3 0.72 ± 0.05 0.10 ± 0.02 bimodal
11222 154.41516 −46.42245 16.82 0.9430 ± 0.0001 0.04 ± 0.04 37.4 ± 1.8 1.20 ± 0.05 0.22 ± 0.02 BSS, V sin i
13362 154.39838 −46.41245 20.86 0.9954 ± 0.0001 0.05 ± 0.03 124.8 ± 4.0 0.57 ± 0.05 0.68 ± 0.06 Hα
12229 154.40736 −46.41683 19.83 1.6900 ± 0.0003 0.10 ± 0.14 15.0 ± 2.9 0.66 ± 0.05 0.07 ± 0.02 bimodal
10293 154.42364 −46.41268 18.05 1.8760 ± 0.0001 0.04 ± 0.03 66.3 ± 1.7 0.80 ± 0.05 0.44 ± 0.03
13968 154.39393 −46.41370 19.29 1.9429 ± 0.0001 0.05 ± 0.06 80.9 ± 7.6 0.71 ± 0.05 0.55 ± 0.08 Hα
22818 154.40547 −46.39993 18.25 1.9477 ± 0.0002 0.24 ± 0.24 14.7 ± 5.7 0.79 ± 0.05 0.08 ± 0.03 bimodal
11802 154.41090 −46.41574 19.70 2.11 ± 0.20 0.10 ± 0.14 20.0 ± 2.7 0.64 ± 0.05 0.10 ± 0.02 Hα
21859 154.41347 −46.40691 20.37 2.2422 ± 0.0001 0.07 ± 0.04 305.5 ± 7.7 0.61 ± 0.05 7.68 ± 0.50 BHC, Hα
12836 154.40215 −46.42134 20.13 2.4262 ± 0.0002 0.08 ± 0.08 44.3 ± 2.5 0.63 ± 0.05 0.26 ± 0.03 Hα
22692 154.40662 −46.39785 17.25 5.1038 ± 0.0004 0.02 ± 0.03 38.6 ± 1.6 0.82 ± 0.05 0.35 ± 0.03 SSG, Hα+, X-ray
13438 154.39829 −46.41403 17.17 5.9348 ± 0.0003 0.02 ± 0.03 36.6 ± 0.9 0.82 ± 0.05 0.35 ± 0.03 SSG, Hα, X-ray
15138 154.38440 −46.41622 18.14 6.393 ± 0.002 0.05 ± 0.09 18.8 ± 2.3 0.79 ± 0.05 0.16 ± 0.03 bimodal
11366 154.41408 −46.41498 19.08 8.381 ± 0.002 0.26 ± 0.09 43.5 ± 4.3 0.72 ± 0.05 0.44 ± 0.06
23220 154.40234 −46.41006 17.05 8.428 ± 0.002 0.08 ± 0.07 12.9 ± 1.0 1.20 ± 0.05 0.15 ± 0.02 BSS
25132 154.38563 −46.41084 18.28 8.457 ± 0.002 0.07 ± 0.08 33.4 ± 1.9 0.78 ± 0.05 0.34 ± 0.04
10799 154.41927 −46.41501 18.09 8.999 ± 0.006 0.09 ± 0.17 9.1 ± 2.0 0.79 ± 0.05 0.08 ± 0.02 bimodal
15222 154.38393 −46.41161 18.77 9.963 ± 0.002 0.26 ± 0.09 22.8 ± 1.9 0.75 ± 0.05 0.22 ± 0.03
14749 154.38811 −46.41873 17.03 10.006 ± 0.002 0.09 ± 0.07 42.9 ± 1.5 0.82 ± 0.05 0.53 ± 0.04 SSG, Hα, EA
10719 154.41981 −46.42151 18.99 10.930 ± 0.004 0.03 ± 0.05 43.7 ± 2.4 0.74 ± 0.05 0.54 ± 0.05
12305 154.40665 −46.41503 18.48 15.41 ± 0.02 0.46 ± 0.14 23.7 ± 8.9 0.77 ± 0.05 0.25 ± 0.09
23918 154.39586 −46.40850 18.19 15.945 ± 0.007 0.04 ± 0.07 32.2 ± 1.9 0.79 ± 0.05 0.43 ± 0.04
10418 154.42208 −46.42361 19.07 16.128 ± 0.005 0.11 ± 0.11 28.5 ± 2.5 0.72 ± 0.05 0.35 ± 0.05
13684 154.39605 −46.42072 20.00 16.73 ± 0.02 0.26 ± 0.14 23.6 ± 3.4 0.64 ± 0.05 0.25 ± 0.05 bimodal
11405 154.41357 −46.41997 17.25 17.219 ± 0.006 0.42 ± 0.08 14.1 ± 1.4 0.82 ± 0.05 0.15 ± 0.02 SSG, Hα
10274 154.42387 −46.41778 16.98 18.942 ± 0.006 0.32 ± 0.05 24.4 ± 1.3 1.20 ± 0.05 0.40 ± 0.03 BSS
12370 154.40612 −46.41486 19.46 19.46 ± 0.02 0.16 ± 0.12 21.8 ± 2.7 0.70 ± 0.05 0.26 ± 0.05
23019 154.40364 −46.40831 18.70 25.76 ± 0.04 0.15 ± 0.15 13.3 ± 1.9 0.75 ± 0.05 0.17 ± 0.03
23847 154.39665 −46.40951 16.12 26.70 ± 0.03 0.13 ± 0.17 6.1 ± 0.9 0.83 ± 0.05 0.08 ± 0.02 bimodal
14837 154.38719 −46.42433 19.12 32.37 ± 0.05 0.43 ± 0.18 16.0 ± 2.0 0.71 ± 0.05 0.20 ± 0.04
12706 154.40336 −46.42295 18.05 34.11 ± 0.04 0.27 ± 0.10 12.8 ± 1.3 0.80 ± 0.05 0.18 ± 0.03
12871 154.40234 −46.41310 20.35 38.2 ± 0.2 0.09 ± 0.14 18.3 ± 2.7 0.61 ± 0.05 0.27 ± 0.11 bimodal
12341 154.40620 −46.42160 17.18 38.92 ± 0.02 0.02 ± 0.04 22.6 ± 0.7 0.82 ± 0.05 0.41 ± 0.03
21659 154.41506 −46.41032 17.29 39.52 ± 0.02 0.49 ± 0.04 27.7 ± 2.2 0.82 ± 0.05 0.45 ± 0.05
13357 154.39872 −46.41345 18.08 42.16 ± 0.03 0.24 ± 0.07 23.1 ± 1.2 0.79 ± 0.05 0.42 ± 0.04
12308 154.40673 −46.41448 17.67 47.39 ± 0.06 0.07 ± 0.11 29.4 ± 2.5 0.81 ± 0.05 0.64 ± 0.09
12082 154.40831 −46.42402 18.09 47.88 ± 0.09 0.26 ± 0.17 13.0 ± 2.1 0.79 ± 0.05 0.21 ± 0.05
22700 154.40637 −46.41026 18.38 53.5 ± 0.2 0.15 ± 0.18 10.6 ± 1.7 0.77 ± 0.05 0.18 ± 0.04
13221 154.39961 −46.41524 18.49 53.7 ± 0.3 0.12 ± 0.19 13.3 ± 2.3 0.77 ± 0.05 0.23 ± 0.05
13669 154.39623 −46.42264 17.45 53.8 ± 0.1 0.13 ± 0.15 11.7 ± 1.9 0.82 ± 0.05 0.21 ± 0.04
24738 154.38877 −46.41100 18.02 55.44 ± 0.09 0.19 ± 0.10 15.5 ± 1.7 0.80 ± 0.05 0.29 ± 0.04
25266 154.38429 −46.40955 18.06 55.5 ± 0.1 0.07 ± 0.11 13.7 ± 2.0 0.79 ± 0.05 0.25 ± 0.05
13002 154.40101 −46.41437 18.29 56.4 ± 0.2 0.53 ± 0.20 7.1 ± 1.9 0.78 ± 0.05 0.10 ± 0.03 bimodal
14889 154.38656 −46.42310 18.67 56.71 ± 0.06 0.39 ± 0.15 27.8 ± 8.5 0.76 ± 0.05 0.56 ± 0.19
14972 154.38583 −46.41625 18.02 69.2 ± 0.2 0.18 ± 0.13 12.2 ± 1.7 0.80 ± 0.05 0.23 ± 0.05
13756 154.39561 −46.41871 18.52 71.3 ± 0.3 0.72 ± 0.16 32.3 ± 20.0 0.77 ± 0.05 0.53 ± 0.33
14743 154.38785 −46.41935 18.20 74.3 ± 0.4 0.36 ± 0.12 20.5 ± 2.4 0.79 ± 0.05 0.43 ± 0.08
23000 154.40401 −46.39918 17.61 75.3 ± 0.3 0.20 ± 0.21 6.3 ± 1.2 0.81 ± 0.05 0.12 ± 0.03
13522 154.39741 −46.41123 18.09 108.2 ± 0.5 0.28 ± 0.09 17.7 ± 2.3 0.80 ± 0.05 0.44 ± 0.08
12904 154.40185 −46.41983 16.07 110.3 ± 0.3 0.04 ± 0.06 11.6 ± 0.7 1.20 ± 0.05 0.35 ± 0.03 BSS, V sin i
14700 154.38856 −46.41702 17.71 112.3 ± 0.4 0.18 ± 0.18 11.3 ± 2.0 0.81 ± 0.05 0.26 ± 0.06 bimodal
13355 154.39867 −46.41374 19.93 115.1 ± 0.6 0.63 ± 0.12 34.9 ± 10.0 0.67 ± 0.05 0.82 ± 0.22
6324 154.38867 −46.42641 15.64 120.5 ± 0.3 0.57 ± 0.12 14.2 ± 4.8 0.83 ± 0.05 0.29 ± 0.08
23175 154.40264 −46.40494 15.07 129 ± 2 0.12 ± 0.20 5.2 ± 1.4 0.83 ± 0.05 0.12 ± 0.04
12927 154.40180 −46.41472 19.07 143.4 ± 0.6 0.37 ± 0.09 14.1 ± 1.5 0.72 ± 0.05 0.33 ± 0.05
11300 154.41459 −46.41824 17.00 163 ± 2 0.41 ± 0.12 17.3 ± 4.4 0.82 ± 0.05 0.48 ± 0.13

Notes. The Keplerian parameters were calculated with The Joker. The table is sorted by period. ACS Id: Identifier in the catalogue of NGC 3201
in the ACS globular cluster survey (Sarajedini et al. 2007). BH1: Published black hole in Giesers et al. (2018). BHC: Star with a companion that
could be a black hole (see Sect. 7.3). BSS: blue straggler star (see Sect. 7.1). Bimodal: The posterior sampling of the periods found by The Joker
shows two modes. EA: Detached eclipsing binary (Clement 2017). EW: Contact eclipsing binary (Kaluzny et al. 2016). Hα: Compared to our best
fitting model spectrum (and to a well fitted Hβ line) several spectra of this star show a partially filled-in Hα absorption line (absorption is not as
deep as expected). Hα+: Star showing real Hα emission in several MUSE spectra. NSC: Star with a companion that could be a neutron star. SSG:
Sub-subgiant star (see Sect. 7.2). V sin i: star with measured spin velocity according to Simunovic & Puzia (2014) (see Sect. 7.1). X-ray: Star listed
as X-ray source in the November 2017 pre-release of the Chandra Source Catalog Release 2.0 (Evans et al. 2010).
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Table A.2. continued.

ACS Id RA Dec Mag. Period Eccentricity Amplitude Vis. mass Invis. min. mass Comment
(◦) (◦) F606W (d) (km s−1) (M�) (M� sin i)

12560 154.40454 −46.41537 17.57 167.01 ± 0.09 0.61 ± 0.02 72.3 ± 1.7 0.81 ± 0.05 4.53 ± 0.21 BH1
4513 154.40662 −46.42597 17.68 172 ± 2 0.07 ± 0.12 11.4 ± 1.6 0.81 ± 0.05 0.32 ± 0.06
22751 154.40602 −46.40024 14.35 172.6 ± 0.6 0.03 ± 0.04 10.5 ± 0.7 0.83 ± 0.05 0.30 ± 0.03
12658 154.40360 −46.42207 15.40 176.0 ± 0.4 0.07 ± 0.05 13.4 ± 0.7 0.83 ± 0.05 0.40 ± 0.04
14355 154.39107 −46.41961 17.15 191 ± 3 0.06 ± 0.15 11.1 ± 1.5 1.20 ± 0.05 0.41 ± 0.07 BSS, bimodal
12438 154.40560 −46.41283 17.22 197 ± 2 0.06 ± 0.10 8.2 ± 1.5 0.82 ± 0.05 0.23 ± 0.05
23276 154.40164 −46.40921 17.51 204.2 ± 1.0 0.89 ± 0.06 21.2 ± 10.6 0.82 ± 0.05 0.30 ± 0.12
23452 154.40018 −46.40326 16.79 206 ± 2 0.06 ± 0.08 7.2 ± 0.9 0.82 ± 0.05 0.20 ± 0.03
12975 154.40134 −46.42046 18.67 224 ± 4 0.07 ± 0.11 11.5 ± 1.5 0.77 ± 0.05 0.35 ± 0.06
13391 154.39790 −46.42029 18.71 225 ± 6 0.24 ± 0.25 9.8 ± 2.2 0.76 ± 0.05 0.28 ± 0.08
23381 154.40051 −46.40725 17.24 262 ± 2 0.11 ± 0.15 12.1 ± 1.7 0.82 ± 0.05 0.42 ± 0.07
23889 154.39636 −46.40059 17.64 282 ± 5 0.33 ± 0.14 13.2 ± 2.0 0.81 ± 0.05 0.43 ± 0.09
11945 154.40948 −46.41194 17.44 284 ± 8 0.18 ± 0.20 9.8 ± 2.7 1.20 ± 0.05 0.40 ± 0.15 BSS
14055 154.39350 −46.41191 17.27 286 ± 5 0.17 ± 0.18 9.0 ± 1.6 0.82 ± 0.05 0.29 ± 0.06
13816 154.39521 −46.41600 16.11 302 ± 5 0.17 ± 0.20 3.9 ± 1.0 0.83 ± 0.05 0.11 ± 0.03
23848 154.39645 −46.40946 16.52 323 ± 2 0.48 ± 0.08 15.6 ± 1.5 1.20 ± 0.05 0.67 ± 0.11 BSS
12173 154.40785 −46.41662 17.77 340 ± 6 0.47 ± 0.24 20.0 ± 7.9 0.81 ± 0.05 0.80 ± 0.30 bimodal
13069 154.40069 −46.41497 17.01 375 ± 3 0.14 ± 0.19 9.3 ± 2.7 0.82 ± 0.05 0.35 ± 0.14
12932 154.40168 −46.41370 17.81 386 ± 9 0.48 ± 0.20 6.5 ± 1.9 0.81 ± 0.05 0.19 ± 0.07
11831 154.41014 −46.42258 13.88 493 ± 11 0.07 ± 0.14 6.4 ± 0.9 0.83 ± 0.05 0.25 ± 0.04
24135 154.39382 −46.41077 18.12 509 ± 20 0.51 ± 0.30 8.2 ± 6.7 0.79 ± 0.05 0.28 ± 0.18
13587 154.39637 −46.42422 18.52 537 ± 21 0.13 ± 0.15 10.6 ± 1.8 1.20 ± 0.05 0.59 ± 0.14 BSS
11317 154.41447 −46.41358 15.77 602 ± 12 0.25 ± 0.13 9.4 ± 1.4 0.83 ± 0.05 0.42 ± 0.07
13874 154.39476 −46.42003 18.59 608 ± 27 0.30 ± 0.30 10.1 ± 4.0 0.77 ± 0.05 0.43 ± 0.20
11779 154.41062 −46.42064 17.43 620 ± 35 0.13 ± 0.21 8.2 ± 1.7 0.82 ± 0.05 0.36 ± 0.10
15293 154.38311 −46.42006 16.75 668 ± 20 0.48 ± 0.10 11.3 ± 1.8 0.82 ± 0.05 0.49 ± 0.10
5132 154.40034 −46.42585 20.17 764 ± 11 0.28 ± 0.16 36.3 ± 8.4 0.64 ± 0.05 4.40 ± 2.82 BHC, bimodal
13782 154.39552 −46.41252 17.26 846 ± 61 0.11 ± 0.20 8.2 ± 1.9 0.82 ± 0.05 0.42 ± 0.12
25211 154.38487 −46.40768 17.41 988 ± 75 0.11 ± 0.16 8.7 ± 1.7 1.20 ± 0.05 0.59 ± 0.14 BSS
12828 154.40192 −46.42344 18.09 1075 ± 37 0.05 ± 0.08 13.2 ± 1.4 0.80 ± 0.05 0.90 ± 0.16
11131 154.41636 −46.41623 17.28 1627 ± 222 0.31 ± 0.17 8.2 ± 1.6 0.82 ± 0.05 0.54 ± 0.13 bimodal
23215 154.40267 −46.39830 18.73 1997 ± 304 0.08 ± 0.14 16.3 ± 2.1 0.76 ± 0.05 1.82 ± 0.39 NSC
13154 154.39996 −46.41225 18.17 2773 ± 1009 0.16 ± 0.19 10.1 ± 4.1 0.79 ± 0.05 0.94 ± 0.94
13808 154.39505 −46.41923 15.23 3001 ± 1005 0.11 ± 0.22 3.2 ± 1.4 0.83 ± 0.05 0.21 ± 0.13
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ABSTRACT

We investigate the binary content of the two stellar populations that coexist in the globular cluster NGC 3201. Previous studies of
binary stars in globular clusters have reported higher binary fractions in their first populations (P1, having field-like abundances)
compared to their second populations (P2, having anomalous abundances). This is interpreted as evidence for the latter forming more
centrally concentrated. In contrast to previous studies, our analysis focusses on the cluster centre, where comparable binary fractions
between the populations are predicted because of short relaxation times. However, we find that even in the centre of NGC 3201, the
observed binary fraction of P1 is higher (23.1 ± 6.2)% compared to (8.2 ± 3.5)% in P2. Our results are difficult to reconcile with a
scenario in which the populations only differ in their initial concentrations, but instead suggests that the populations also formed with
different fractions of binary stars.

Key words. binaries: spectroscopic – techniques: radial velocities – globular clusters: individual: NGC 3201 – stars: abundances

1. Introduction

One of the lesser studied aspects of the multiple populations
(also known as abundance anomalies, see Bastian & Lardo 2018,
for a review) phenomena in massive stellar clusters is the role of
stellar binarity. This is due to the overall relatively low binary
fractions in globular clusters (GCs; e.g. Ji & Bregman 2015) and
the fact that it is difficult to separate out the binaries from (appar-
ent) single stars in colour-magnitude diagrams for each of the
populations (i.e. the “normal” and “anomalous” stars; P1 and
P2) as the sequences overlap. Instead, we must carry out inten-
sive spectroscopic time-series analyses of a representative sam-
ple of stars from each population to search for radial velocity
variations.

The most comprehensive survey using this technique, to
date, is that of Lucatello et al. (2015) who monitored 968 red
giant branch (RGB) stars in ten Milky Way ancient GCs. From
this large sample these authors find 21 binary stars and when
separating their sample into P1 and P2 stars, find binary fractions
of 4.9% and 1.2% for each population, respectively. In addition,
Dalessandro et al. (2018) report a higher binary fraction in P1 of
the GC NGC 6362, 14% compared to <1% in P2.

Such differences can be explained in terms of the formation
environment of the stars; the P2 stars (lower binary fraction)
form and initially evolve in a much denser environment, which
would destroy many of the primordial binaries (e.g. Hong et al.
2016). An initially more concentrated P2 is a common feature of
essentially all scenarios put forward to explain multiple popula-
tions and appears to be in agreement with the observed density
profiles and kinematics of the populations in most Galactic GCs
today (e.g. Lardo et al. 2011; Richer et al. 2013; Bellini et al.
2015; Dalessandro et al. 2019).

As a consequence of the fibre-based observations, the targets
for the study of Lucatello et al. (2015) are preferentially located
in the outer regions of the clusters. Most GCs show a trend
of increasing binary fractions towards the cluster centres (e.g.
Milone et al. 2012), which is thought to be due to mass segrega-
tion. On the other hand, dynamical processes lowering the binary
fractions, such as binary disruption or ejection from the cluster,
occur more frequently near to the cluster centres. Therefore, the
binary statistics near to the cluster centres may not follow those
in the cluster outskirts. Using N-body simulations, Hong et al.
(2015, 2016) find that the binary fractions of P2 are expected to
be comparable or even larger than those of P1 inside the half-
light radii of the clusters if P2 formed centrally concentrated.

In the present work we explicitly test these predictions, using
the time series VLT/MUSE observations of NGC 3201, stretch-
ing over more than four years, presented in Giesers et al. (2019),
which focus on the region inside the core radius (rc = 1.3′ ≡
1.85; Harris 1996) of the cluster. RGB stars from the different
populations are found using a UV-optical “chromosome map”
(Milone et al. 2017), which is highly efficient in separating the
populations, largely based on their N abundance differences
(Lardo et al. 2018).

2. Data

NGC 3201 has been observed as part of the MUSE survey of
Galactic GCs (see Kamann et al. 2018), a large GTO programme
targeting the central regions of massive star clusters. To facili-
tate the detection and characterisation of binary stars, repeated
observations of five pointings, covering approximately the cen-
tral 2′×2′ of the cluster, were performed from November 2014 to
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Fig. 1. Left: distribution of red giant stars in NGC 3201 in pseudo-colour space, the so-called chromosome map. The full sample of stars obtained
from the HST photometry of Piotto et al. (2015) is shown as small grey dots. Stars available in the MUSE sample are highlighted and colour-coded
according to their probability of being in a binary system. For the sub-sample of MUSE sources with known Keplerian parameters, coloured rings
indicate the orbital period T . The dashed red line illustrates our separation into P1 and P2 stars. Right: the binary probability of the stars in the
MUSE sample is shown as a function of the distance of a star perpendicular to the line separating P1 and P2 (i.e. the dashed red line in the left
panel).

May 2019. The data analysis, including the detection and charac-
terisation of binaries, are described in Giesers et al. (2019). For
each of the 3 553 stars studied, the authors provided a proba-
bility that the star shows radial velocity variations. The radial
velocities of the stars with at least five observations and with a
probability higher than 50% of being variable were further anal-
ysed with The Joker (Price-Whelan et al. 2018), resulting in a
subset of 95 stars with unique Keplerian orbit solutions.

To split up the two stellar populations that have previously
been identified in NGC 3201, we used the Hubble Space Tele-
scope (HST) photometry from the survey of Piotto et al. (2015,
see Nardiello et al. 2018). As outlined in Latour et al. (2019),
this was done by creating a “chromosome map” from the red
giant stars (see Milone et al. 2015), which is shown in Fig. 1.
The separation of the two populations was performed follow-
ing Milone et al. (2017) and is indicated by the red dashed line
included in Fig. 1 (with P1 being below the fiducial line).

Finally, we identified the subset of stars from Giesers et al.
(2019) for which the population could be determined. This
resulted in a final sample of 113 stars, 52 in P1, and 61 in P2,
which is presented in Table A.1. For the 17 out of 113 stars
which had a probability P > 0.5 of being in a binary and suf-
ficient (≥5) observations, we tried to determine the Keplerian
orbit. This resulted in a subset of nine stars, for which an orbit
solution is available. The orbital parameters of said stars are
included in Table A.1. The remaining eight stars with P > 0.5
have insufficient kinematical data to infer their Keplerian orbits.

3. Results

3.1. Binaries across the chromosome map

The distribution of binary stars across the chromosome map of
NGC 3201 is shown in the left panel of Fig. 1. We colour-coded
each star available in the sample of Giesers et al. (2019) by its
probability to be in a binary system. Stars for which orbital solu-
tions have been found are further highlighted according to their
orbital period T . To better visualise possible differences between
P1 and P2, we show the binary probability as a function of the

distance perpendicular to the fiducial line separating P1 and P2
in the right panel of Fig. 1.

To infer the binary fractions in both populations, we followed
Giesers et al. (2019) and obtain the fraction of stars with a binary
probability of P > 0.5 within each population. This leads to
binary fractions of (23.1 ± 6.2)% in P1 and (8.2 ± 3.5)% in P2.
The uncertainties tailored to both values take into account the
limited sample sizes as well as the uncertainties stemming from
the threshold in P (see Giesers et al. 2019, for details). When cal-
culating the binary fraction in P2, we included the sub-subgiant
star highlighted in Fig. 1, which is in a much tighter orbit than
the remaining binary systems (indicated by the coloured rings
in Fig. 1). As discussed in Giesers et al. (2019), this star has an
X-ray counterpart and shows Hα emission. Hence it is plausi-
ble that this star is part of an accreting binary system, which
would also impact its photometric properties and its location in
the chromosome map. Excluding it from our calculation reduces
the binary fraction of P2 to (6.7 ± 3.3)%. Averaged over both
populations, we find a binary fraction of (15.0 ± 3.4)%, in good
agreement with the discovery fraction of (17.1 ± 1.9)% deter-
mined by Giesers et al. (2019).

3.2. Origin of the observed binaries

To study the origin of the observed binaries, we made use of the
subsample with known orbital parameters. The fate of a binary
in a GC is linked to its hardness h, that is the ratio of its internal
energy Ẽ to the average kinetic energy of the surrounding stars,

h = |Ẽ|/mσ2, (1)

where m is the typical stellar mass of a cluster member and σ the
velocity dispersion of the cluster. For a bound Keplerian orbit,
the internal energy is given as

Ẽ = −Gmpmc

2a
, (2)

where mp and mc are the masses of the constituents and a is
the semi-major axis of the binary. In Table A.1, we provide the
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hardness for each binary with an orbit available. The values were
calculated assuming an inclination of i = 90◦ (i.e. the minimum
possible companion mass mc). The mass of the primary (RGB)
component, mp, was determined via comparison to an isochrone
as described in Giesers et al. (2019). As cluster properties, we
used m = 0.8 M� and σ = 4.3 km s−1 (Baumgardt & Hilker
2018). All systems are hard binaries with h > 1, indicating
that they can survive in NGC 3201 for a Hubble time. Their
longevity can be confirmed by determining the expected life-
times of the binary stars, τ = 1/B(Ẽ), where B(Ẽ) is the proba-
bility of a binary being ionised (i.e. destroyed) in a gravitational
encounter with a third cluster member, given as (Eq. (7.174) in
Binney & Tremaine 2008)

B(Ẽ) =
8
√
πG2m3ρσ

33/2|Ẽ|

(
1 +

1
5h

)−1 [
1 + eh

]−1
. (3)

Evaluating Eq. (3) for a core density of ρ = 102.72 M�/pc3

(Baumgardt & Hilker 2018) yields lifetimes for all binary stars
that exceed the age of NGC 3201 by several orders of magnitude.

We note that the companion masses m2 and the semi-major
axes a used in the above calculations were derived under the
assumption that the binaries are observed edge-on (i.e. at an
inclination of i = 90 deg). While both quantities increase with
decreasing inclinations, m2 is more sensitive on i than a is, so
that our hardness values can be considered as lower limits.

Finally, we stress that the probability to form hard binaries
dynamically in a relatively low-density cluster such as NGC 3201
is very small. Using Eq. 7.176 from Binney & Tremaine (2008),
the formation rate of hard binaries per unit volume is given
as

Chb = 0.74
G5ρ3m2

σ9 · (4)

Integrating Eq. (4) over the core of NGC 3201 (assuming rc =
1.74; Baumgardt & Hilker 2018) yields a total formation rate of
7 × 10−6 Gyr−1. Hence it is very likely that all binary stars that
we observe in NGC 3201 are primordial.

3.3. Impact of the companion

Our determination of the binary fraction in each population
is based on the assumption that the positions of the stars in
the chromosome map are not altered by the presence of their
companions. To verify this assumption, we used the binaries
with known orbits and inferred the magnitude changes caused
by their companions in the four HST filters underlying the
chromosome map, F275W, F336W, F438W, and F814W. To
this aim, we fetched an isochrone tailored to the properties of
NGC 3201 ([Fe/H] = −1.59, EB−V = 0.24; Harris 1996) from
the MIST database (Choi et al. 2016). We made the assump-
tion that the companions are main-sequence stars and predicted
their magnitudes magc by selecting the isochrone points along
the main sequence closest to their measured masses, mc sin i (cf.
Table A.1). As the measured companion masses need to be cor-
rected for the (unknown) orbit inclinations relative to the line of
sight, we assumed different inclination angles i and found the
isochrone counterpart for each value of mc. At each inclination,
we calculated the corrected magnitude magp of the RGB star in
the four relevant filters, according to

magp = magtot − 2.5 log10

(
1 − 10−0.4(magc−magtot)

)
, (5)

where magtot is the measured magnitude of the system in the
considered filter. Then we predicted the actual location of each
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Fig. 2. Impact of binary companions on the positions of RGB stars in
the chromosome map of NCG 3201. For each star from our sample
with known orbit, the true position of the RGB star after subtracting
the contribution of a main-sequence companion, as a function of orbit
inclination, is shown. The grey points and dashed red line are the same
as in the left panel of Fig. 1.

RGB star in the chromosome map. We stopped when subtracting
the contribution of a fiducial companion resulted in a predicted
position that was off by more than 0.1 mag from the red edge of
the RGB in either (F275W − F814W) colour or (F275W − 2 ·
F336W + F438W) pseudo-colour.

We summarise the outcome of this test in Fig. 2. It shows
the predicted position of the RGB star in the chromosome map
as a function of the inclination for each binary in our sample
with a known orbit. Figure 2 shows that P2 stars in a binary
with a main-sequence star are very unlikely to appear as P1 stars
(and vice versa), as the companion tends to shift the binary in a
direction parallel to the fiducial line separating the populations.

We further find that the companion needs to be massive
enough to appear close to the main-sequence turn-off to have
a significant effect. Figure 2 shows that for all of the sources
in our sample, their orbits would need to be observed at low
inclinations, i . 40◦, in that case, because our minimum masses
are significantly below the expected turn-off mass of NGC 3201
(mTO ∼ 0.8 M�; cf. Table A.1). Under the assumption of ran-
domly orientated orbits, we can estimate the probabilities to
observe the systems at or below the inclinations where the com-
panions have a measurable effect on the observed positions in
the chromosome map. We find probabilities between <1% and
about 35% for the individual systems. Considering the sum of
probabilities for the eight stars, we expect about one star among
the eight to have been measurably shifted by its companion. We
note that these probabilities do not account for the selection bias
of radial velocity studies, which are more sensitive to edge-on
orbits, and hence can be considered as upper limits (see discus-
sion in Carroll & Ostlie 2006).

We also considered the possibility of white-dwarf compan-
ions, as they may have a stronger impact on the F275W flux.
However, in the photometry of Nardiello et al. (2018), we find
only 10−15 white dwarf candidates with a F275W magnitude
within 2 mag of the main-sequence turn-off.

4. Discussion

At first glance, our finding of a lower binary fraction in P2
than in P1 agrees with previous studies on the binary content
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of multiple populations (Lucatello et al. 2015; Dalessandro et al.
2018). This trend was attributed to the P2 stars forming cen-
trally concentrated, resulting in a higher rate of binary ionisation
and ejection. However, in contrast to earlier studies, our obser-
vations focus on the dense cluster core. In the simulations of
Hong et al. (2015, 2016), the overabundance in P1 binaries typ-
ically only develops outside the half-light radii of the simulated
clusters, whereas the trend disappears or even reverses inside of
this radius1. The observation by Dalessandro et al. (2018) that
the discrepancy in the observed velocity dispersions between P1
and P2 stars in NGC 6362, which is attributed to the overabun-
dance of P1 binaries, disappears towards the centre can also be
interpreted as a hint about comparable central binary fractions.

Compared to the clusters simulated by Hong et al. (2015,
2016), where all stars were input with the same masses,
NGC 3201 appears much more complex. One complication is
the likely presence of a large population of stellar-mass black
holes (Giesers et al. 2018, 2019; Askar et al. 2018), which is
expected to have a strong impact on the evolution of NGC 3201.
Owing to their masses, black holes can efficiently suppress the
segregation of the binaries to the cluster centre. As the evolution
of a binary population is governed by the interplay between mass
segregation and their interactions with other stars, this marks an
important difference compared to the existing simulations. Dedi-
cated simulations using a realistic range of stellar masses will be
an important step forward towards understanding the evolution
of binary stars in multiple populations.

A possible explanation for our results is that P2 had different
binary properties than P1 upon formation, for example a lower
primordial binary fraction or a different distribution of semi-
major axes. Most formation scenarios predict P2 stars to form
while at least part of the P1 population is already in place. It
seems likely that such vastly different formation environments
had an impact on the properties of the primordial binaries in P2.
Future hydrodynamical simulations of cluster formation may be
able to investigate this further.

We note that some of the detected P1 binaries appear in a
region of the chromosome map that is termed the extended P1
(e.g. Lardo et al. 2018), that is to the top left of the bulk of
P1 stars. As shown by for example Cabrera-Ziri et al. (2019),
extended P1 stars show no differences in their abundances of C,
N, O, Na, Mg, or Al compared to normal P1 stars. Marino et al.
(2019) argue that binaries could be responsible for creating
extended P1 stars in NGC 3201 (also see Martins et al. 2020).
As our analysis of Sect. 3.3 shows, normal P1 stars in binary sys-
tems with main-sequence stars close to the turn-off can be shifted
into the extended branch. However, it appears unlikely that this
scenario is responsible for all of the stars observed along the
extended P1. The binary systems with unique orbital solutions
would need to be observed at rather unlikely inclination angles
for the companions to produce noticeable shifts. In addition, a
number of extended P1 stars do not show any signs of variability

1 In contrast to Hong et al. (2015, 2016), we can only infer the binary
fractions as a function of projected radius.

in our sample. Nevertheless, extending our analysis to other clus-
ters with a pronounced extended P1, such as NGC 2808, appears
to be a very promising step in studying the impact of binary stars
on the distribution of stars across chromosome maps.

Finally, we note that in comparison to Marino et al. (2019),
our extended P1 extends to smaller values of ∆F275W−F814W .
Upon removal of the stars with ∆F275W−F814W . −0.4, which
were not considered in the work by Marino et al. (2019), our P1
binary fraction reduces to 19.1 ± 5.7%. Hence our main conclu-
sion of a higher binary fraction in P1 than in P2 does not depend
on the exact definition of which stars belong to P1.
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Appendix A: Table

Table A.1. Photometric and orbital properties of the binaries with unique Kepler solutions in the MUSE sample.

ACS Id ∆275, 814 ∆C275, 336, 438 Pop. Pbin mp/M� mc sin i/M� a/AU (a) e T/d h

3092 0.064 −0.008 1 0.006
3248 0.000 0.257 2 0.065
3795 −0.142 0.222 2 0.188
4121 −0.424 0.084 1 0.486
4125 −0.320 0.251 2 0.027
4566 −0.225 0.107 1 0.103
4698 −0.243 0.317 2 0.049
4853 −0.119 −0.030 1 0.019
5281 −0.348 0.059 1 0.103
5461 −0.201 0.125 2 0.030
6228 −0.195 0.063 1 0.047
6560 −0.127 0.116 2 0.105
10705 −0.311 0.271 2 0.024
10741 −0.265 0.031 1 0.011
10753 −0.065 −0.005 1 0.028
10968 −0.262 0.253 2 0.242
11180 0.007 0.090 2 0.044
11203 −0.265 0.204 2 0.239
11273 −0.168 0.125 2 0.029
11281 −0.130 0.104 2 0.866
11294 −0.196 0.047 1 0.070
11305 −0.085 0.026 1 0.050
11306 −0.082 0.219 2 0.023
11317 −0.252 0.038 1 1.000 0.83 0.42 1.5 0.249 603 6.64
11425 −0.147 0.202 2 0.028
11455 −0.351 0.100 1 0.910
11585 −0.201 0.056 1 0.329
11750 −0.231 0.185 2 0.060
11806 −0.088 0.181 2 0.137
11821 −0.316 0.024 1 0.010
11888 −0.245 0.283 2 0.221
11918 −0.166 0.024 1 0.030
11942 −0.141 0.106 2 0.053
12115 −0.339 0.280 2 0.015
12253 −0.268 0.194 2 0.138
12309 −0.217 0.193 2 0.257
12319 −0.267 0.058 1 0.093
12322 −0.228 0.205 2 0.040
12363 −0.112 0.039 1 0.024
12468 −0.260 0.011 1 0.024
12517 −0.186 0.261 2 0.046
12646 −0.415 0.165 1 0.047
12658 −0.198 0.071 1 1.000 0.83 0.40 0.659 0.073 176 14.7
12833 −0.263 0.274 2 0.030
13019 −0.191 0.089 1 0.053
13112 −0.299 0.221 2 0.802
13174 −0.153 0.016 1 0.046
13438 0.000 0.110 2 1.000 0.82 0.35 0.0676 0.022 5.93 123
13521 −0.195 0.059 1 0.013
13556 −0.310 0.080 1 0.045
13739 −0.417 0.279 2 0.090
13768 −0.073 0.029 1 0.012
13808 −0.334 0.319 2 0.695 0.83 0.21 4.13 0.112 3e+03 1.24
13816 −0.541 0.165 1 0.834 0.83 0.11 0.864 0.166 302 3.19
13824 −0.247 0.243 2 0.168
14175 −0.209 0.060 1 0.057
14302 −0.091 0.006 1 0.040
14465 −0.259 0.268 2 0.052

Notes. For each star, we provide the ID in the photometric catalogue of Anderson et al. (2008), the location in the chromosome map, the population
tag, the binary probability, the mass of the primary star, the minimum mass of the companion star, the semi-major axis, eccentricity, and period of
the orbit, and its hardness. (a)Assuming the orbit is orientated edge-on (i.e. i = 90 deg).
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Table A.1. continued.

ACS Id ∆275, 814 ∆C275, 336, 438 Pop. Pbin mp/M� mc sin i/M� a/AU (a) e T/d h

14601 −0.331 0.071 1 0.047
14789 −0.059 −0.003 1 0.075
14815 −0.248 0.250 2 0.030
14830 −0.404 0.358 2 0.022
15012 −0.035 −0.002 1 0.074
15013 −0.280 0.272 2 0.104
15069 −0.233 0.274 2 0.016
15101 −0.212 0.203 2 0.047
15165 −0.157 0.202 2 0.007
15182 −0.144 0.014 1 0.018
15293 −0.536 0.158 1 1.000 0.82 0.49 1.64 0.477 669 7.16
15382 −0.146 0.023 1 0.579
15422 −0.143 0.234 2 0.041
15482 −0.284 0.077 1 1.000
15528 −0.300 0.267 2 0.052
20774 −0.270 0.176 2 0.042
21050 −0.202 0.211 2 0.167
21060 −0.084 −0.009 1 0.129
21131 −0.039 0.036 1 0.115
21189 −0.158 0.178 2 0.005
21232 −0.142 −0.006 1 1.000
21271 −0.027 −0.012 1 0.051
21272 −0.252 0.296 2 0.039
21273 −0.282 0.221 2 0.072
21292 −0.113 0.183 2 0.047
21707 −0.249 0.240 2 0.011
21918 −0.275 0.264 2 0.008
21921 −0.101 0.021 1 0.999
22325 −0.099 0.166 2 0.042
22396 −0.011 −0.008 1 0.022
22401 −0.130 0.093 2 0.163
22488 −0.317 0.262 2 0.320
22686 −0.376 0.252 2 0.029
22751 −0.556 0.120 1 1.000 0.83 0.30 0.631 0.027 173 11.4
23045 −0.255 0.218 2 0.051
23175 −0.200 0.022 1 1.000 0.83 0.12 0.491 0.124 129 5.78
23330 −0.030 0.001 1 0.010
23342 −0.101 −0.005 1 0.465
23375 −0.232 0.246 2 0.487
23452 −0.257 0.241 2 1.000 0.82 0.20 0.69 0.056 206 7.01
23461 −0.181 0.265 2 0.040
23519 −0.212 0.034 1 0.046
23640 −0.198 0.155 2 0.044
24190 −0.140 0.271 2 0.007
24416 −0.276 0.253 2 0.012
24524 −0.098 −0.003 1 0.220
24592 −0.151 0.033 1 0.045
24594 −0.355 0.352 2 0.024
24684 −0.272 0.400 2 0.028
24753 −0.007 0.005 1 0.030
24803 −0.149 0.037 1 0.031
24832 −0.266 0.258 2 0.040
24875 −0.231 0.269 2 0.030
25058 −0.185 0.041 1 0.037
25322 −0.317 0.076 1 0.799
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A significant fraction of the MUSE observing time was dedicated to multiple observations of the
same FoVs within the globular cluster sample. From the beginning it was planned that these
multi-epoch observations can be used to identify radial velocity variable stars which otherwise
can affect other studies based on not time-resolved radial velocities. In addition, these radial
velocities can be used to study the population of binary systems in a globular cluster. This thesis
presents the most comprehensive study of binary stars in a globular cluster to date. It shows
the first detection of a subsystem of stellar-mass black holes and puts crucial constraints on the
formation channels of blue stragglers. The detailed comparison between the MUSE data and
state-of-the-art Monte Carlo simulations results in strong constraints on the formation of NGC
3201.

3.1. A new statistical method

In this thesis a new statistical method was introduced to identify, in general, variations in sparse
and noisy data of a large inhomogenous sample. It tests the null hypothesis that in all test
subjects only statistical variations are present. In previous studies often a simple chi-square
test was performed on individual objects and a star was classified to be in a binary system if
the 3σ probability was exceeded. Instead, the new statistical method uses the whole sample to
assign a binary probability to each star. For example, 50 % of all stars with the probability 50 %

are binaries, hence these individual stars are equally likely to be binaries and singles. For the
globular cluster NGC 3201 the binary probability function is bimodal with many stars likely
being single and some fraction likely being binary stars (see Fig. 6. in the second paper in
Chapter 2). In between there are relatively few stars for which the result is not that clear, which
demonstrates the strength of this approach.

A key ingredient for a robust statistical analysis is the correctness of the radial velocity un-
certainties. A proper propagation from the MUSE detectors to the radial velocities is almost
impossible. The reduction of MUSE data by the standard MUSE pipeline (Weilbacher et al.,
2012, 2014) removes cosmic rays and other detector artefacts, but covariances between pixels
are neglected in the resampling process. In addition, the extraction of stellar spectra from the
data cubes with the PSF-fitting technique (PAMPELMUSE, Kamann et al., 2013) and the final
fit of the spectra with models from the PHOENIX library (SPEXXY, Husser et al., 2013) pro-
duce new systematic and statistical uncertainties. To ensure the quality of the radial velocity
sample, many improvements were introduced into the extraction process and fitting of spectra.
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In addition, a lot of effort was put into the selection of the final radial velocity sample and the
attainment of realistic uncertainties.

This new statistical method is a rewarding starting point for many further analyses. For
example, Kamann et al. (2018b) used this statistical analysis on stars in all globular clusters
to exclude radial velocity variables from the sample. The velocity dispersion is usually the
standard deviation of average star velocities within a given population. Time-resolved radial
velocities from binary systems could affect this dispersion strongly. The exclusion of binaries
from a sample, or the usage of the real Keplerian system velocity of the binary systems instead,
results in a cleaned velocity dispersion. This is also important to derive velocity dispersion
profiles of globular clusters which are often used in the search for IMBHs.

3.2. The binary fraction of NGC 3201

Furthermore, this new statistical method can directly be evaluated to obtain the observational
binary fraction. For NGC 3201 the resulting discovery binary fraction is (17.1± 1.9) %. This
is the fraction of binaries detectable in the data obtained from the MUSE observations. This
fraction is biased due to observational limitations such as binary system inclinations, weak ra-
dial velocity amplitudes, magnitude and thus S/N limits, and the limitation to the MUSE FoVs.
From a dedicated MOCCA simulation of NGC 3201 we know the discovery efficiency due to
inclinations and weak radial velocities is 85 %. This means that the observational binary fraction
in the MUSE data is actually (20.08± 0.22) %. But the magnitude and FoV limits still remain.
Again with help of the MOCCA simulation this observational binary fraction can be translated
into the total binary fraction of (6.75± 0.72) % for the whole globular cluster NGC 3201 includ-
ing double compact object systems, luminous stars with compact companions etc. The main
effect for the total binary fraction being so much lower than the observational binary fraction is
mass segregation of binaries towards the cluster centre. Not only the MOCCA model shows a
clear mass segregation within NGC 3201, but the effect is also directly visible within the MUSE
FoVs (Fig. 8. in the second paper in Chapter 2). NGC 3201 is probably the first globular cluster
for which the binary fraction has been determined as completely as in this study.

3.3. Orbital parameters of 95 binaries

It turned out that for 95 stars within the NGC 3201 sample enough observations were obtained
to individually constrain the Keplerian orbit using THE JOKER (Price-Whelan et al., 2017). This
significant sample holds a number of peculiar objects which tell us a lot about the binary content
of globular clusters. For the first time, I compiled a period-eccentricity plot of binaries in a
globular cluster (Fig. 11. in the second paper in Chapter 2) which shows, that eccentric orbits
are common in globular clusters and periods range from 0.3 d to 3000 d with most binaries
having periods around 50 d in NGC 3201. The derived binary companion masses range from
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0.03 M� to 7.7 M� with a median around 0.4 M� (see Fig. 12. in the second paper in Chapter 2).
This also proves the access to low-mass stars and compact high-mass objects from MUSE radial
velocity measurements.

3.4. Blue straggler stars

As introduced in Sect. 1.1.4, blue straggler stars could be important test-particles to probe the
evolution history of globular clusters. Furthermore, the efficiency of the formation channels
are highly debated. Sect. A.3.3 shows, that the binary fraction of blue stragglers is increased
throughout all globular clusters within the MUSE globular cluster sample. For NGC 3201, an
observational binary fraction of (57.5± 7.9) % for the blue stragglers was found in this work.
That is a surprising result, since a majority of blue stragglers, which are itself thought to be a
product of binary evolution or stellar collision, are still in binary systems. The derived Keplerian
orbits finally give conclusive evidence that two blue straggler formation channels are present
in NGC 3201: mass transfer within short period blue straggler binary systems and the result of
a coalescence of components in multi-star systems with more than two components. The latter
one is most probably achieved by binary-binary encounters or within triple star systems. Thus
a substantial contribution is made to the understanding of the formation of blue stragglers. In
addition, the blue straggler binary properties are presented in detail and could be used to test
globular cluster simulations.

Thanks to the matched literature data to the individual MUSE globular cluster stars (see
Sect. A.4.5), five SX Phoenicis (SXP) stars have been identified within the blue straggler re-
gion in NGC 3201. The accepted theory is, these are pulsating blue straggler stars which have
been formed in a binary system. A differentiation between radial velocities coming from ra-
dial pulsations and these induced by a companion in a binary system is currently not possible
with sparse and noisy MUSE data. A future combination of the MUSE data with time-resolved
photometry could help in this respect.

The binary system with the shortest period in the sample has previously been identified as a
contact eclipsing binary with a period of 0.2975 d by Kaluzny et al. (2016, VN2). It is the best
proof for a blue straggler in a binary system with ongoing mass transfer. The spectra show
filled-in Hα absorption and the star is confirmed to be a cluster member based on the radial
velocities. The period of 0.2697 d in the radial velocity data agrees with the literature and since
the inclination is known, the companion mass of (0.11± 0.05) M� (assuming a blue straggler
mass of (1.20± 0.05) M�) is well determined (in this case changes in eccentricity and amplitude
have only small impact on the companion mass). It looks like there is not much mass left of the
donar star. Since the system is in contact, this remnant could coalesce with the blue straggler in
the future.
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3.5. Further peculiar binaries

Further important insights are provided into the properties of four sub-subgiants (SSGs) or red
stragglers (RSs), which have been identified by photometry, spectroscopy, and binary properties
in the MUSE data. Two SSGs have known X-ray counterparts with one showing real Hα emis-
sion. The three other SSGs show filled-in Hα absorption lines. All SSGs in the MUSE sample of
NGC 3201 are binaries with binary properties agreeing with what is known from open clusters
(Geller et al., 2017a). Probably this work describes these properties for the first time in a globular
cluster. One SSG is a known eclipsing binary and allows to infer the actual companion mass of
(0.53± 0.04) M�. This is extremely interesting, since the probable host mass is (0.82± 0.05) M�
and the binary system in total has a mass of 1.35 M�. This mass would be enough to form a
typical blue straggler, which is one of the possible evolution scenarios of SSGs (Geller et al.,
2017b). Maybe the properties of this SSG could be used to exclude some of the other evolution
scenarios in subsequent studies.

3.6. Black holes

In this work, two dynamically confirmed black holes with minimum masses of (4.53± 0.21) M�
(BH1) and (7.7± 0.5) M� (BH2) were discovered in NGC 3201. Another candidate with a min-
imum mass of (4.4± 2.8) M� (BH3), which has yet to be confirmed, has been found in the same
cluster as well. Given the MUSE radial velocities and HST photometry, these binary systems
are certain members of NGC 3201. The anyway unlikely scenario of a double neutron star com-
ponent as the binary companion for the visible component of the BH1 system can be completely
excluded for the BH2 system, since the BH mass is simply too large. In contrast to the spectra of
the quiescent BH1 companion, the spectra of the BH2 companion show a filled-in Hα absorp-
tion line which fits the short period of (2.2422± 0.0001) d. Thus the visible main-sequence star
could be influenced by the BH2, but to date no radio or X-ray source is known in this cluster at
that position. By the way, the Schwarzschild radius as of Eq. 1.2 is of the order of 10 km for the
BHs discovered in this work.

Upon the first blind discovery of the detached black hole BH1 (see the first paper in Chapter 2)
and an accompanying press release1, there was a strong response on the theoretical side. On the
one hand, black holes in globular clusters are of great interest for predicting the gravitational
wave signals measurable by gravitational wave detectors (today and in the future, e.g. Kremer
et al., 2018a, Banerjee, 2018). On the other hand, especially the properties of black holes in
binary systems (mass estimates, system configuration and so on) help a lot to constrain the
retention fraction of black holes in globular clusters and thus the modelling of globular clusters
(e.g. Kremer et al., 2018b, Askar et al., 2018, Arca Sedda et al., 2018, Kremer et al., 2019, Askar

1Odd Behaviour of Star Reveals Lonely Black Hole Hiding in Giant Star Cluster, ESO science press release No.
eso1802 https://www.eso.org/public/news/eso1802/
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Figure 3.1.: Half-light radius of the globular clusters in the Harris (1996, 2010 edition) catalogue
as a function of their core radius, with a limit on the absolute visual magnitude
MV < −6. In orange, the MUSE sample is highlighted. Globular clusters with
predicted BH systems by Askar et al. (2018) are indicated with green circles.

et al., 2019). In addition, it also drives other researchers to use similar observational methods to
find such black hole systems, like with Gaia (e.g. Yalinewich et al., 2018), the APOGEE survey
(Thompson et al., 2019), TESS (Masuda & Hotokezaka, 2019), or the LAMOST survey (Gu et al.,
2019).

3.6.1. Retention fraction

Only few years ago, theorists were convinced that no BHs (or only one) should stay in cluster
cores. This work clearly proves that this can not be true. However, from last discussions about
simulations with ASKAR and KREMER a conclusion was drawn that it is hard to gauge the
total black hole population of a globular cluster only based on the in this work detected black
holes. The number of black holes in a binary system with a luminous component appears
(to a certain extent) to be independent of the total number of black holes. But if, in addition,
other cluster properties like the binary fraction are considered, the retention fraction could be
better constrained. In this work it was shown, taking the binary fraction into account, that the
best fitting MOCCA model contains 43 BHs which is lower than the suggested numbers of
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100 up to 200 BHs by Kremer et al. (2018b) and Askar et al. (2018). It was also shown that from
different MOCCA models only the ones with high primordial binary fractions match the MUSE
observations. This supports the hypothesis that high primordial binary fractions are necessary
to reproduce the observations (see Sect. 1.1.3). At least for NGC 3201, future simulations should
be judged by how well they agree with these observed facts.

Figure 3.1 shows the half-light radius of the globular clusters in the Harris (1996, 2010 edi-
tion) catalogue as a function of their core radius, with a limit on the absolute visual magnitude
MV < −6. In orange, the MUSE sample is highlighted. Globular clusters with predicted BH
systems by Askar et al. (2018) are indicated with green circles. Conclusively, three globular
clusters from the MUSE sample are likely to harbour BH systems: NGC 3201, NGC 6656 and
ω Cen2. As previously mentioned, this work shows that NGC 3201 hosts at least two BHs and
should have an extended black hole subsystem. The globular cluster ω Cen is currently under
investigation, but preliminary analyses found no BH. First attempts of THE JOKER on ω Cen
resulted in only a few well-defined binary systems with short periods around 1 d. Since these
were mostly discovered in the overlapping regions of the MUSE pointings, it seems that further
observations with a time sampling in the hour range are needed (i.e. three observations per
night and pointing).

3.6.2. The search for an IMBH

A combination of proper motions (PMs) and MUSE radial velocities would increase the sens-
itivity to find IMBHs in globular clusters. Even BHs with masses down to 50 M� could be
discovered using only precise velocity dispersion profiles or multiple long baseline velocity
measurements of single stars. For example, the sphere of gravitational influence of a 78 M� BH
– which is the most massive BH in the MOCCA model for NGC 3201 used in this work – has
a radius of the order of 0.013 pc (≈ 0.5 ′′ in the distance of NGC 3201) using the definition of
Peebles (1972) and the core velocity dispersion of 5 km s−1 in NGC 3201. The MUSE narrow
field mode (NFM) with a FoV of 7.5 ′′ x 7.5 ′′ and a spatial sampling of 0.025 ′′ is perfect for this
purpose. Some clusters within the MUSE globular cluster sample are going to be observed with
this NFM. For instance, ω Cen is a promising candidate to host an IMBH, for which, assuming
a 1000 M� BH and a stellar velocity dispersion of 17 km s−1, the sphere of influence would be of
the similar order (0.015 pc ≈ 0.6 ′′) as a stellar-mass BH in NGC 3201.

3.7. Binaries in multiple populations

The rich data set of NGC 3201 allowed us to extend the studies towards multiple populations.
I used the “chromosome map” method on the red giant branch to divide the stars into two
populations. Interestingly, a significant difference in the binary fractions appeared: I found the

2Globular cluster simulations are currently not able to reproduce ω Cen, that is why it is not included in Askar et al.
(2018).
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observed binary fraction in the population P1 to be (23.1± 6.2) % in contrast to (8.2± 3.5) % in
P2. This is in agreement with previous studies mentioned in Sect. 1.1.6, but since it focuses on
the core of NGC 3201, the explanation, that the different fractions originate from different ini-
tial concentrations, is no longer valid. The signatures of different initial concentrations should
vanish in the core of NGC 3201 due to its short relaxation time. Furthermore, we demonstrate
that most, if not all, binaries in NGC 3201 are primordial and only destruction processes re-
duce the binary fractions. Hence, it is more plausible that the populations were formed with
different primordial binary fractions. One conceivable scenario would be the formation of one
homogeneous globular cluster population at first (P1) and at a later stage a formation of P2
stars within the P1 population. The presence of P1 stars could not allow to form that much
primordial binary stars in the population P2.

The multiple population study also demonstrates that binary stars behave differently in the
photometric “chromosome map”. On the one hand, the two stars in the binary system contrib-
ute both to the flux measurements in the multiple filters. Of course, the measurement of RGB
binary stars is dominated by the RGB star itself, but a contribution of the faint bluer component
to the blue filters is possible and could alter the inherent position of the RGB in the “chromo-
some map”. The assignment by this method for binary systems should therefore be treated with
caution. On the other hand, we find the majority of stars on the blue extension of the population
P1 in the “chromosome map” to be in binary systems. Theories are currently struggling to ex-
plain these stars and we would now like to point out that this apparently may have something
to do with the binary evolution of these systems.

3.8. Further outlook

Once the observational sampling of 47 Tuc and ω Cen is sufficient (e.g. for short period binaries)
they could be analysed in the same manner as shown in this work on the example of NGC 3201.
Of course, sophisticated models, such as the MOCCA model for NGC 3201, would be desirable
for these globular clusters as well. Maybe NGC 1851, which already has a median of seven
observations per pointing (see Table 1.2), could be interesting, because it shows multiple com-
plex populations with larger difference in metallicity than normal globular clusters have (see
Sect. 1.1.6). As mentioned before, the globular cluster NGC 6656 (M22) could also host a black
hole system and a binary study of this cluster could be promising. (M22 currently has only a
median of 2 observations per pointing.) All three clusters appear to have small binary fractions
< 5 % (Milone et al., 2012).

Furthermore, it would be nice to determine the primordial binary fractions and to constrain
the number of black holes in most Galactic globular clusters. This could also answer the ques-
tion how many gravitational wave events originate from BH-BH mergers in globular clusters.
Moreover, a better understanding of the binary evolution could be achieved by studying young-
er massive clusters (e.g. in the LMC or SMC).
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In this thesis, a classification of the binary companions (e.g. stellar type) was in most cases not
possible. On the one hand, the unknown inclination only allowed us to derive the minimum
mass of the companions. On the other hand, it would be nice to isolate contributions of the
companion in the observed spectrum or to use precise photometric measurements to get clues
on the spectral type of the companion. Thus, observations by the upcoming Extremely Large
Telescope (ELT) or James Webb Space Telescope (JWST) should be able, for example, to better
constrain the remnant fraction of compact or degenerated objects in globular clusters.

In Kamann et al. (2018a) it has been shown that from stellar spectra – obtained with MUSE –
it is also possible to determine the stellar rotation (hereafter called spin velocity) of individual
stars. The detection limit is approximately at a spin velocity of V sin i ≈ 30 km s−1 within a
spectrum of S/N = 20. Spin velocities within the old populations of the MUSE globular cluster
sample should be in general below this detection limit (Skumanich, 1972), which is why it was
only investigated in young clusters like in the mentioned publication. However, blue straggler
stars are rejuvenated stars which indeed could have spin velocities significantly larger than
30 km s−1. A study in NGC 3201 by Simunovic & Puzia (2014) found several fast rotating blue
stragglers which are in common with the MUSE sample of NGC 3201. Starting from slowly
rotating stars, a blue straggler could gain angular momentum either from mass transfer of the
donar star or from the collision (coalescence) of two stars, but currently convincing theoretical
studies are missing to give a useful interpretation in respect to the formation channel on the
spin velocities only. Nevertheless, applied to all blue straggler stars within the MUSE globular
cluster sample and combined with orbital analyses, the spin velocities could contribute to a
deeper understanding of the different formation circumstances of blue stragglers. A description
how to get the spin velocities for individual MUSE spectra is given in Sect. A.5.

Another interesting aspect could be the study of the pairing function of the binary orbital
parameters in globular clusters, like the 95 binaries in NGC 3201 have. As explained in the
second paper in Chapter 2, the assumption was made that the probability density function of
the orbital parameters f(M1,M2, P, e) 6= f(M1)f(M2)f(P )f(e) can not be simply reconstructed
from the individual probability density functions. If this assumption does not apply to globular
clusters, it might mean that the binary content could be modelled more easily than by complete
cluster simulations.

All in all, this pioneering work could be seen as a reference study for future spectroscopic bin-
ary studies. It presents necessary methods and tools to do complete binary studies in upcoming
big data projects.
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A. Appendix

In this appendix, I will give more detailed information on the work carried out in the public-
ations and what else was done during my PhD project. Section A.1 describes the differential
photometry method to identify photometrically varying stars based on MUSE observations. In
Section A.2 an early approach for the simulation of radial velocities of a realistic globular cluster
is discussed. In Section A.3 preliminary results of an interim method applied to all clusters are
presented: The model based expectation maximisation (EM) method to identify binary stars in
MUSE globular cluster observations is explained in Sect. A.3.1. The behaviour and robustness
of this method is then checked on cluster simulations in Sect. A.3.2. Consequently, it is applied
to the MUSE globular cluster sample and the resulting binary fractions of the globular clusters
are compared with each other in Sect. A.3.3.

Important for this big data project was the use of several literature catalogues in conjunction
with the MUSE data described in Sect. A.4. The combination of many different sources with our
observational data provides new insights as shown in the second paper in Chapter 2. Lately, we
found it is also possible to study stellar rotation with MUSE spectra. Instructions for that are
given in Sect. A.5. As a by-product of this PhD project, a systematic way to normalise spectra
was found, which is summarised in Sect. A.6.

A.1. Differential photometry

In order to identify photometric variable stars in our MUSE sample, we usually use the Cata-
logue of Variable Stars in Galactic Globular Clusters (Clement et al., 2001, Clement, 2017). This
catalogue is conducted from a multitude of publications with different objectives and is there-
fore not complete. The crowded cores of globular clusters could harbour some pulsating stars,
chromospheric active stars, or eclipsing binaries that might still be undetected. Stars in the in-
stability strip, like RR Lyrae-type stars or SX Phoenicis-type stars, are known to exist in globular
clusters, and those stars with radially pulsating modes can show radial velocity amplitudes up
to 50 km s−1. We should be aware of these stars because a false detection of a pulsating star
as a binary star would influence the overall statistics and further analyses of this star. For that
reason, we implemented a method, which could find photometric variables directly using the
multi-epoch observations done with MUSE. In principle, the flux of individual spectra could be
measured and compared with each other. Although the MUSE instrument and pipeline ensures
that flux levels are calibrated over different observations, the reconstruction of magnitudes just
from the extracted spectra may still contain systematic errors. For example, since our targets
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Figure A.1.: The standard deviation of the differential magnitudes of all epochs and stars in
pointing 01 of the MUSE data in NGC 3201. Blue points show the MUSE data with
each star having 13 observations. Orange markers represent the 68 % percentile in
SNR bins with 50 stars per bin. The green line shows an approximation of the data
with a simple square root function. The slope of this function was fitted to the data.

are relatively bright, our observations are also done during grey time or twilight. To save ob-
servation time we do not observe separate sky exposures and only model the sky component
afterwards. This is only one possible contribution to a stellar spectrum. But relative fluxes
of sources within the same FoV in one observation should be unaffected by most systematic
effects. That is why we use the differential photometry approach to find variable stars.

The classical differential photometry technique uses one target star and one or several ref-
erence stars to compare with in the same FoV (e.g. Kern & Bookmyer, 1986). Of course, the
reference star should be stable over time and have preferentially similar magnitude (and col-
our) as the target star in the chosen filter to avoid other systematic effects. Then, the difference
magnitude between target and reference star over time is simply the relative brightness of the
target star compared to the reference star. For the MUSE globular cluster observations no suit-
able reference stars are known in the first place. We also have the crowding problem which
means that several star PSFs could interfere with each other. Fortunately, the crowding prob-
lem is in most cases solved with the PSF-fitting technique developed by Kamann et al. (2013).
This technique works best, when the positions of the PSFs in the MUSE observation are pre-
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Figure A.2.: CMD of NGC 3201 with the colour-coded photometric variability determined from
MUSE spectra using the statistical method of (see the second paper in Chapter 2).
Known photometric variable star types are highlighted in the figure.

cisely known, with not too much residuals of other spectra, and the signal-to-noise (SNR) in the
sources is not too low (Kamann et al., 2016). Under the assumption that the PSF of a star is well
fitted, the extracted spectrum of that source should be free from contamination. For all extrac-
ted spectra of all observations, magnitudes of different photometric filters (e.g. Bessel system,
HST instrument filters) are calculated.

To find appropriate reference stars, an iterative approach is chosen. Reference stars should
be present in all observations of the same FoV, have good SNR, and show no photometric
variations (intrinsically or due to crowding). Up to a hundred reference stars with an intrinsic
standard deviation of 0.005 mag in the filter IBessel typically fulfil these conditions in one FoV.
Then, we compare the magnitudes of every star from each observation with our reference stars,
selecting 20 with comparable colour. Finally, the uncertainty of each measurement is calculated
from the distribution of all measurements per observation depending on SNR. The slope of
a simple square root function is fitted to the standard deviation of 68 % percentile SNR bins,
assuming a minimal uncertainty of 0.02 mag (y-intercept). In Fig. A.1 the result of this method
for one example pointing of NGC 3201 is shown. The median differential magnitude accuracy
is 0.066 mag. This is not exceptional, but sufficient for the identification of, for example, RR
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Lyrae stars. In NGC 3201 almost all known RR Lyrae stars show variable photometry and also
enables the identification of unknown variable stars with similar properties.

Fig. A.2 shows the photometric variable stars of all MUSE NGC 3201 pointings in a CMD.
The probability per star was calculated using the statistical method introduced in the second
paper in Chapter 2. The RR Lyrae stars, SXP stars, and some chromospheric active binaries
show clear photometric variations. The RR Lyrae stars and SXP stars are already known in the
literature, but for some of them the confirmation was missing so that they can be included in
the Clement (2017) catalogue. The majority of varying stars at the main sequence are probably
false detections: These could be caused by an inaccurate spectrum extraction and thus false
magnitude measurement due to blends of other sources.

Another approach to find variable stars in the MUSE data, without relying on the PSF extrac-
tion, would be difference image photometry. With the creation of 2D images (collapse of some
wavelength region) from the MUSE observations, the difference image of two independent ob-
servations could be calculated. Ideally, for this technique the observational conditions (e.g.
seeing, airmass) should be the same. Then, only varying stars should be left in the difference
images.

A.2. Simulation: Globular cluster model of radial velocities

In the following a toy model for obtaining a set of radial velocity measurements from a cluster
containing single and binary stars is introduced. A basic assumption of this model is that due
to tidal interactions in binaries the orbits become circular over many periods (Hut et al., 1992).
In the second paper in Chapter 2 it was shown that this assumption is wrong. Nevertheless,
this model and its application to test methods are presented here.1

All stars in a globular cluster are considered to be isolated systems. Radial velocities of single
stars are constant, whereas the radial velocities from binaries in circular orbits can be calculated
with Eq. 1.7 from the introduction.

The mass of the primary (observed) star is taken from an isochrone fitted to the HST data of
each globular cluster (see the second paper in Chapter 2 for details). For the initial companion
mass Mini. an altered Salpeter (1955) IMF is used, which is flat below one solar mass (Miller &
Scalo, 1979) and starts at the minimum mass of brown dwarfs at 0.013 solar masses:

IMF(Mini.) ∝


const. if 0.013 M� < Mini. ≤ 1.0 M�

M−2.35ini. if 1.0 M� < Mini. ≤ 8.0 M�

0 else .

(A.1)

Masses of individual stars change over the lifetime of a globular cluster. Especially stars with
masses higher than the turnoff mass Mturnoff evolve. The initial mass Mini. of the companion has

1In a later version of this toy model, eccentricity was introduced with the use of Eq. 1.12.
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Figure A.3.: Simulated companion mass and period distributions of binaries in a globular
cluster.

to be converted into an actual mass Mact. which can be done following Catalán et al. (2008):

Mact. =

0.096(5) Mini. + 0.429(15) if Mturnoff < Mini. ≤ 2.7 M�

0.137(7) Mini. + 0.318(18) if Mini. > 2.7 M� .
(A.2)

These equations model the loss of mass during stellar evolution. Some stars have already
become white dwarfs or neutron stars. An example result of the simulated companion mass
distribution of the globular cluster NGC 6388 is shown in Fig. A.3a. Most of the companions
are found to have a mass around 0.5 M� which is in agreement with the average star mass in an
old Galactic globular cluster. A large portion of this peak could be attributed to white dwarfs.

Finally, we need the period distribution for the model to get realistic radial velocities. To
avoid making to many assumptions on this, we use the period distributions as a function of
the globular cluster density found in n-body simulations by Ivanova et al. (2005). The globular
cluster densities are taken from the catalogue Pryor & Meylan (1993). Figure A.3b shows the
simulated period distribution of the globular cluster NGC 6388 with a density of log ρM = 5.7.

For the simulation of binary stars we use a random selection from the primary mass, com-
panion mass, uniform distributed inclination, and period distribution as described before. We
make sure, that the companion star is not brighter than the primary star and that the system
is physically possible (binary separation larger than Roche lobe and not too large in respect to
cluster velocity dispersion and cluster density, see Hut et al. (1992)).
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A.3. Binary fractions in the MUSE globular cluster sample

A.3.1. Expectation maximisation technique to identify binary stars

To detect radial velocity variations in a single star, we use a χ2-statistic to measure how com-
patible the radial velocities over time are with the constant weighted mean x (null hypothesis)
of the n radial velocity measurements xi with uncertainty σi:

χ2 =

n∑
i=1

1

σ2
i

(xi − x)
2 with x =

∑n
i=1

xi

σ2
i∑n

i=1
1
σ2
i

. (A.3)

As described in the second paper in Chapter 2 each star in our sample has its own number
of observations and therefore its own number of degrees of freedom ν. Assuming Gaussian
distributed uncertainties we know the probability density function (PDF) expected for a specific
ν if the null hypothesis for all stars is true. If this is not the case we have variable stars in our
sample. To find the fraction of binary stars fbinaries in our sample and to estimate the probability
of each star individually we use an expectation maximisation (EM) analysis. This analysis finds
the optimal contribution of two known independent populations in a given sample. Following
Walker et al. (2009, equations 3 and 4) we came up with the expectation step

Psingle(χ
2, ν) =

psingle(χ
2, ν)[1− fbinaries]

psingle(χ2, ν)[1− fbinaries] + pbinary(χ2, ν)fbinaries
(A.4)

with Psingle for the probability of each star to be single and the maximisation step

fbinaries =

[ ∑N
j=1 Psingle(χ

2
j , νj)∑N

j=1

(
1− Psingle(χ

2
j , νj)

) + 1

]−1
(A.5)

with the binary fraction fbinaries. In Eq. A.4, the probability psingle to belong to the single star
distribution is

psingle(χ
2, ν) = PDFsingle(χ

2, ν) . (A.6)

Consequently, the probability to belong to the binary star distribution is

pbinary(χ2, ν) = PDFbinary(χ2, ν) (A.7)

With these equations, the best solution for the binary fraction fbinaries and the resulting single
star probability Psingle of each star can be found iteratively. The binary star probability of each
star is modest

Pbinary(χ2, ν) = 1− Psingle(χ
2, ν) . (A.8)
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Figure A.4.: The simulated probability density function (PDF) of the radial velocity χ2 distribu-
tion of a single and binary star population. The simulation of the binary PDF was
realised with data from NGC 6388 and exactly 5 epochs (ν = 4) for each of 1000
binary stars.

We know the expected χ2 distribution of single stars (simply from the Gaussian PDF) and we
know the expected χ2 distribution of binary stars from our simulations described in Sect. A.2.
To get the PDF of the binary stars we use a kernel density estimation (KDE) using Gaussian
kernels to reconstruct the PDF in log-space and transform the resulting KDE with

PDFlinear-space(χ
2, ν) =

PDFlog-space
(
log(χ2), ν

)
χ2

(A.9)

back to linear-space. An example for the resulting PDFs for the single star and binary star
population of a globular cluster is shown in Fig. A.4. The integral of both functions is, of course,
one in linear space.

A.3.2. Sanity checks of expectation maximisation on simulations

To get confidence in the EM method and to get an idea of how the method reacts to systematic
effects, we have done many simulations and their analyses. The first check is, of course, the
coherence of the resulting binary fraction with the simulated one. The results for different sim-
ulated binary fractions are shown in Fig. A.5a. The plot shows that the analysis yields always
the simulated binary fraction. Our next check was to exclude systematics on the number of
epochs Nepochs. Figure A.5b shows, for a fixed binary fraction, that there is no effect on Nepochs.

We conclude that the method is robust if the simulated and analysed model are the same.
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(a) Using different binary fractions. The fraction
of analysed and simulated binaries is plotted
as a function of the simulated binary fraction.
30 simulations per point for statistics.
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a function of the unique epoch. 100 simula-
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Figure A.5.: The expectation maximisation method applied to different simulations showing
robust behaviour.
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Figure A.6.: The expectation maximisation method applied to simulations with different epochs
and different cluster densities. The binary fraction fbinaries = 10 % and the analysis
cluster density log ρM = 2.7 are fixed. The fraction of analysed and simulated bin-
aries for different unique epochs is plotted as a function of the simulated cluster
density. 100 simulations per point for statistics. For better visibility the results are
slightly shifted on the x-axis.

78



A.3. Binary fractions in the MUSE globular cluster sample

0.4 0.6 0.8 1.0 1.2 1.4 1.6

uncertainty factor

0.2

0.0

0.2

0.4

0.6

0.8

lo
g( f b

in
ar

ie
s,

fo
u
n
d
/f

b
in

ar
ie

s,
si

m
u
la

te
d

)

Figure A.7.: The expectation maximisation method applied to simulations with different un-
certainty factors. The simulated radial velocity uncertainties are multiplied with
the uncertainty factor before analysing them. The binary fraction fbinaries = 10 %
is fixed. 30 simulations per point for statistics. A slightly overestimation of the
uncertainties is better for the accuracy of the resulting binary fraction than an un-
derestimation.

But what are the impacts if we make mistakes in our model? What happens if the cluster dens-
ities used in simulation and analysis differ from each other? In Fig. A.6 the resulting fraction
of analysed and simulated binaries for different unique epochs is shown as a function of the
simulated cluster density. As expected, if we underestimate the cluster density the resulting
binary fraction is higher, but the resulting fractions agree better to the simulated ones when we
do more observations.

On the observational data side, we made a lot of effort to get the radial velocity uncertain-
ties correct. But what happens if we under- or overestimate the uncertainties? In Fig. A.7 the
resulting binary fractions for different uncertainty factors are shown, applied to all radial velo-
city uncertainties. A slight overestimation of the uncertainties is better for the accuracy of the
resulting binary fraction than an underestimation.

A big advantage of the model based EM method is that our resulting overall binary fraction
is always complete. But for single stars this is another story. A simple assumption to identify
a star as a binary star is to evaluate if the radial velocity variability probability for this star is
higher than the threshold Pbinary(χ2, ν) > 0.5. In our simulations we know exactly which stars
are binaries and which are single stars. In Fig. A.8a and Fig. A.8b the resulting correct and false-
positive binary star detections can be seen as an example for the simulated globular clusters
NGC 3201 and NGC 1851. It is noticeable, that for denser clusters (hence shorter periods and
larger amplitudes) the number of observations (to get an reasonable sampling) necessary to
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Figure A.8.: The correct and false-positive binary star detections for different epochs with the
expectation maximisation method. Both, the successfully detected binaries in the
top panel and the false-positive detections in the bottom panel, are shown in per-
cent as a function of the number of simulated observations Nepochs. The dashed
lines indicate sensitivity thresholds to detect radial velocity variations. 100 simula-
tions per point for statistics.

recover the same amount of binaries can be smaller than in less dense clusters.

A.3.3. Results

A dedicated analysis for all globular clusters like the one in the second paper in Chapter 2 is
desirable, but needs a lot of observations and sophisticated models to compare with. The stat-
istical method introduced in the second paper in Chapter 2 was applied to all globular clusters
in the MUSE sample. This gives a first impression for individual stars if radial velocity vari-
ations are present. However, observational binary fractions are not easy to compare between
clusters as shown in the second paper in Chapter 2. Either way, models are necessary to correct
for selection effects. Therefore, the combination of the expectation maximisation technique from
Sect. A.3.1 and the toy model from Sect. A.2 for globular clusters is used to calculate the binarity
in the globular cluster sample.

The membership of the stars is also checked per cluster with the expectation maximisation tech-
nique using the metallicity, mean radial velocity, and projected distance to the cluster centre
(see Kamann et al., 2016, for more details). A star is considered as a member if it has a higher
probability than 50 % to be a cluster member.

To avoid biasing the binary fraction too much by photometric variable stars with radial velo-
cities due to pulsations, we use the differential photometry as described in Sect. A.1 to exclude
the obvious cases with a probability higher than 90 % to be photometric variables. Therefore,
the majority of stars in our samples showing variations in radial velocity should be binaries.
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A.3. Binary fractions in the MUSE globular cluster sample

Table A.1.: Binary fractions of different stellar types in the MUSE sample with all observed
stars fMUSE, stars on the main sequence fMS, and stars on the red giant branch fRGB
in different globular clusters. Additionally, the amount of stars in the blue straggler
star region and its binary fraction fBSS and the binary fraction of the comparison
region fCompare with comparable brightness range are listed.

Globular cluster fMUSE [%] fRGB [%] fMS [%] #BSS fBSS [%] fCompare [%]
NGC 104 13.3± 0.3 14.4± 0.8 11.7± 0.3 147 30.5± 4.4 16.2± 0.8
NGC 362 10.4± 0.5 11.5± 1.0 7.0± 0.4 37 18.9± 6.0 12.0± 1.3

NGC 1851 7.7± 0.4 10.3± 1.0 5.7± 0.4 123 13.8± 3.2 8.4± 0.7
NGC 2808 14.2± 0.6 14.7± 0.8 - 68 15.2± 3.3 14.5± 0.8
NGC 3201 10.9± 0.5 20.4± 4.2 9.6± 0.5 32 68.7± 10.4 18.1± 3.5
NGC 5139 5.1± 0.1 4.4± 0.5 5.6± 0.3 45 25.6± 7.5 4.2± 0.6
NGC 6254 5.9± 0.3 6.0± 1.0 5.5± 0.3 35 37.2± 9.5 5.4± 1.2
NGC 6266 16.4± 0.8 14.5± 0.8 - - - -
NGC 6293 0.0± 0.0 0.0± 0.0 - - - -
NGC 6388 18.5± 0.5 18.0± 0.7 - 64 31.1± 6.2 18.3± 0.8
NGC 6441 20.6± 0.5 18.5± 0.6 - 101 24.8± 4.0 17.8± 0.7
NGC 6522 7.4± 0.9 7.1± 1.3 - - - -
NGC 6681 2.2± 0.3 1.1± 0.2 2.3± 0.4 - - -
NGC 6752 3.9± 0.2 3.3± 0.8 3.3± 0.2 21 6.9± 4.5 4.0± 0.9
NGC 7078 13.5± 0.4 15.3± 1.0 11.8± 0.6 57 18.1± 4.2 14.6± 1.1
NGC 7089 13.6± 0.4 13.7± 0.7 11.7± 0.8 122 20.8± 3.6 14.8± 0.9
NGC 7099 5.6± 0.3 3.8± 1.0 5.1± 0.3 66 19.6± 6.2 4.7± 1.1

The resulting binary fractions of this analysis for the clusters with more than one epoch in the
MUSE sample by May 2017 are listed in Table A.1. In addition to the full star sample of each
cluster, the binary fraction is calculated separately for the RGB, MS, BSS, and one to the BSS
region comparable star region in the CMD.

A correlation of the observed binary fraction fMUSE with the absolute visual magnitude MV,t

(cluster luminosity) and the core mass of the cluster has been identified. Without ω Cen the
Spearman correlation coefficient is −0.80 for the cluster luminosity and 0.86 for the cluster core
mass showing an increase of the binary fraction with increasing cluster luminosity (mass). This
correlation is shown in Fig. A.9a, notice that ω Cen (NGC 5139) is an outlier, which could be
due to the special status of this cluster (see Sect. 1.1.1 for more details). This correlation is
clearly contradicting literature, that there should be an anti-correlation between binary fraction
and cluster luminosity (Milone et al., 2012). Theoretical, luminous clusters with higher core
masses normally also have higher core densities which should decrease the binary fractions in
that cores over their lifetime. Maybe due to our diverse observational biases and the simple toy
model (see the second paper in Chapter 2 as an example for the problems in only one cluster)
our result could be opposite. In the end we decided not to publish this result, since too many
questions remained unanswered.

The binary fractions of the blue straggler stars, on the other hand, allow a much clearer inter-
pretation. Figure A.9b demonstrates that the binarity of blue stragglers is increased in compar-
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(a) The binary fraction of a globular cluster as a
function of its absolute visual magnitude.
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(b) The binary fraction of the blue straggler stars
of a globular cluster as a function of a com-
parison sample with similar brightness. The
dotted line represents the identity.

Figure A.9.: Correlations of the binary fractions within the MUSE sample.

ison to a reference sample in all globular clusters. The comparison with the reference sample
eliminates most of the systematics. It was already shown in Milone et al. (2012) that the amount
of blue stragglers is correlated with the binary fraction of a globular cluster. A further step was
taken here, demonstrating that not only the blue straggler binarity is correlated to the cluster
binarity, but for most clusters, the blue straggler binarity is significantly increased in contrast
to the binarity of the cluster itself. This puts clear constraints on the blue straggler formation
scenarios and is discussed in detail in the second paper in Chapter 2 for the globular cluster
NGC 3201.

A.4. Matching of literature catalogues to MUSE data

One of the key ingredients to successfully analyse the binary content in the globular cluster
NGC 3201 (see the second paper in Chapter 2 as an example) are the external catalogues we
matched with our MUSE observations. Astronomers are used to use archive search engines like
the VizieR2 or SIMBAD3 databases, both maintained by the Centre de Données Astronomiques
de Strasbourg (CDS). However, our MUSE survey of globular clusters does contain more than
300 000 stars. It would be extremely time consuming to search for individual stars in these
databases and double check their position and properties to be sure the correct star is identified.
Therefore, it would be easier to match all available information with our sample and hold it in
a database. In the following the matching method and literature catalogues we have matched
with the MUSE data are presented.

2VizieR provides the most complete library of published astronomical catalogues.
3SIMBAD contains information for stars and nonstellar objects.
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A.4. Matching of literature catalogues to MUSE data

Figure A.10.: User interface to manage literature catalogues for the MUSE globular cluster
sample.

A.4.1. Matching method

The basis for our spectrum extraction from the MUSE observations in most globular clusters is
the HST ACS globular cluster survey (Sarajedini et al., 2007, Anderson et al., 2008) catalogue.
This is a catalogue consisting of precise HST astrometry and photometry, hereafter called master
catalogue. To match external catalogues with our sources, we need at least one visual mag-
nitude and position (right ascension (RA), declination (Dec.)) per star. We designed a tool that
gives automatic access to VizieR catalogues. In Fig. A.10 and Fig. A.11 this tool is shown for
NGC 3201 as an example. The user can select a VizieR catalogue and it will automatically be
downloaded. There is no standard name for the position or magnitude columns in a VizieR
table, but the tool tries to identify these columns itself to do a quick check if stars in the cata-
logue are in common with our master catalogue. Nevertheless, the user can select ’Match with
GCDB’ to open an interactive matching tool which is shown in Fig. A.12.

This matching tool gives a graphical representation of the matching process which is based
on positions and magnitudes of the stars. The coordinate transformation from the selected
catalogue to the master catalogue only corrects for offsets. In principle it could also correct for
rotation and dilation, but it turned out these effects are less important than a global translation.
To find the transformation, the algorithm can use only a fraction of the brightest stars in the
sample, which reduces mismatches dramatically. The metric which is minimised during the
match is:

∆m2 + x× d2 (A.10)
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Figure A.11.: User interface to manage the VizieR tables of literature catalogues.

with the magnitude difference ∆m and the transformed distance d (taking the determined off-
sets into account) of each star in the catalogue to the best fit in the master. A good compromise
between magnitude and distance is often found with x = 10 [mag per arcsec], but depends of
course on the quality of the positions and magnitudes given in the selected catalogue. For the
final match, the last translation, the specified radius (which is represented by the blue ellipse
in the bottom left corner of Fig. A.12) to prevent mismatches, and the metric to determine the
best fit are used for each star. The matched catalogue can then be internally merged with other
VizieR tables (see ’Merge with’ in Fig. A.11) and finally saved to the database with the correct
literature reference.

A.4.2. HST photometry

In addition to the HST ACS globular cluster survey (Sarajedini et al., 2007, Anderson et al., 2008)
catalogue (our master catalogue) we matched other available photometries. The preliminary
public catalogue release of the HST UV Legacy Survey (’UVLS’) of Galactic globular clusters4

(Soto et al., 2017, Piotto et al., 2015) has been matched to all our clusters when available. After
final publication, the refined catalogue, now named HST UV globular cluster survey5 (’HUGS’)
(Nardiello et al., 2018, Piotto et al., 2015), has been added as well. These additional UV filters are

4http://www.astro.uda.cl/public_release/globularclusters41.html
5https://archive.stsci.edu/prepds/hugs/
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A.4. Matching of literature catalogues to MUSE data

Figure A.12.: User interface to match the stars of a selected VizieR catalogue to the MUSE master
catalogue.
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the base for all our multiple populations studies and have for example been used for NGC 3201
in the publications Giesers et al. (2019), Kamann et al. (2020), Göttgens et al. (2019a), Latour
et al. (2019), Husser et al. (2020). Since ω Cen has always been used as a calibration target for
all HST instruments and filters, a huge catalogue by Bellini et al. (2017) with 26 filters stretching
continuously from 225 nm in the UV to 1600 nm in the infrared has been matched to ω Cen as
well.

A.4.3. Proper motions

Complementary to the MUSE radial velocities (averaged per star) are the proper motions ob-
tainable by high precision astrometry. There is the Hubble Space Telescope Proper Motion (HST-
PROMO) program by Bellini et al. (2014) to get astrometry of several globular clusters. Only
two catalogues for NGC 362 and NGC 7078 have been made publicly available (Bellini et al.,
2014, Libralato et al., 2018). We have matched both with our MUSE data and calculated the
three dimensional velocity vector (space velocities) and real stellar velocity from that match.
The results of the HSTPROMO program should be treated with caution, because the cluster
itself is used as a reference frame, thus neglecting global effects like cluster rotation, which is
present in many clusters as shown by, e.g., Kamann et al. (2018b).

A.4.4. Gaia

The data release 2 (DR2) of Gaia has been matched to the master catalogue of all globular clusters
in our sample (Gaia Collaboration et al., 2018). But it was shown in the bachelor thesis by LEON

VON HOLT that Gaia is currently too confused in the dense cores of globular clusters and the
results are normally not acceptable for our studies. Nevertheless, we identified some runaway
stars in some globular clusters which could be interesting to study with improved future Gaia
data releases.

A.4.5. List of all matched catalogues

In Table A.2 all matched catalogues except for the photometries and Gaia DR2, mentioned in
the sections before, are listed for the MUSE globular cluster sample.

Table A.2.: Literature catalogues which were matched to the MUSE master catalogue.
Cluster & reference Description

NGC 104

Albrow et al. (2001) Variables in 47 Tuc
Carretta et al. (2009b) Abundances of red giants in 15 globular clusters
Clement (2017) Updated catalog of variable stars in globular clusters
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release
Hughes et al. (2007) CT1T2 Photometry of red giants in 2 globulars
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A.4. Matching of literature catalogues to MUSE data

Lapenna et al. (2014) AGB and RGB stars in 47 Tuc
Marino et al. (2016) 47 Tuc sub-giant branch chemical abundances
Momany et al. (2012) 8.6um imaging of 47 Tuc
Wang et al. (2017) NGC 104, 6121 & 6809 AGB and RGB stars Na abundance

NGC 1851

Carretta et al. (2011) Spectroscopy of 124 RGB stars in NGC 1851
Clement (2017) Updated catalog of variable stars in globular clusters
Clementini et al. (2019) Gaia DR2 Cepheids and RR Lyrae stars
Cummings et al. (2014) Photometry in globular clusters. I. NGC 1851
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release
Gratton et al. (2012) Horizontal branch stars in NGC 1851
Lim et al. (2015) Spectroscopic HK’ index for 3 globular clusters
Marino et al. (2014b) Photometry and abundances of NGC1851 stars
Scarpa et al. (2011) Radial velocities in two globular clusters
Yong et al. (2015) Line list for the NGC 1851 stars

NGC 1904

Carretta et al. (2009b) Abundances of red giants in 15 globular clusters
Carretta et al. (2009a) Abundances of red giants in 17 globular clusters
Clementini et al. (2019) Gaia DR2 Cepheids and RR Lyrae stars
D’Orazi et al. (2015) Li abundance of giants in 3 globular clusters
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release
Kains et al. (2012) VrI light curves of NGC1904 variables
Scarpa et al. (2011) Radial velocities in two globular clusters

NGC 2808

Cacciari et al. (2004) RGB stars in NGC 2808 observed with FLAMES
Clement (2017) Updated catalog of variable stars in globular clusters
Clementini et al. (2019) Gaia DR2 Cepheids and RR Lyrae stars
D’Orazi et al. (2015) Li abundance of giants in 3 globular clusters
Dias et al. (2015) Metal abundances in 6 globular cluster
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release
Gratton et al. (2011) Horizontal branch stars in NGC 2808
Marino et al. (2014a) NGC 2808 HB stars abundances
Massari et al. (2016) JK photometry of NGC 2808
Moni Bidin et al. (2011) Radial velocities in the globular NGC 2808
Wang et al. (2016b) NGC 2808 AGB and RGB stars Na abundance

NGC 3201

Arellano Ferro et al. (2014) RR Lyr light curves in NGC 3201
Carretta et al. (2009b) Abundances of red giants in 15 globular clusters
Carretta et al. (2009a) Abundances of red giants in 17 globular clusters
Clement (2017) Updated catalog of variable stars in globular clusters
Clementini et al. (2019) Gaia DR2 Cepheids and RR Lyrae stars
Cote et al. (1995) Radial velocities and BV photometry of NGC 3201
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Dias et al. (2015) Metal abundances in 6 globular cluster
Dias et al. (2018) Stellar parameters of NGC3201 RGB stars
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release
Kaluzny et al. (2016) The Clusters AgeS Experiment (CASE). Variable Stars in the Field of

the Globular Cluster NGC 3201
Kravtsov et al. (2009) UBVI photometry of NGC 3201
Mucciarelli et al. (2015) Iron EWs for 21 giant star members of NGC3201
Sariya et al. (2017) Proper motions and photometry of stars in NGC 3201. Cluster dis-

tance used: 4.9+-0.1 kpc.
Simunovic & Puzia (2014) Dynamical Properties of Blue Straggler Stars in NGC 3201
Zloczewski et al. (2012) Proper motions in 6 globular clusters
von Braun & Mateo (2002) VI Photometry and Variables in NGC 3201

NGC 362

Carretta et al. (2013) Detailed chemical abundances in the GlC NGC 362
Clement (2017) Updated catalog of variable stars in globular clusters
Clementini et al. (2019) Gaia DR2 Cepheids and RR Lyrae stars
D’Orazi et al. (2015) Li abundance of giants in 3 globular clusters
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release
Libralato et al. (2018) Proper Motion (HSTPROMO) catalog of NGC 362
Lim et al. (2016) HK’, CN & CH chemical indexes in NGC 362 & NGC 6723
Székely et al. (2007) Variables stars in NGC 362

NGC 5139

Bellini et al. (2009) UBV(RI)cHalpha photometry in omega Cen
Boyer et al. (2008) omega Cen Spitzer photometry
Braga et al. (2016) RRLs in globulars. IV. UBVRI photometry in Omega Cen
Clement (2017) Updated catalog of variable stars in globular clusters
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release
Johnson et al. (2008) Abundances of red giants in Omega Cen
Johnson & Pilachowski
(2010)

Omega Centauri giants abundances

Kaluzny et al. (1997) RR Lyr stars in omega Cen
Kaluzny et al. (2004) Variable Stars in the field of omega Cen
Lebzelter & Wood (2016) Long period variables in omega Cen
Marino et al. (2011) Spectroscopy of 300 RGBs in omega Cen
Navarrete et al. (2017) omega Cen RR Lyrae and SX Phoenicis stars
Norris et al. (1996) Ca abundance for Omega Cen red giants
Pancino et al. (2007) Radial velocities RGB stars in omega Cen
Simpson et al. (2012) Stellar parameters of giants in omega Cen
Sollima et al. (2004) JK photometry of Omega Cen red giants
Sollima et al. (2005) BVI photometry of omega Cen red giants
Sollima et al. (2006) Metallicities of RR Lyrae stars in Omega Cen
Villanova et al. (2014) Parameters of NGC 5139 SGBs stars
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van Loon et al. (2007) Spectral atlas of omega Cen post-MS stars

NGC 5286

Alvarado et al. (1995) UBVRI sequences in globulars
Clement (2017) Updated catalog of variable stars in globular clusters
Clementini et al. (2019) Gaia DR2 Cepheids and RR Lyrae stars
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release
Marino et al. (2015) Red giants in NGC 5286
Zorotovic et al. (2010) Variable stars in NGC 5286

NGC 5904

Carretta et al. (2009b) Abundances of red giants in 15 globular clusters
Clement (2017) Updated catalog of variable stars in globular clusters
Clementini et al. (2019) Gaia DR2 Cepheids and RR Lyrae stars
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release
Lai et al. (2011) M5 chemical abundances for evolved stars
Lanzoni et al. (2007) Blue straggler population of globular cluster M5
Rees (1993) Proper motions in M5
Sandquist & Bolte (2004) BVI photometry of M5 giant branch stars (AGB)
Sandquist & Bolte (2004) BVI photometry of M5 giant branch stars (RGB)
Sandquist & Bolte (2004) BVI photometry of M5 giant branch stars (RR Lyrae)
Sandquist & Bolte (2004) BVI photometry of M5 giant branch stars (HB)
Vivas et al. (2017) CTIO/DECam photometry of RR Lyrae stars in M5
Warren et al. (2006) HST photometry of M5 blue stragglers

NGC 6093

Carretta et al. (2015) Abundances of red giant stars in NGC6093 (M80)
Clement (2017) Updated catalog of variable stars in globular clusters
Clementini et al. (2019) Gaia DR2 Cepheids and RR Lyrae stars
Dieball et al. (2010) A far-ultraviolet survey of M80: X-ray source counterparts, strange

blue stragglers, and ...
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release
Kopacki (2013) V-band light curves of variables in M80

NGC 6121

Carretta et al. (2009b) Abundances of red giants in 15 globular clusters
Carretta et al. (2009a) Abundances of red giants in 17 globular clusters
Clement (2017) Updated catalog of variable stars in globular clusters
Clementini et al. (2019) Gaia DR2 Cepheids and RR Lyrae stars
Dias et al. (2015) Metal abundances in 6 globular cluster
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release
Malavolta et al. (2015) Internal kinematics from accurate radial velocities of 2771 cluster

members in M4 (NGC 6121).
Malavolta et al. (2014) Atmospheric parameters of M4 stars
Malavolta et al. (2015) M4 Core Project with HST. Radial velocities
Marino et al. (2008) Abundances of NGC 6121 red giants
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Mochejska et al. (2002) M4 UBV color-magnitude diagrams
Nascimbeni et al. (2014) Variable stars in M4 primary field
Neeley et al. (2015) RR Lyrae stars in M4. II. Spitzer/IRAC phot.
Peterson et al. (1995) Radial Velocities of Stars for M4 members
Stetson et al. (2014) UBVRIJHK photometry of RR Lyrae in M4
Stetson et al. (2014) UBVRIJHK photometry of other variables in M4
Zloczewski et al. (2012) Proper motions in 6 globular clusters

NGC 6218

Carretta et al. (2007a) Abundances of red giants in NGC 6218
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release
Zloczewski et al. (2012) Proper motions in 6 globular clusters

NGC 6254

Carretta et al. (2009b) Abundances of red giants in 15 globular clusters
Carretta et al. (2009a) Abundances of red giants in 17 globular clusters
Clement (2017) Updated catalog of variable stars in globular clusters
Dias et al. (2015) Metal abundances in 6 globular cluster
Pollard et al. (2005) CCD BVIc photometry of M10 stars: BVI
Pollard et al. (2005) CCD BVIc photometry of M10 stars: BI

NGC 6266

Clementini et al. (2019) Gaia DR2 Cepheids and RR Lyrae stars
Contreras et al. (2010) RR Lyrae in M62 (NGC6266)
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release
Lapenna et al. (2015a) M62 (NGC 6266) giant branch stars abundances

NGC 6293

Clement (2017) Updated catalog of variable stars in globular clusters
Clementini et al. (2019) Gaia DR2 Cepheids and RR Lyrae stars
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release

NGC 6388

Clement (2017) Updated catalog of variable stars in globular clusters
Clementini et al. (2019) Gaia DR2 Cepheids and RR Lyrae stars
Dalessandro et al. (2008) Blue stragglers in NGC 6388
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release
Hughes et al. (2007) CT1T2 Photometry of red giants in 2 globulars
Lanzoni et al. (2013) RVs and [Fe/H] of star members of NGC 6388
Lapenna et al. (2015b) Radial velocities of giant stars in NGC 6388
Lützgendorf et al. (2011b) VI photometry and velocity map of NGC 6388

NGC 6397

Clement (2017) Updated catalog of variable stars in globular clusters
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release

NGC 6441

Clement (2017) Updated catalog of variable stars in globular clusters
Clementini et al. (2019) Gaia DR2 Cepheids and RR Lyrae stars
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Dias et al. (2015) Metal abundances in 6 globular cluster
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release

NGC 6522

Clement (2017) Updated catalog of variable stars in globular clusters
Clementini et al. (2019) Gaia DR2 Cepheids and RR Lyrae stars
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release

NGC 6541

Clement (2017) Updated catalog of variable stars in globular clusters
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release

NGC 6656

Arp & Melbourne (1959) Photometry in the globular cluster M22
Clement (2017) Updated catalog of variable stars in globular clusters
Clementini et al. (2019) Gaia DR2 Cepheids and RR Lyrae stars
Dias et al. (2015) Metal abundances in 6 globular cluster
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release
Gratton et al. (2014) Horizontal branch stars in M22
Kaluzny & Thompson (2001) SX Phe stars in M22 globular cluster
Kaluzny & Thompson (2001) New variables in M22 globular cluster
Lee (2015) Ca,by photometry in globular clusters. I. M22
Marino et al. (2012) Abundances of M22 subgiants
Roederer et al. (2011) Abundances of six RGB stars in M22
Salgado et al. (2013) NGC6656 spectroscopy of 71 blue HB stars
Zloczewski et al. (2012) Proper motions in 6 globular clusters

NGC 6681

Clement (2017) Updated catalog of variable stars in globular clusters
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release

NGC 6752

Carretta et al. (2009a) Abundances of red giants in 17 globular clusters
Carretta et al. (2007b) Abundances of red giants in NGC 6752
Clement (2017) Updated catalog of variable stars in globular clusters
Evans et al. (2010) Chandra Source Catalog 2.0 pre1 Pre-release
Kravtsov et al. (2014) UBVI photometry in NGC 6752
Thomson et al. (2012) NGC 6752 multiwavelength survey
Zloczewski et al. (2012) Proper motions in 6 globular clusters

NGC 7078

Bellini et al. (2014) Proper motion observations of NGC 7078 (HSTPROMO I). Cluster dis-
tance used: 10.4+-0.1 kpc.
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A.5. Stellar rotation of blue straggler stars

Simplified, light coming from half of the resolved disk of a rotating star with its rotation axis
perpendicular to the line of sight is blueshifted and from the other half of the disk redshifted. In
a spectrum this results in a broadening of all spectral absorption lines. Of course, the inclination
of the rotation axis, limb darkening, and differential rotation of the star play a role. But in first
approximation, the stellar rotation velocity V sin i (not inclination corrected) could be recovered
from a spectrum if the main parameters effecting the line shapes – temperature, metallicity,
surface gravity, and line spread function of the spectrograph – are known. A full spectrum fit
with SPEXXY can also fit the additional broadening σ of the lines in parallel to temperature,
surface gravity, (total integrated) radial velocity, and metallicity. Usually we fix the surface
gravity to the value found by an isochrone comparison, since the spectral resolution of MUSE is
not high enough to fit surface gravity for the typical globular cluster stars. For stellar rotation, a
higher spectral resolution also helps a lot, but we found that a MUSE spectrum with a S/N > 20

and a stellar rotation velocity of V sin i > 30 km s−1 could be fitted reliably. Most stars in old
globular clusters should have stellar rotation velocities below our sensitivity, mainly because of
their age and stellar type (Skumanich, 1972). But as explained in Sect. 1.1.4, blue straggler stars
could have been formed by stellar collisions less than 200 Myr ago. In most cases these blue
straggler stars could have a strong rotation velocity up to V sin i > 50 km s−1.

A.6. A systematic way to normalise the continuum in a
spectrum

A stellar spectrum is usually a combination of the stellar black body radiation, atomic emission
lines, atomic absorption lines, molecular absorption bands in the stellar and Earth atmosphere,
and noise. Sometimes it is helpful to normalise the spectrum, i.e. remove the continuum from
the spectrum, for example to calculate line ratios. In the following, a general systematic way is
shown to normalise a spectrum.

In a spectrum, that has already been normalised, all data points in the spectrum near unity
(not equal due to noise) are points basically unaffected by absorption or emission features, thus
continuum points. Here, cohesive continuum points, uninterrupted by spectral features, are
called continuum bunches. These continuum bunches could be identified in non-normalised
spectra using three conditions:

1. a minimum number of cohesive continuum points in a continuum bunch (e.g. 3),

2. a maximum min to max (peak to peak) variation of continuum point fluxes within a con-
tinuum bunch (e.g. 1 %), and

3. a maximum change of flux between two continuum bunches (e.g. 5 %).
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Figure A.13.: Normalisation of a spectrum, more details in text. Panel a) shows the continuum
bunches that fulfil conditions (1) to (2). In panel b) a rough normalisation has been
applied to check for condition (3) iteratively. In panel c) the continuum points
in the original spectrum are binned to suppress noise and fitted with a spline
interpolator. Finally, in panel d) the normalised spectrum is shown.

To find continuum bunches in a spectrum, the algorithm scans the flux along the wavelength
axis and tries to find cohesive flux values which fulfil the conditions (1) and (2). After the
bunches have been identified, the median of every bunch can be compared with the median of
their neighbouring bunches and tested with condition (3). The last step has to be done iterat-
ively, until it converges.
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A.6. A systematic way to normalise the continuum in a spectrum

After the bunches are identified, a binning of continuum points along the wavelength axis
(e.g. 100 continuum points per bin, with the mean in wavelength and median in flux dimension)
is helpful to suppress noise. Finally, the continuum could be interpolated from these bins by
using for example a spline interpolator (e.g. the UnivariateSpline interpolator from the scipy
package by Jones et al., 2001–2019).

For the cases, when there are steep continuum variations in the spectrum, it is helpful to use
this algorithm in two stages. The top panel of Fig. A.13 shows the first stage, in which a rough
continuum with less restrictive parameters for the conditions (1) to (3) has been identified. Con-
tinued with a rough normalisation with for example a polynom of fourth degree (orange curve
in the top panel). The panel b) of Fig. A.13 shows the second stage, in which a finer continuum
on this pre-normalised spectrum with refined parameters for the conditions (1) to (3) is determ-
ined. Note the final binning and interpolation is done on the original spectrum (see panel c) in
Fig. A.13), the rough normalisation is only an auxiliary step to identify the wavelength points of
the continuum. It turned out, that this two stages approach can be used reliably for most cases6.
The bottom panel of Fig. A.13 shows a normalised example spectrum. Of course, the boundary
conditions could be improved, but all in all this normalisation method works well. It was used
to normalise the spectra in the first and second publication in Chapter 2 (Giesers et al., 2018,
2019) and Göttgens et al. (2019a).

6An exception are spectra of M-stars with steep changes in molecular bands, which are difficult to normalise.
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