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Abstract

Globular clusters (GCs) consist of hundreds of thousands of stars, densely

packed into a spherical shape. Not only do GC contain ordinarymain sequence

and red giant stars, but also the products of frequent stellar encounters, stel-

lar remnants, and potentially intermediate-mass black holes (IMBH). But how

can we find these objects hidden between thousands of other stars? With the

progress in observation techniques used in astronomy, it is possible to observe

individual stars in the cores of GCs, the most crowded regions. In particu-

lar, the development of large integral-field spectrographs, such as Multi-Unit

Spectroscopic Explorer (MUSE) at the Very Large Telescope, and adaptive op-

tics to correct for atmospheric distortions, enable high-resolution observations

from the ground. Using these techniques, we can efficiently observe GCs and

measure individual spectra of thousands of stars simultaneously. During an

automated search for emission-line objects in these spectra, we detected a pre-

viously unknown nebula in M22. The spectrum of this nebula shows emission

lines of hydrogen, nitrogen, and sulphur, but it does not look like a typical

spectrum of a planetary nebula (PN). Not only are its spectral lines unusual,

but with its small size and a low luminosity, the nebula also does not resem-

ble any of the four known PNe in Galactic GCs, including the one in M22.

The literature contains many attempts to detect a central IMBH in a Galactic

GC. So far, there is no unambiguous discovery. We use data taken with the

MUSE narrow-field mode with a spatial resolution comparable to the Hubble

Space Telescope to analyse the motion of stars in M80. To overcome the usual

problems of previous attempts, we employ both a model based on the Jeans

equations and an independent N-body model of M80. We find two equally

probable solutions with different dynamical cluster centres: One solution has

its centre close to the photometric centre from the literature, and it does not

need an IMBH to explain the observed stellar motions. Another solution has a

centre with a small offset from the first one. Here, a central IMBH with a mass

of several thousand solar masses is needed. The N-body models exclude the

existence of many stellar-mass black holes, which could mimic the effect of an
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IMBH on the stellar motions.
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Chapter 1

Introduction

In the large-scale order of objects humans have discovered in the universe so

far, globular clusters (GCs) sit between open clusters with several thousand

stars and galaxies which contain billions of stars. At this position, GCs consist

of several hundred thousand to a million gravitationally bound stars, which

form a roughly spherical collection with a typical diameter of several parsecs.

Globular clusters are found in the haloes of galaxies, including about 160 of

them in the MilkyWay, where they are on orbits around the centre of their host

galaxy. The spatial density of stars in a GC is much higher compared to the so-

lar neighbourhood and among the highest found in the universe. Historically,

astronomical observations of individual stars in the dense core of GCs were

therefore difficult tasks. Today, with large telescopes, efficient instruments,

electronic detectors, and systems to correct for the effects of atmospheric tur-

bulence, it is possible to observe stars in the centres of GCs. Not only is it

now possible to measure their positions and brightnesses but also their spec-

tra, allowing us to determine stellar velocities and physical properties of their

atmosphere. Figure 1.1 shows the large Galactic GC NGC 104 (47 Tuc). The

stellar density increases from the outskirts of the cluster toward the centre

where individual stars are no longer visible due to crowding. This illustrates

the difficulty in observing GCs, especially their dense cores, where the stellar

density 10
4.4

M�pc−3
in the case of NGC 104 (Baumgardt &Hilker, 2018). While

Section 1.2 describes more properties of Galactic GCs, I will first discuss the

evolution of the observing techniques that enabled astronomers to analyse GCs

and derive their characteristics that will be important for the remainder of this

work.

1
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Figure 1.1: The Galactic globular cluster NGC 104. This image was combined

using three infrared images taken with VISTA. The field of view is 46 arcmin

by 46 arcmin (ESO, 2013). Credit: ESO/M.-R. Cioni/VISTA Magellanic Cloud

survey. Acknowledgement: Cambridge Astronomical Survey Unit. License:

https://creativecommons.org/licenses/by/4.0/

https://creativecommons.org/licenses/by/4.0/
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1.1 Evolutionof astronomical observation techniques

There has been huge progress in the observational techniques of astronomy in

the last two hundred years. This progress is visible in the design of telescopes,

the construction of instruments fed with the light of these telescopes, and the

analytical tools that are used to derive results from the data.

1.1.1 History and future of telescopes

Professionally used telescopes went from the small refractors of Galileo, who

invented the telescope around 1600, and single-mirror reflecting telescopes

used by Herschel and others in the 19th century, to adaptive-optics assisted

single-mirror (e.g. ESO’s Very Large Telescope, VLT, Wilson, 1999, p.205)

and multi-mirror telescopes such as the Large Binocular Telescope (Wilson,

1999, p.190) to segmented-mirror reflecting telescopes (Keck telescopes, Wil-

son, 1999, p.205) and to space-based reflecting telescopes such as the Hubble

Space Telescope (HST, Wilson, 1999, p.193), which were all designed and con-

structed at the end of the 20th century. During this evolution, the size of the

light-collecting area, i.e. lens diameter for refractors and the mirror diameter

in case of reflectors, increased by slightly more than two orders of magnitude:

from a few centimetres at the beginning of the 17th century to about 10 metres

until the end of the 20th century. As not only the size of the light-collecting

area increased but also the sensitivity of the light-detecting instruments and the

possible exposure time, the overall improvement in astronomical observations

is much larger than two orders of magnitude. Until the end of the 19th century,

astronomers had only one way to conduct observations and to record them: to

see through the telescope with their own eyes andmake drawings of what they

saw. After the invention of photographic techniques in the mid-19th century,

astronomers began to take photographs of the Moon, the Sun, Vega, and the

Great Comet of 1882 (Graham-Smith, 2016, p.19). In contrast to naked-eye ob-

servations, photographic observations could be done over an extended period

of time, while collecting light from the astronomical source as long as it could

be reliably centred on the same spot on the photographic medium. Increasing

the focal length and thus themagnification of telescopes became less important

after the introduction of photography because the photographic plates could

record details on small spatial scales much better than the human eye. This is

in contrast to the diameter of the telescope mirror which continues to increase

until today (Graham-Smith, 2016, p.19). Modern telescopes are equipped with

evenmore efficient detectors made of light-sensitive semiconductingmaterials,

charge-coupled devices (CCD), that can be read out electronically.
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The first observation of a globular cluster was probablymade by Ihle in 1665

when he observed M22 (NGC 6656, Steinicke, 2017, p.16). Later observations

were made by Halley, Messier, and Herschel (Steinicke, 2017, p.16). It was

Herschel who first named this spherical collection of stars a ’globular cluster‘.

The catalogue of Messier, still in use today, already contained among galaxies

and open clusters 29 globular clusters (Stoyan et al., 2008, p.55). The later

’General Catalogue of Nebulae and Clusters‘ of Herschel, the precursor of the

widely-used New General Catalogue (NGC), contains 38 objects that are today

known as GCs (Steinicke, 2017, p.32). As photography was not yet invented,

we have only sketches, written articles, and catalogues as proof or records of

the observations of Ihle, Messier and Herschel.

The future of ground-based optical observations will be several extremely

large telescopes with apertures of 25 to 40 m which are currently under con-

struction and are expected to see first light in the mid- to late-2020s: the Giant

Magellan Telescope, the Thirty Meter Telescope, and ESO’s Extremely Large

Telescope (Gilmozzi & Spyromilio, 2007; Graham-Smith, 2016, p.215). Just as

the telescopes in the previous generation, these are built inChile and onHawaii,

where the light pollution is negligible, the atmospheric turbulence is low, and

existing facilities are close by.

In space, the successor of HST will be the James Webb Space Telescope

(JWST) equipped with a 6.5 mmain mirror, as well as photometric and spectro-

scopic instruments. In contrast to HST, JWST instruments will only be sensitive

to red to mid-infrared (600 nanometres to 28 micrometres) wavelengths (Gard-

ner et al., 2006). Like many large-scale public projects, JWST has a history of

delays and its launch, planned for 2007 in 1998 (Lilly, 1998), is currently planned

for October 2021.

1.1.2 Stellar spectroscopy

Stellar spectroscopy is the astronomical tool that allows us to determine the

composition of a stellar atmosphere among other properties.

Historically, Newton discovered in the 17th century that the light from

the Sun can be split with a prism into the colours of the rainbow, which he

combined again into white light by adding another prism (Hearnshaw, 2014,

p.15). Joseph Fraunhofer was the first astronomer to study the light of the

Sun and a few bright stars using spectroscopy. To magnify the spectra, he

added a small telescope after the prism (Hearnshaw, 2014, p.18). He used this

spectroscope to discover dark lines in the otherwise bright solar spectrum, an

observation that was already made about 10 years earlier by William Hyde

Wollaston (Hearnshaw, 2014, p.16). Fraunhofer labelled these absorption lines,
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the Fraunhofer lines, using Roman letters . He later observed the spectra of

the Moon, Mars, and Venus (Hearnshaw, 2014, p.18). Kirchhoff and Bunsen

investigated in laboratory work which emission lines are caused by different

chemical elements, and Kirchhoff produced a catalogue of the solar absorption

lines and the responsible element (Hearnshaw, 2014, p.29). In the 1860s, Anders

Ångström and others observed the Fraunhofer lines with improved gratings

intending toproduce accuratewavelengths for the solar absorption lines. Henry

Rowland achieved the best wavelength precision at that time of 0.001 nm with

a curved grating (Hearnshaw, 2014, p.2). Roughly at the same time, William

Huggins, Angelo Secci, and others observed the spectra of bright stars and

found the same elements as in the Sun. These observations were still done

with one or multiple prisms as the diffractive element (Hearnshaw, 2014, p.43).

Henry Draper andWillian Huggins introduced photographic plates into stellar

spectroscopy (Hearnshaw, 2014, p.45). The work of Henry Draper and others

resulted in theHenryDraper (HD) cataloguepublished in the early 20th century

which (including its extension) contained spectra of 360,000 stars (Hearnshaw,

2014, p.83). It used a stellar classification based on the spectral lines present

or absent in the spectrum, the Harvard classification, developed and applied

by Annie Jump Cannon (Hearnshaw, 2014, p.71). Another development in

the instrumentation for stellar spectroscopy was the invention of the Coudé

configuration for telescopes which directed the light to a fixed focus point

so that larger and heavier spectrographs could be placed in a separate room

(Hearnshaw, 2014, p.6). Gratings, in particular efficient blazed gratings, started

to replace prisms as the diffractive element around 1930 (Hearnshaw, 2014,

p.8). Echelle spectrographs that use a cross-dispersing element to produce a

stacked set of spectra instead of a single long strip were invented in 1949 by

GeorgeHarrison (Hearnshaw, 2014, p.9). This type of spectrograph is especially

useful in combination with a typically quadratic CCD sensor. Many modern

spectrographs are of the echelle type, including the ESO instruments HARPS

(Mayor et al., 2003), and ESPRESSO (Pepe et al., 2014).

Besides stellar classification, stellar spectra were used to measure the radial

velocities of stars and for spectral analysis. The radial velocity v of a star

changes thewavelengthsλ of spectral lines relative to the laboratorywavelength

and this Doppler shift ∆λ can be measured and converted into a velocity:

v � c ∆λ/λ. Radial velocity surveys of globular clusters are discussed in

Section 1.3.1. Quantitative spectral analysis, i.e. determination of element

abundances, was only possible after advances in theoretical physics, especially

in the theory of atoms and ionisation, and also in laboratory physics tomeasure

the required properties of elements (Hearnshaw, 2010).
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Figure 1.2: The integral-field spectrographMUSE in front of the UT4 telescope.

The visible hoses are part of the cooling system. (ESO, 2015). Credit: ESO

License: https://creativecommons.org/licenses/by/4.0/

1.1.3 Multi-object and integral-field spectroscopy

In the case of dense stellar fields such as globular clusters or galaxy clusters,

taking the spectrum of a single star or galaxy one after another is a waste of

telescope time. Multi-object spectrographs can observe the spectra of several

sources at the same time, increasing the efficiency. For example, fibre-fed

multi-object spectrographs use optical fibres positioned in the focal plane at the

location of the selected sources which direct the light side-by-side into a usual

long-slit spectrograph. The resulting exposure contains the individual spectra

next to each other (Bacon & Monnet, 2017, p.70).

An integral-field spectrograph (IFS) is an extension of the concept of multi-

object spectrographs. An IFS produces a whole spectrum for each pixel in

its field of view (FoV). The final data product is not a two-dimensional image

of a spectrum but a three-dimensional datacube with one spectral axis and

two spatial axes (Bacon & Monnet, 2017, p.95). In the case of the Multi-Unit

Spectroscopic Explorer (MUSE, Bacon et al., 2010, see Fig. 1.2) at the VLT, the

FoV has a size of 1 arcmin
2
that is sliced by mirrors into 24 strips that are

directed into individual spectrographs. In front of each spectrograph, another

image slicer divides the incoming light into 48 slices that are then dispersed

inside the spectrograph. With 3600 spectral pixels covering the range from

https://creativecommons.org/licenses/by/4.0/
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4750 to 9350 Å and 100,000 spatial pixels, the instrument has about 360 million

pixels in total. The advantage of integral-field spectrographs such as MUSE

compared to multi-object spectrographs is that the FoV is sampled without

gaps, which avoids losing stars in the gaps, especially in the crowded cores of

GCs. Disadvantages are the smaller FoV diameters in the order of arcseconds

to 1 arcminute, and a lower spectral resolution (Bacon & Monnet, 2017, p.

133). Given the high stellar density in globular clusters, a single observation

with MUSE of a nearby GC contains the spectra of several thousand stars, see

Section 1.1.6.

1.1.4 Basics of adaptive optics

Adaptive optics is the technique that increases the image quality by correcting

for atmospheric distortion. Turbulent motion of air pockets with different

temperatures cause spatial and temporal variations of the refractive index,

distorting the wavefronts of stellar light going through the atmosphere (Davies

&Kasper, 2012; Rigaut &Neichel, 2018). This distortion is compensated in real-

time by e.g. a deformable mirror in the telescope optics (Tyson, 2011, chapter

6). To determine the optimal shape, the deformable mirror, the adaptive optics

systemof a telescopemeasures thewavefronts received fromasingle ormultiple

bright point sources (guide stars) close to the observation target. Thewavefront

measurements are then used to bring the deformable mirror into a shape that

removes the distortions. Ideally, the light from the guide stars experiences the

same distortions as the light from the target object and the new shape of the

deformable mirror also corrects distortions in the wavefronts of the light for the

target object. The guide stars can be natural, e.g. stars or compact astronomical

sources, or they can be artificially created using lasers. Since the guide stars

need to be bright enough to allowwavefront measurements, not all stars can be

used. This limits the area on the sky forAOobservationswhere the target object

can be located to less than about one per cent of the whole sky. In contrast,

artificial guide stars can always be produced where the telescope is pointing

towards and, since an additional less bright star is typically still needed, the

sky coverage is much better (about 30 to 70 per cent, Rigaut & Neichel 2018).

Systems with multiple laser guide stars have a larger FoVwhere the AO system

improves the image quality compared to systemswith only one laser guide star.

Many variants of AO systems exist, with differences in their complexity and

capability. In general, a system that corrects over a large FoV will have a lower

increase in image quality compared to a system that covers a small FoV (see

Fig. 2 in Rigaut & Neichel, 2018).

All extremely large telescopeswill be equippedwithAOtoachievediffraction-
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limited observations, at least for some instrumentmodes. Most planned instru-

ments at the extremely large telescopes are expected to work with wavelengths

from the red to near-infrared, as the AO correction is more effective for these

wavelengths (see e.g. Busoni et al., 2020).

1.1.5 The MUSE adaptive optics system

UT4 at the VLT is equipped with an adaptive optics system that includes a

deformable secondary mirror, four lasers to create artificial guide stars, and

an AO module specific for each AO-supported instrument (e.g. GALACSI for

MUSE, Stuik et al., 2006; Ströbele et al., 2012). The four sodium lasers excite

atoms in a small volume in the atmospheric sodium layer at a height of about

90 km, the light they emit is used by the wavefront sensors.

Depending on the configuration of the adaptive optics system, the size

of the area with AO correction and the magnitude of the correction differs.

For example, MUSE (Bacon et al., 2010) has two AO modes: the wide-field

mode (WFM) and the narrow-fieldmode (NFM), see Stuik et al. (2006); Ströbele

et al. (2012). When observing in the WFM, the FoV is 1 arcmin
2
and the AO

correction decreases the FWHMof point sources to about 0.3 arcsec, evenwhen

the atmospheric seeing is about 1 arcsec. Compared to observations without

AO, the optical path contains a spectral filter to block the sodium emission

from the very bright lasers. In NFM observations, the four laser guide stars

are much close to the centre of the FoV. The size of the FoV is now smaller

(7.5 arcsec by 7.5 arcsec), but the FWHM is much lower, typically about 60 to

80 mas (e.g. Haffert et al., 2019; Kollatschny et al., 2020) but it can increase to

150 mas under bad conditions (Xie et al., 2020). Compared to the WFM, the

shape of a point source at a given wavelength, the point spread function (PSF),

has a more complex shape in NFM observations. While the WFM PSF can be

accurately modelled using a Moffat function, the NFM PSF has to include a

model for the uncorrected spatial frequencies and for atmospheric residuals

(Fétick et al., 2019). Figure 1 in Section 2.2 demonstrates that the quality of a

white-light image created from aMUSENFMdatacube of GC core can be better

than that of an HST ACS/WFC image.

1.1.6 The MUSE Globular Cluster Survey

TheMUSEGC survey is an ongoing survey ofGalactic andnearby extra-galactic

GCs. Since starting in 2014, 33 GCs have been observed usually more than once

with the integral-field spectrograph MUSE at the VLT. These GCs were se-

lected based on their high central velocity dispersion and their relatively small

heliocentric distance. After extracting a spectrum for each star from the MUSE
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datacube using Pampelmuse (Kamann et al., 2013), each spectrum is analysed

with a full-spectrum fit against a grid of Phoenix models (Husser et al., 2013).

The data analysis is described in detail in Kamann et al. (2018). The spectrum

fit results in several stellar parameters and an estimate of the associated uncer-

tainties, including the effective temperature of the star, its metallicity measured

as [M/H], and a radial velocity. For many stars, multiple extracted spectra and

fit results are available because the GC observation was repeated after a while,

or the star is located in a region in the GC where different MUSE pointings

overlap. The number of observations for a given star is particularly high if

both conditions are fulfilled. Assuming that multiple spectra and fit results

exist, both the spectra and the fit results can be averaged to produce data with

a higher signal-to-noise ratio or lower uncertainties, respectively. If multiple

radial velocities are available, a time series can be computed to check for radial

velocity variations that could indicate binarity or pulsations, see Section 1.3.1.

1.2 Globular clusters

1.2.1 The globular cluster system of the Milky Way

Current catalogues of Galactic globular clusters contain about 160 GCs (Baum-

gardt & Hilker, 2018; Harris, 1996, 2010 version). Even more than two hundred

years since the first systematic observations of GCs by Herschel, it is expected

that the current list of clusters is not complete due to observational difficul-

ties: In the Galactic plane, interstellar extinction complicates the observations

of stars and clusters which leads to fewer known GCs on the far side of the

Galactic centre (Ryu & Lee, 2018). Globular clusters with large heliocentric

distances far outside the Galactic plane are also hard to find because of their

apparent faintness (Webb & Carlberg, 2021). Due to the ongoing search for

GCs and the uncertain classification of some objects, the GC lists in the often

used catalogues of Baumgardt & Hilker (2018) and Harris (1996, 2010 version)

are not identical and possibly not up-to-date. Estimates of the number of un-

detected GCs range for a few GCs in the Galactic halo (Webb & Carlberg, 2021;

Contenta et al., 2017) to about 30 on the far side of the Galactic centre (Ryu &

Lee, 2018). As ultra-faint dwarf galaxies have similar absolute magnitudes to

GCs, kinematic observations of new candidate GCs are needed to check if the

dark matter content is low to confirm the classification as a GC (e.g. Voggel

et al., 2016).

Figure 1.3 shows the locations of the GCs listed in the Harris (1996, 2010

version) catalogue in the Galactic context. Not all known GCs are plotted due

to the large galactocentric distances of some of them. The large grey circles
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indicate the position of the Galactic disk. Blue circles are GCs observed as

part of the ongoing MUSE GC survey (Section 1.1.6) and grey circles are the

remaining GCs. The size of the circle indicates the luminosity of each GC. The

location of the Sun is indicated with an orange star. In these plots, the higher

concentration of GCs close to the Galactic centre can be easily seen. It is also

apparent that the number of knownGCs on the other side of the Galactic centre

is lower than on this side.

The following statistics about the Galactic GC system are taken from the cat-

alogue of Baumgardt &Hilker (2018): Galactic GCs are located at galactocentric

distances of 0.7 (NGC 6528) to about 147 kpc (Crater). Although the range in

distances to the Galactic centre is large, the median galactocentric distance is

only 5.5 kpc and 90 per cent of all clusters are within 25 kpc. The orbital periods

of the GCs range from a fewmillion years to a few billion years while most GCs

have a period of about 50 to 150 million years (Bajkova & Bobylev, 2020). The

median mass of the Galactic GCs is about 10
5
solar masses and it goes up to

about 3.6 × 10
6
solar masses for NGC 5139. The half-light radii of GCs range

from 1 to about 30 pc and it is usually around a few parsecs for most clusters.

The ages of Galactic globular clusters range from 10 to 13 billion years

(VandenBerg et al., 2013). With these ages, they belong to the oldest structures

in the universe, and their ages provide a lower limit on the age of the universe

(Valcin et al., 2020). The metallicity is closely linked to the age of a GC. It

describes the logarithmic ratio of metals (in the astrophysical sense, i.e. every

element except hydrogen and helium) to hydrogen relative to the Sun. As the

metal content of the universe at the formation time of Galactic GCs 10 to 13

billion years ago was very low, Galactic GCs still have a low metallicity when

compared to stars in the Galactic field. Meanmetallicities of Galactic GCs range

from about −2 to about −0.2 (slightly less than solar, i.e. 0), although values

between−2 and−1 aremore common thannear-solarmetallicities (Harris, 1996,

2010 version). All stars in a GC have roughly the same overall metallicity but

the abundances of particular light elements seem to vary in each GC, causing

the phenomenon of multiple populations, see Section 1.2.6.

1.2.2 Origin of Galactic globular clusters

The analysis of GC ages and the average stellar metallicity implies the existence

of two different age-metallicity relations in the MW GC system, which has

been used to divide the GC population into two subgroups: the in-situ formed

GCs and the accreted GCs, which formed in galaxies that merged with the

MW in the past. By using kinematic properties of GCs as determined from

Gaia data, the current age, the average metallicity and the positions of the GC,
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several authors assign individual GCs to progenitor galaxies. Some kinematic

quantities measurable today do not depend on time and thus will be similar for

GCs from the same progenitor galaxy. They can be used to identify groups of

GCs originally belonging to the same galaxy (Massari et al., 2019; Forbes, 2020;

Kruĳssen et al., 2020). For example, Forbes (2020) finds that NGC 1851 could

be the former nucleus of Gaia-Enceladus, the most massive identified galaxy

accreted by MW. Since many galaxies are thought to host nuclear star clusters

(Neumayer et al., 2020), it can be expected that galaxies accreted by the Milky

Way also contained nuclear star clusters. As they have similar properties asGCs

and potentially similar orbits, they can be misclassified as GCs. Nuclear star

clusters can be identified by their more complex metallicity distribution (Bekki

& Freeman, 2003). Similarly toNGC 1851, NGC 5139 could be the nucleus of the

former Sequoia satellite galaxy (but also see Yeh et al., 2020). NGC 6093, the GC

analysed in Section 2.2, is found to be an accreted GC, its original host was the

massive Koala satellite (Forbes, 2020, which might be the Kraken in Kruĳssen

et al. 2020). In total, about 35 to 40 per cent of all Galactic GCs are associated

with Galactic mergers, i.e. they were formed in a different galaxy (Massari

et al., 2019; Kruĳssen et al., 2019). These identifications lead to estimates of the

satellite mass and the time of its merger with the Milky Way and thereby help

to understand the assembly history of our Galaxy (e.g. Kruĳssen et al., 2019).

1.2.3 Globular cluster formation and evolution

There are still open questions about when, where and how GCs formed (see

the recent review of Forbes et al., 2018). The observed old ages of Milky Way

GCs of about 10 to 13 Gyr correspond to redshifts between 2 and 6, but the

age uncertainties of about 1 Gyr are too large to determine the precise redshift

and thus the environment during GC formation. The formation of GCs may

require a special environment, i.e. they could only form in the universe at a

high redshift. GC formation models of this kind make use of e.g. merging

dark matter mini-haloes (Trenti et al., 2015) or of reionization (Cen, 2001). But

if young massive clusters (YMCs) are indeed young analogues of old GCs, the

GC formation process must also work in the conditions found in the universe

today. These models can explain YMC formation and GC formation at the

same time. They treat GC formation as a byproduct of regular star formation,

amplified by high gas densities and pressures that were common in the disks

of spiral galaxies at z ≈ 2 (see Section 6 in Forbes et al., 2018).

A recent example of such amodel is the two-phasemodel ofKruĳssen (2015),

which is briefly summarized here: During the first phase of GC formation,

initial stellar clusters from hierarchically in giant molecular clouds that exist in
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the disks of galaxies at z > 2. In these clouds, the gas pressure is high enough

to favour the build-up of clusters as opposed to single stars. This process occurs

over a time span of several million years. These initial clusters will merge with

other clusters in the same GMC to build larger clusters over a longer time span.

Although a high gas pressure in the disk is needed to start forming clusters,

it can lead to the destruction of the cluster. Its lifespan would be very short

if it stayed in the disk and it is unlikely that the cluster survives here for the

next approx. 10 Gyr. This disruption is due to tidal perturbation caused by

density peaks in the interstellar medium in the disk. Less massive clusters are

more likely to be disrupted. The cluster can be pushed into the far less dense

halo of its host galaxy if the host galaxy merges with another one. Although

these events are rare in the current universe, galaxy merges happened far more

frequently at z � 2. Once the cluster is in the galactic halo, the second phase

starts. During this phase, the cluster loses stars at amuch lower rate than before.

The main processes are evaporation when interactions inside the cluster lead

to the acceleration of stars which leave the cluster, and tidal interaction with

the host galaxy. According to Kruĳssen (2015), this model can explain many

properties of observed GC systems, including the distribution of the current

masses. This model includes the possibility of forming GCs today, but because

the gas pressures are much lower today than in the early universe it is more

unlikely. As galaxies continue to merge, their GC systems will also merge,

leading to a mixed population of GCs observable today in the Milky Way.

Observationally, more precise age estimates for Milky Way GCs and thus

more precise redshifts could constrain in which environment GCs form and

rule out models that require different environments.

1.2.4 Mass segregation and core collapse

About 20 per cent of all Galactic GCs have a power-law like increase in their

surface brightness profile toward their centre. This is in contrast to the re-

maining 80 per cent that show a flat central profile. Clusters in the first group

are called core-collapsed and they are in a different dynamical state than the

others. This can be explained by considering random encounters between stars

in a GC, which are thought to equalise their kinetic energy. As a result, heavier

stars will be decelerated and sink toward the GC centre while lighter stars get

faster and move outward (Binney & Tremaine, 2008, p.555). After many stellar

encounters, this effect called mass segregation leads to a higher average stellar

mass at lower distances to the GC centre. Due to the high stellar density in

GCs, stars can frequently encounter others and change their velocity. After

many such encounters, there will be no trace of their initial kinetic energy left.
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Figure 1.4: Colour-magnitude diagram (CMD) of NGC 6093 with labels indi-

cating its main features. The photometric data is from the HST ACS survey of

GCs (Anderson et al., 2008; Sarajedini et al., 2007).

This process is called relaxation. Over time, the core of a GC will lose kinetic

energy to the outer regions, causing a contraction of the core, thereby leading

to more frequent encounters and accelerating this process called core collapse

(Binney & Tremaine, 2008, p.614).

1.2.5 The contents of old globular clusters

Most stars in Galactic GCs have masses below 1 solar mass because more

massive stars have already evolved into white dwarfs, neutron stars, or black

holes. Since stars in a given GC have the same age and roughly the same

metallicity, their colour and luminosity are determined by their initial mass.

Stars with initial masses below about 0.8 solar masses are burning hydrogen in
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their cores and form themain sequence in a colour-magnitude diagram (CMD).

See Figure 1.4 for a CMD of NGC 6093 as an example. Stars located at the point

between main sequence and subgiant branch, the main-sequence turn-off, are

the hottest stars on the main sequence. Stars on the subgiant branch and red

giant branch had a higher initial mass and burn hydrogen in a shell while their

core consists of helium. They have a larger radius and a higher luminosity than

main-sequence stars. The hottest stars in a GC are found on the horizontal

branch where stars are powered by helium fusion in their cores (Salaris &

Cassisi, 2005, Section 9).

The high stellar density inside GCs increases the probability of interactions

between stars, producing several exotic objects such as blue and red strag-

glers, compact and interacting binary systems including cataclysmic variables,

millisecond pulsars, and accreting and non-accreting stellar-mass black holes.

The large area covered with MUSE observations combined with the full

spectral information make the data set an interesting place to search for the un-

expected and stellar exotica. In the case of very old and inactive GC stars, emis-

sion lines are certainly a sign of rare processes or stellar properties. Göttgens

et al. (2019b, see Chapter 3) searched all available extracted spectra for signs of

emission lines and cross-referenced detections with existing catalogues of stel-

lar exotica including X-ray sources and variable stars (pulsating, interacting,

etc.). The following paragraphs state of few key facts about the most relevant

objects classes of the work presented in this thesis.

Planetary nebulae (PNe) inside Galactic disks are former outer layers of a

low-mass star on the asymptotic giant branch. If the remaining star is hot

enough, its UV flux can illuminate the gas around it and create a visible nebula.

The typical lifetime of a PN is several thousand years until the gas dissipated,

decreasing its density and luminosity below detection. PNe exist in GCs but

their number is far lower than in theMilkyWay. There are only four knownPNe

in the Galactic GC system: Ps 1 (Pease, 1928), GJJC-1 (Gillett et al., 1989), JaFu-1,

and JaFu-2 (both Jacoby et al., 1997). As themasses of AGB stars inside GCs are

not large enough to create the necessary UV flux and illuminate any expelled

gas shells, there must be another formation mechanism at work (Bond, 2015).

In GCs, the formation of PNe could be related to binary phenomena (mass

transfer, common envelopes, or even stellar mergers), but the low number of

known PNe prohibits definitive conclusions (Bond, 2015; Jacoby et al., 2017).

Due to their low brightnesses, the search for PNe inside the GC systems of other

galaxies is difficult (Jacoby et al., 2013; Bond, 2015). Using our MUSE data and

an emission-line search based on matched filtering, we found a small emission

nebula inM22which could be related to the known PN in this cluster (Göttgens
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et al., 2019a, see Section 2.1). However, we did not find any additional typical

PN in our survey (Göttgens et al., 2019b, see Chapter 3).

Cataclysmic variables (CVs) and novae CVs are interacting binary systems

consisting of a white dwarf with a main-sequence companion. Due to their

low periods of several hours, the two stars are close enough for mass transfer

to occur from the main-sequence star to the white dwarf (Warner, 1995). The

hydrogen-rich material forms an accretion disk which is can be observed by its

UV flux and Balmer (e.g. Hα, Hβ) emission lines. The accretion disk is also

a source of very soft X-ray radiation (Benacquista & Downing, 2013). CVs in

GCs are known to be hard to detect by photometry or X-rays because of their

low brightness and crowding. UV observations of GCs with HST resulted in

the detection of several CV candidates, but spectroscopy is the gold standard

of detecting and confirming CV in GCs (Knigge, 2012). With MUSE data, we

were able to increase the number of spectroscopically confirmed CVs in GCs

from ten to 17, including two newly discovered systems (Göttgens et al., 2019b,

see Chapter 3).

CVs can experience transient events when the accretion disk becomes ther-

mallyunstable and its luminosity abruptly increases (dwarf novae, seeHameury

2020 for problemswith the disk instabilitymodel), or if the accretedmaterial on

the white dwarf surface undergoes fusion (classical or recurrent nova). During

a classical and recurrent nova, the hydrogen-rich material is accelerated away

from the white dwarf and deposited into the interstellar medium. In observa-

tions, the ejected material can be seen as a nova shell surrounding the CV (e.g.

Shara et al., 2007; Sahman et al., 2015, 2018).

While many classical and recurrent novae have been observed in the Milky

Way, only two have been observed in GCs: T Sco in NGC 6093 (M80) observed

in 1860 (Sawyer, 1938) and a nova in NGC 6402 (M14) observed in 1938 (Hogg

&Wehlau, 1964).

Black holes (BHs) are known to exist in two different types: stellar-mass BHs

withmasses between several solarmasses up to several tens of solarmasses and

supermassive BHs with millions or even billions of solar masses. In between

these types, hypothetical intermediate-mass black holes (IMBH) could exist

(Greene et al., 2020). They are discussed in Section 1.4.

Only stellar-mass BHs and IMBHs are of interest for this work since they

can (potentially) be found in GCs as supermassive BHs are only found in the

centres of massive galaxies. Stellar-mass BHs are the remnants of massive

stars that form after the star explodes as a supernova. If the BH is part of a

close binary systemwith a non-compact companion andmass transfer from the
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companion to the BH occurs, an accretion disk will form around the BH that

emits X-rays and radio radiation. The first BHs in GCs were detected due to

this radiation (Strader et al., 2012; Chomiuk et al., 2013). Later, not only BHs in

a mass-transferring binary system were found so far, but also BHs in detached

binary systems (Giesers et al., 2018, 2019). In these cases, the radial velocity

variation of the visible companion star was used to infer the (minimum) mass

of the invisible object, which is too massive to be a white dwarf or a neutron

star.

1.2.6 Multiple populations

Although the phenomenon of multiple populations in GCs is not directly re-

lated to the main topic of this thesis, their discovery changed the perceived

astrophysical complexity of GCs since GCs used to be seen as simple stellar

populations and the origin of multiple populations remains unsolved (see Bas-

tian & Lardo, 2018, for a recent review).

High-precision near-UV photometry has shown that the giant branches of

all observedMWGCs are split into several distinct branches (e.g. Carretta et al.,

2009; Piotto et al., 2015). The number of distinct populations varies from clus-

ter to cluster and also the relative number of stars in each population changes.

High-resolution spectroscopy has shown that the colour differences correspond

to differences in the abundance of light elements (C, N, O, Na, Al, He, Mg) be-

tween each population. There is no difference in the iron abundance or the

age between populations of the same GC. Several typical (anti-)correlations be-

tween pairs of element abundances have been identified. For example, nitrogen

and sodium are correlated while oxygen and nitrogen are anti-correlated. The

fraction of stars in the enriched populations (those with higher N, Na and Al

abundances) increases with increasing cluster mass, and also the magnitude

in the element abundance difference is higher in more massive clusters (see

Section 2.5.1 in Bastian & Lardo, 2018).

These multiple populations are also observed in extra-galactic GC systems

but not in massive clusters younger than 2 Gyr. The fact that the approx. 2 Gyr

old massive cluster NGC 1978 contains multiple populations illustrates that

the formation of multiple populations is not limited to high-redshift environ-

ments (Martocchia et al., 2018a). The origin of multiple populations is not

yet known. Many different models exist, but so far no model can describe all

observed properties of multiple populations (Bastian & Lardo, 2018). In par-

ticular, observations of young massive clusters, the young analogues of ancient

GCs observable today, show that they did not undergo multiple epochs of star

formation necessary for several theoretical models of multiple populations in
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GCs, and also show that they are free of gas which could enrich any subsequent

population (see Section 5.6 in Bastian & Lardo, 2018, and references therein).

For example, photometric studies of stars in two young GCs of the LMC/SMC

with multiple populations show that there is no age difference between the

populations within each cluster (Martocchia et al., 2018b).

When using data from the MUSE GC survey, combining the observed spec-

tra for a given star can significantly increase the signal-to-noise. This is espe-

cially usefulwhen the spectra of all red giants belonging to the same population

are combined into a single spectrum that is representative of the population. By

comparing the combined spectra of different populations with each other, the

element abundance differences can be detected even at the spectral resolution

of MUSE (Latour et al., 2019; Saracino et al., 2020; Martocchia et al., 2020).

The large-scale movement of stars belonging to different populations can be

different as shown by e.g. Kamann et al. (2020a) usingMUSE data of NGC 6093.

This cluster has three populations that differ in their nitrogen abundance and

the kinematic analysis implies that the population with the highest Na abun-

dance has a significantly higher angular momentum than the other two while

all three populations have the same rotation axis. Initial differences in the rota-

tion of different populations are expected to be still present today, according to

N-body models (Hénault-Brunet et al., 2015).

1.3 Modelling globular clusters

1.3.1 Observing the kinematics of globular clusters

The kinematics of any GC can be split into a large-scale collective motion of the

whole cluster around the centre of its host galaxy and the chaotic movements

of stars inside the GC. While the collective motion depends on the galactic

potential, the individual stellar velocities depend on the gravitational potential

of the cluster. Thus, by measuring stellar velocities, we can infer quantities that

depend on the gravitational potential such as the mass-to-light profile and the

mass of a potential IMBH.

The first systematic observations of a GC to determine the stellar radial

velocities were carried out by Wilson & Coffeen (1954) in M92 and Feast &

Thackeray (1960) in 47 Tuc. These studies used the spectra of 15 and 32 stars,

respectively, with distances to the GC centre in the order of arcminutes. The

uncertainties on their velocitymeasurementswere too high for a useful estimate

of the overall velocity dispersion. Later, Gunn & Griffin (1979) observed M3

with the intent to measure many individual radial velocities of stars at different

radial distances to the GC centre with a high accuracy. Their catalogue con-
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tains individual radial velocities of 111 stars with reported uncertainties about

1 km/s. The radial separation of these stars is from a few arcminutes down

to a few arcseconds. After fitting analytical models to their radially binned

velocities, Gunn & Griffin (1979) conclude that they do not any need heavy

remnants other than white dwarfs to explain their data.

Twenty to forty years later, studies with the same aim as Gunn & Griffin

(1979) use velocities of thousands of stars measured with HST and AO-assisted

ground-based telescopes. Purely analytical models have been complemented

by semi-analytical and completely numerical ones, including N-body simula-

tions with several hundred thousand particles. For example, Gebhardt et al.

(2000) carried out AO-assisted observations of M15, yielding 1700 velocities

when combined with an earlier data set. Five stars with measured radial ve-

locities are within the central 1 arcsec of the cluster. They use their data to

conclude that a central dark mass of about 2500 M� could be present in M15.

As a reference for the total number of published radial velocities of GC stars,

Baumgardt &Hilker (2018) compile 42,000 radial velocities of about 35,000 stars

in 109 GCs and claim that 90% of all stars have velocities with an uncertainty

below 2 km/s. This work is based on the previous compilation of Baumgardt

(2017) and it is extended in Baumgardt et al. (2019a).

Similar to radial velocity measurements with spectroscopy, proper motions

of individual stars in the crowded cores of GCs are hard to obtain in comparison

to stars in the Galactic field. Long-baseline photometric observations of GCs

with HST instruments (WFC3 and ACS) are used to derive proper motion of in-

dividuals stars in 22 Galactic GCs in theHST ProperMotion project (hstpromo).

A very impressive example in this regard is their catalogue of omega Cenwhich

contains proper motions of 480,000 stars (Bellini et al., 2017a). Proper motions

of individual GCs measured by Gaia are also available for many clusters, al-

though it is usually limited to the less crowded outer regions of the clusters

(e.g. Bianchini et al., 2018; Vasiliev & Baumgardt, 2021). If proper motions from

both hstpromo and Gaia are available for a given cluster, they can be combined

to create a proper motion catalogue that covers both the outer regions as well

as the crowded centre (Cordoni et al., 2020b).

With the increasing availability of proper motion and radial velocity data,

simultaneous analyses are used to determine the cluster rotation (Sollima et al.,

2019; Cordoni et al., 2020a) and the dark contents of a GC (Vitral & Mamon

2021, but also see Rui et al. 2021 and Kremer et al. 2021). Sollima et al. (2019) list

several advantages of combining radial velocities with proper motions for the

analysis of cluster rotation. In particular, it removes a bias since cluster rotation

is easier to detect with proper motions if the rotation axis is perpendicular to

the sky plane and harder if the axis is in the sky plane, while the reverse is true
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for radial velocities.

The many individual radial velocities in a GC obtained as part of the MUSE

GC survey can be used to learn more about the large-scale kinematics of GCs.

Kamann et al. (2018) shows that many GCs in the MUSE sample rotate using

500,000 spectra of 200,000 individual stars. Since then, the number of stars has

grown to 290,000 distributed over 33 GCs and the number of radial velocity

measurements increased to 1.2 million with a median uncertainty of below

10 km/s for most clusters. In Section 2.2, the mean radial velocities of about

10,000 stars in NGC 6093 (M80) are used to fit Jeans models to determine the

rotation profile and the mass-to-light ratio profile as well as to check if the

cluster contains an IMBH.

The analysis of radial velocity time series derived fromMUSEdata led to the

discovery of many binary systems in NGC 3201, several of them with stellar-

mass black holes (Giesers et al., 2018, 2019). The same data was combined

with population tagging to determine if there is a difference in the binary

fraction between populations (Kamann et al., 2020c). The full-spectrum fit was

modified to include line broadening which allows the measurement of stellar

rotation. Due to the relatively large width of the MUSE line spread function,

this method is sensitive to velocities above about 20 km/s. Kamann et al.

(2020b) use the stellar rotation velocities measured in the young GC NGC 1846

of the Large Magellanic Cloud to explain the extended main-sequence turn-off

in this cluster.

Once the stellar velocities are measured, the question arises how one can

infer general cluster properties from this data.

1.3.2 Analysing motions in globular clusters

To derive cluster properties from the observed stellar velocities, one has to

choose a suitable model for the whole system. The key ingredient is the un-

knowndistribution function (DF) f (x , v) that describes the phase-space density
of stars in a collisionless system in equilibrium, usually a galaxy or a GC. There

are several different classes of models available in the literature: models based

directly on a distribution function, e.g. the models of Varri & Bertin (2012)

and limepy models (Gieles & Zocchi, 2015), models that make use of the Jeans

equation for collisionless stellar systems (e.g. jam, Cappellari 2008 and cjam,

Watkins et al. 2013), orbit-based models that use a library of orbits in a given

potential (Schwarzschild, 1979), direct N-body codes that calculate the gravi-

tational forces on hundreds of thousands of particles (Aarseth, 1999; Nitadori

& Aarseth, 2012), and finally Monte-Carlo codes that use an average potential

along an orbit (Giersz, 1998; Joshi et al., 2000).



1.3. MODELLING GLOBULAR CLUSTERS 21

Hénault-Brunet et al. (2019) simulate realistic data and compare parame-

ters obtained with different models (including Jeans models, limepy, N-body

models). They find that each one has its advantages and disadvantages (see

their Table 6) and that multimass models based on a distribution function,

Jeans models, and N-body models reproduce the expected mass profile more

accurately.

In the analysis of mock data, usually simple dynamical models are em-

ployed: both de Vita et al. (2017) and Aros et al. (2020) use models based on

the spherically symmetric version of the Jeans equation and a constant mass-to-

light ratio, and the models of de Vita et al. (2017) assume velocity isotropy. As

more complex dynamical models are available and are used to analyse real ob-

served data, including such with variable mass-to-light ratio and axisymmetry,

the question is what more realistic analyses of simulated observations of GCs

with and without IMBH can tell us about the biases and limits of the analyses

of real data.

1.3.3 Jeans models of globular cluster kinematics

Asmentioned in the preceding section, globular clusters can bemodelled using

solutions of the Jeans equation. This equation is derived froma continuity equa-

tion of probabilities and it assumes that the stars in the system are accelerated

by a smooth gravitational field generated by all other stars. This assumption

is generally true in GCs since the time a star needs to cross the GC is much

smaller than the relaxation time of the GC (Binney & Tremaine, 2008, p.274).

Instead of following stellar particles around their orbit in a stellar system,

such as a galaxy or globular cluster, the Jeans equation for a collisionless system

in its steady-state describes the spatial dependency of the distribution function

f (q, p)which is proportional to the probability of finding a given star at position

q with momentum p. In analogy to the continuity equation of fluid mechanics

or electrodynamics, the conservation of probability inside a small volume in

phase space leads to the following equation (Binney & Tremaine, 2008, eq.4.4):

∂ f
∂t

+

6∑
i�1

∂
∂wi

f Ûwi � 0, (1.1)

where w � (q, p) are the phase-space coordinates. Binney & Tremaine (2008,

eq.4.5) show that the second term in this equation can be re-written as deriva-

tives of the Hamiltonian of the system by using the Hamilton equation. By

choosing inertial Cartesian coordinates, assuming a steady state (no depen-

dence of any function on time t), and taking Φ as the gravitational potential,

one arrives at the Boltzmann equation for collisionless systems in equilibrium

(Binney & Tremaine, 2008, eq.4.11):
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3∑
i�1

(
vi
∂ f
∂xi
− ∂Φ
∂xi

∂ f
∂vi

)
� 0. (1.2)

For globular clusters, this equation can be simplified by assuming axisymmetry,

i.e. all dependencies on the cylindrical coordinate φ vanish. Since the distri-

bution function can not be observed directly, equations with moments of the

distribution function are more useful. By multiplying Eq. 1.2 by the velocities

and integrating over them, the two Jeans equations for axisymmetric systems

in the steady state are derived (Binney & Tremaine, 2008, eq.4222):

∂νvRvz

∂R
+
∂νv2

z

∂z
+ ν

∂Φ
∂z

� 0, (1.3)

∂νv2

R

∂R
+
∂νvRvz

∂z
+ ν

v2

R − v2

φ

R
+ ν

∂Φ
∂R

� 0. (1.4)

In these equations, the notation

νvi v j �

∫
f vi v j d

3v (1.5)

is used, where

ν(x) �
∫

f (x, p)d3p (1.6)

is the probability to find a star with any momentum at a given location x.
The gravitational potential Φ is generated by the stars and depends on their

masses and locations. It can be derived from the observed stellar positions

and brightnesses using a mass-to-light ratio Υ. With ν and Φ derived from

observations, Eqs. 1.3 and 1.4 contain four unknown functions v2

R, v2

φ, v2

z , and

vRvz . The set of equations can be closed by setting vRvz � 0 and relating vz to

vR by requiring vR � bvz . The two Jeans equations 1.3 and 1.4 then simplify to

∂νv2

z

∂z
� −ν ∂Φ

∂z
, (1.7)

νv2

φ � bνv2

z + Rb
∂νv2

z

∂R
+ Rν

∂Φ
∂R

. (1.8)

When the gravitational potential Φ is known, Eq. 1.7 can be integrated to yield

the function νv2

z which can be inserted into Eq. 1.8 to yield νv2

φ.

To describe the observed spatial stellar distribution in terms of luminosity

and density, it is useful to write it as a sum of N Gaussians in the form of a

multi-Gaussian expansion (MGE, Emsellem et al., 1994). In case of an equal

axial ratio (q � 1), the density is described by Gaussians with an amplitude M j

and a standard deviation σ j (Cappellari, 2008, eq.15):

ρ(R, z) �
N∑

j�1

M j

(
√

2πσ j)3
exp

[
− 1

2σ2

j

(R2

+ z2)
]
. (1.9)
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This density can be integrated to yield the gravitational potential which is

needed to determine the right-hand sides of Eqs. 1.7 and 1.8. The final expres-

sion for the velocity dispersion projected along the line-of-sight combines all

three components of the 3D velocity dispersion, the inclination angle i of the
system, and the MGE amplitudes and widths and can be found in Cappellari

(2008, eq.28). Given that the terms v2

i are the expected value of v2

i , they can

be written as v2

i � σ2

i + vi
2

, where σ2

i is the variance of vi , i.e. the random

scatter in the velocity, and vi is the expected value of vi , i.e. the mean velocity

(Cappellari, 2008, eq.32). As v � 0 for a non-rotating system, the expression

for the mean velocity contains an additional parameter, κ, which scales with

the rotation amplitude (Cappellari, 2008, eq.35). Since the usual description for

rotation depends on the second moments, v2

i , the mean velocity depends on

the same parameters as the second moments.

Figures 1.5 and 1.6 show the mean line-of-sight velocity and its dispersion

calculated with cjam while varying one parameter per row. The shown pa-

rameters are the black hole mass mBH, the central mass-to-light ratio Υ0, the

x-component of the rotation κx , the scaling length of the rotation curve rκ, and
the inclination angle of the system. The initial values of the parameters are

chosen to resemble the cluster M80. In particular, we assume a system at a

distance of 10 kpc. As expected, the mean line-of-sight velocity depends on

the rotational parameters and the inclination. If the line-of-sight is parallel to

the rotational axis (face-on), no variation in the mean velocity can be observed,

and thus the rotational parameters cannot be determined from line-of-sight

velocities alone. In a case like this, velocities tangential to the line-of-sight can

be used to infer the rotation, if available.

The line-of-sight velocity dispersions (Fig. 1.6) depend mostly on MBH and

Υ0: the central black hole causes a central peak in thedispersionwhich increases

with increasingmass. An increasingΥ0 has a similar effect but ona larger spatial

scale which is set by thewidth σ0 of the innermostMGE component. Increasing

Υ0 corresponds to a larger number of heavy remnants, e.g. stellar-mass BHs,

neutron stars, or white dwarfs. The inclination of the system influences the

observability of the dispersion: the line-of-sight velocity dispersion is lower if

the system is seen edge-on (the opposite of face-on). This is the reverse of the

effect of the inclination on the mean line-of-sight velocities.



24 CHAPTER 1. INTRODUCTION

0
M

BH
 [M

]
1000 2000 5000

1.5

M
/L

0  
[M

/L
]

2.0 2.5 3.0

-0.4

x [
km

/s]

-0.2 0.2 0.4

30

r
 [a

rc
se

c]

50 70 90

26

in
cli

na
tio

n 
[d

eg
r]

30 41 55

2 1 0 1 2
mean radial velocity [km/s]

Figure 1.5: Projected mean radial velocity field in the inner 1 arcmin of a GC

at a distance of 10 kpc computed with cjam. In each row, a single parameter is

changed from column to column, its value is given above each plot.
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Figure 1.6: Similar to Fig.1.5 but this figure shows the radial velocity dispersion.
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1.4 Hypothetical intermediate-mass black holes in
globular clusters

As mentioned in Section 1.2.5, intermediate-mass black holes (IMBHs) are a

hypothetical class of BHs with a mass of 10
2
to 10

5
M�. With these masses,

they would fill the perceived gap in the mass distribution of stellar-mass BH

with a few solar masses and supermassive BHs (SMBHs) with masses of more

than a million solar masses. SMBHs follow well-known scaling relations, for

example between their mass and the velocity dispersion of stars or gas in their

environment, i.e. in the centre of galaxies. As the measured velocity dispersion

increases, the mass of the SMBH also increases (Gebhardt et al., 2002). Another

relation is the one between SMBH mass and the mass of the host galaxy bulge

(Magorrian et al., 1998). Assuming that this relation alsoholds for lowervelocity

dispersions, the scaling relation implies BHs with several hundred to several

thousand solarmasses in the centres ofGCs. Although this simple extrapolation

to lowermasses does not have to be true, it motivated a search for IMBHs inGCs

both by observations and also by modelling. The existence of IMBHs is also

expected from N-bodymodels that show the runaway growth of a star, starting

during the core collapse and possibly leading to the formation of an IMBH

(Portegies Zwart & McMillan, 2002). The detection of IMBHs and the shape of

their mass distribution could provide clues about the formation mechanism of

SMBHs which is currently unknown.

Not all of the about 160 known Galactic GCs are expected to host an IMBH.

In particular, core-collapsedGCs are unlikely to contain an IMBH since it would

have prevented a core-collapse by quenchingmass segregation (Gill et al., 2008).

N-body models of GCs with an IMBH show a flat surface brightness profiles,

increasing only very close to the GC centre (Baumgardt et al., 2005).

1.4.1 Detection methods

Several observation types can be used to detect an IMBH. Radio and X-ray

observations of the central regions of a GC would be able to detect emission

flux if the hypothetical IMBH is accreting gas from its environment (Maccarone,

2004). Assuming Bondi accretion, a gas accretion efficiency, and a density of

intracluster gas which the IMBH could accrete, Tremou et al. (2018) converted

their non-detections of radio emission into upper limits on the IMBHmass in 50

Milky Way GCs. Their main result is that there is no evidence for an accreting

IMBH with a mass larger than 1000 M�. This approach works only if there is

currently enough intracluster gas available for accretion.

Another approach to find IMBHs in GCs is to detect the gravitational in-
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fluence of the IMBH on the motion of the stars as measured from the radial

velocities or their propermotion. If an IMBH is present in the core of a GC, it in-

creases the velocity dispersion of the stars close to it which could be detectable.

However, such an increase could also be the result of a larger number of com-

pact sources (neutron stars, stellar-mass black holes) which tend to concentrate

in the cluster cores due to mass segregation (e.g. Gieles et al., 2018). Another

problem is an anisotropic distribution of velocities which could lead to a seem-

ingly increasing velocity dispersion in the centre if only radial velocities are

available for analysis. In this case, the 3D velocity dispersion is unavailable and

physically does not increase toward the centre, but the measured dispersion

from radial velocities is not representative for the 3D dispersion (Zocchi et al.,

2017). As the cluster evolves with time, this anisotropy vanishes as shown by

observations and modelling (Watkins et al., 2015; Lützgendorf et al., 2011). As

these results show, the velocities of central stars in clusters with an age larger

than several times their relaxation time in the cluster core can be treated as

isotropic. This is important for the analysis of GCs with only radial velocities

since otherwise only analyses with harder to obtain full 3D kinematics would

be decisive.

1.4.2 Extra-galactic IMBH candidates

Several IMBH discoveries have been made that claim the existence of an IMBH

in extra-galacticGCs, in nuclear star clusters of galaxies, in theGalactic disc, and

as the source powering ultra- and hyperluminous X-ray sources (e.g. M81-X1

and HLX-1). Nuclear star clusters can be found in the centres of most galaxies

and they can co-exist with SMBHs. Compared to GCs, nuclear star clusters

are several magnitudes brighter than GCs with a similar mass (see Fig. 2 in

Neumayer et al., 2020). There is evidence from the dynamical modelling of

gas and other methods that nuclear star clusters of several galaxies contain a

black hole with masses in the order of 10
5
M�, e.g. NGC 404 (Davis et al.,

2020) and NGC 4395 (Brok et al., 2015). In the case of NGC 4395, the BH mass

estimate from reverberationmapping is in the order of 10
4
M� (Woo et al., 2019),

similar to the IMBH mass expected in GCs. Since the discovery of short X-ray

pulsations coming fromM81-X2 that can be better explained with an accreting

magnetized neutron star instead of an accreting IMBH (Bachetti et al., 2014),

it has been accepted that neutron stars and stellar-mass black holes are the

accreting objects in many ultra- and hyperluminous X-ray sources. This could

be true even for the sources described in a review by Mezcua (2017) as “most

well-known off-nuclear IMBH candidate”HLX-1 (seeHameury& Lasota, 2020)

and “the second strongest IMBH amongHLXs [hyperluminous X-ray sources]”
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M81-X1 (see Brightman et al., 2020).

Another candidate IMBH is located in G1, which is one of the brightest GCs

of the Andromeda galaxy (M31) and has roughly twice themass of Omega Cen,

the largest GC ofMilkyWay (Meylan et al., 2001). Based on radial velocitymea-

surements, Gebhardt et al. (2002) and Gebhardt et al. (2005) concluded that a

IMBH with a mass of 2 × 10
4
solar masses is needed to explain the observed

velocity dispersion profile. Baumgardt et al. (2003) ran N-body models and

found that the observed profiles can be reproduced by merging two clusters,

resulting in a cluster with a relatively high mass-to-light ratio of about four

solar masses per solar luminosity but without an IMBH. X-ray observations of

G1 showed evidence for accretion coming from the cluster centre (Pooley &

Rappaport, 2006; Kong, 2007), and radio observations of the cluster detected a

radio flux that is expected for an accreting IMBH given the observed X-ray flux

(Ulvestad et al., 2007). However, simultaneous X-ray and radio observations

carried out by Miller-Jones et al. (2012) failed to detect radio emission from

G1. They attribute the previously observed radio emission to an outburst of

a low-mass X-ray binary, but they can not definitely rule out an IMBH as the

X-ray source. Although their non-detection does not invalidate the velocity

dispersion signal, it shows that even IMBH candidates that are seemingly sup-

ported by multiple types of observations (kinematic and electromagnetic) are

not secure IMBHs.

1.4.3 IMBH Candidates in Galactic GCs

Although Tremou et al. (2018) did not find any evidence of accretion signatures

from IMBH inGalacticGCs, several studies based on the interpretation of stellar

dynamics have proposed the existence of IMBHs (see Table 3 in Greene et al.,

2020). For example, Kızıltan et al. (2017) and Perera et al. (2017) both use the

observed timing variation of pulsars in NGC 104 and NGC 6624, respectively,

to infer the gravitational potential and thus the contribution of a central IMBH.

Although both studies found evidence of such an IMBH, later analyses found

dynamical models could describe the observations without an IMBH: In the

case of NGC 104, Mann et al. (2019) used proper motions and a model based on

the Jeans equations which includes several subcomponents (binaries, low-mass

stars, heavy white dwarf, etc.). They find that stellar-mass BHs and binaries

concentrated in the centre can explain the observed velocity dispersionwell and

there is no need for an IMBH in this cluster. Similarly, Hénault-Brunet et al.

(2020) model the observed radial velocities and proper motions in NGC 104

without an IMBH to find that they are well described by a central concentration

of stellar-mass BHs. In the case of NGC 6624, Gieles et al. (2018) use a similar
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approach asHénault-Brunet et al. (2020) and also find that theirmodelswithout

IMBH fit well. They explain the observed pulsar timing variations by the

influence of passing stars and stellar remnants. Baumgardt et al. (2019b) uses

N-body models to find that models of NGC 6624 with IMBH cannot reproduce

the observed velocity dispersion or the surface brightness profile, whilemodels

without IMBH fit well.

The GC with the most studies on a potential central IMBH has to be Omega

Centauri. An IMBHwith amass of 4 to 5×10
4
M� is supportedby several studies

(Noyola et al., 2008; Jalali et al., 2012; Baumgardt, 2017), while others conclude

that there is either no evidence for an IMBH (van der Marel & Anderson, 2010;

Zocchi et al., 2017) or evidence against one (Baumgardt et al., 2019b) in the form

of missing high-velocity stars which N-body models with IMBH predict.

In conclusion, there is currently no unambiguous detection of an IMBH in

a Galactic GC as papers claiming the discovery of one are quickly followed by

studies that explain the data without needing an IMBH.

1.4.4 Formation scenarios

There are several formation scenarios of IMBHs (Greene et al., 2020, Section

2.1): direct collapse from gas clouds, accretion onto massive BHs formed by

metal-free Population III stars, and gravitational runaway in star clusters. For

GCs, the last scenario is the most relevant and it can be further divided into a

slow versionwith a timescale of hundreds ofmillions of years and a fast version

with a timescale of less than several million years. Stellar-mass black holes are

one of the proposed ingredients for both the fast and the slower scenario in

GCs. While it was for a long time seen as unlikely that more than a single

BH exist in a given GC, the discovery of several stellar-mass BHs has changed

this (Strader et al., 2012; Giesers et al., 2018). In the fast formation models, the

high stellar density in young GCs leads to the interaction and collision of stars

which form very massive stars (VMS) with masses of over 100 solar masses

(Portegies Zwart & McMillan, 2002). In low-metallicity clusters with a high

binary fraction of massive stars, the interactions in binaries with massive stars

can also lead to the formation of VMS (González et al., 2021). IMBHs can be

created through the collision of a VMS with a stellar-mass BH (Rizzuto et al.,

2021). The fraction of stellar material that is accreted onto the BHmust be high

to form a suitably massive BH in this step. The IMBH can then continue to

moderately grow by further BH collisions or by accreting material from stars,

but it is unclear how long the IMBH stays inside theGCbefore it gets kicked out.

This formation channel is found in N-body simulations (Rizzuto et al., 2021) and

Monte-Carlo simulations (Giersz et al., 2015). In Rizzuto et al. (2021), an IMBH
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in a single simulation out of their 80 simulations builds its mass without any

VMS, it grows through merging with other BH instead. The authors compare

this merging chain with the gravitational-wave event GW190521 in which two

BHs with masses of about 70 and 80 solar masses merged, forming a BHwith a

final mass of about 140 solar masses (LIGO Scientific Collaboration and Virgo

Collaboration et al., 2020).

1.5 Aims of his work

With this work, I aim to explore the wealth of spectral data of globular clusters

to discover new unusual astronomical objects. In Section 2.1, I describe the

discovery of an emission nebula that was found during an automated search

for emission lines in the spectra of GC stars (see Chapter 3 and Section A.1 in

the Appendix). This small, unusual nebula has a very low brightness andmass

compared to the four known PNe in globular clusters, and its projected distance

to the GC centre is very low. This makes it one-of-its-kind and an interesting

target for follow-up studies.

In Section 2.2, I try to unambiguously detect the presence of an IMBH in

the globular cluster M80. Compared to previous works by others, I use radial

velocities of hundreds of stars located in the dense core of M80. This data

was obtained with the narrow-field mode of MUSE with a spatial resolution

comparable to that of HST ACS. Although several publications on narrow-field

mode data fromGC exist, this is the first one to use a sophisticated Jeans model

to determine the presence of an IMBH. To avoid the same problems as previous

publications on the detection of IMBHs in GCs, the paper includes a second

analysis of our radial velocities with N-body models. With our flexible Jeans

model, we find that the location of the cluster centre is crucial to conclude

whether an IMBH exists in this cluster. The methods from this study will be

useful in the future, as similar data of other GCs is being analysed.

Finally, Chapter 4 contains conclusions, open questions, and an outlook.
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2.1 Discovery of anOldNovaRemnant in theGalac-
tic Globular Cluster M22 (Göttgens et al., 2019a)

The following paper is about the discovery of a emission nebula in M22 which

we identified as a nova remnant. However, after receiving suggestions and

holding several discussions with external colleagues, we now think this nebula

is not a nova remnant but instead connected to GJJC-1 (Gillett et al., 1989), the

unusual PN in this GC. This explanation was proposed by George Jacoby and a

follow-up paper will be published in the future. While this new interpretation

renders obsolete parts of the discussion (Section 4.1), the main discovery and

the derived properties of the nebula are still valid.

Most parts of the manuscript were written by me, except for Section 3.1

which was written by P. Weilbacher. P. Weilbacher also extracted the nebular

spectra and analysed themwith pPXF. All remaining parts of the analysis were

carried out by me.

Reproduced with permission from Astronomy & Astrophysics, © ESO
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ABSTRACT

A nova is a cataclysmic event on the surface of a white dwarf in a binary system that increases the overall brightness by several orders
of magnitude. Although binary systems with a white dwarf are expected to be overabundant in globular clusters compared with in
the Galaxy, only two novae from Galactic globular clusters have been observed. We present the discovery of an emission nebula in
the Galactic globular cluster M 22 (NGC 6656) in observations made with the integral-field spectrograph MUSE. We extracted the
spectrum of the nebula and used the radial velocity determined from the emission lines to confirm that the nebula is part of NGC 6656.
Emission-line ratios were used to determine the electron temperature and density. It is estimated to have a mass of 1–17 × 10−5 M�.
This mass and the emission-line ratios indicate that the nebula is a nova remnant. Its position coincides with the reported location of a
“guest star”, an ancient Chinese term for transients, observed in May 48 BCE. With this discovery, this nova may be one of the oldest
confirmed extra-solar events recorded in human history.

Key words. globular clusters: individual: NGC 6656 – novae, cataclysmic variables – techniques: imaging spectroscopy

1. Introduction

Novae are eruptions on the surface of an accreting white dwarf
in a cataclysmic variable (CV) binary system (Iben & Fujimoto
2008). Hydrogen fusion sets in suddenly when the mass of
the accreted hydrogen-rich material on the surface of the white
dwarf exceeds a critical value. The energy set free by fusion
causes an eruption on the surface and increases the luminosity
by several orders of magnitude. The hydrogen-rich matter, pos-
sibly mixed with heavier elements of the interior of the white
dwarf, is pushed off from the white dwarf with high veloc-
ity (>103 km s−1) and interacts with the interstellar medium.
Although cataclysmic variables are expected to be overabun-
dant in globular clusters (GCs) compared to the Galactic field
(Ivanova et al. 2006; Knigge 2012), novae in Galactic globu-
lar clusters are very rarely observed. While there are several
observations of novae from extra-galactic globular clusters (e.g.
Shafter & Quimby 2007; Henze et al. 2009, 2013; Curtin et al.
2015), there have been only two observations of classical novae
(i.e. a CV without multiple observed eruptions) in Galactic glob-
ular clusters: T Sco in the core of NGC 6093 (M 80) in 1860
? Datacubes are also 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/qcat?J/A+A/626/A69

(Pogson 1860; Sawyer 1938) and a nova in NGC 6402 (M 14) in
1938 (Hogg & Wehlau 1964).

Supernovae and novae have been known to Chinese, Ara-
bic, Greek, and Babylonian astronomers for thousands of years
(Kelley & Milone 2005). In Chinese records, these new stars
are called “guest stars” because they appear, stay for a while
and then disappear. The oldest Chinese astronomical inscrip-
tions are 3400 years old and were found on “oracle bones”
(Pankenier et al. 2015). Today, we know that supernovae and
novae fit the description of guest stars, while comets were
usually classified differently (Stephenson & Green 2009). For
example, the supernova that occurred in 1054 CE was described
by several Chinese and Arabic sources (Kelley & Milone 2005),
and its remnant is known today as the Crab nebula (M 1). In the
case of Nova Scorpii, 1437 CE observed by Korean astronomers,
Shara et al. (2017) showed that proper motions can be used to
identify the CV underlying this nova and to determine the age of
its remnant independently. Even earlier, a guest star observed by
the Chinese in 77 BCE may have been a classical nova outburst
of Z Camelopardalis (Shara et al. 2007, 2012; Johansson 2007),
although the location of the guest star is very poorly known
(Stephenson & Green 2009).

Emission nebulae created from ejected material allow
observers to investigate the respective supernova or nova that

Article published by EDP Sciences A69, page 1 of 6
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Fig. 1. MUSE whitelight detail image of the region in NGC 6656 containing the nebula created from a single observation (left). Contours give
the combined [N ii]λλ6548,6583 emission flux after subtracting the stellar background (see Sect. 3.1). White circles represent HST sources from
the catalogue of Nardiello et al. (2018), the diameter scales with F606W magnitude. The median flux in the four layers containing the [N ii]λ6583
emission line is shown after the median flux in three adjacent layers was subtracted (right). The two apertures used to extract the spectrum of the
nebula are shown as white circles.

may have happened hundreds or thousands of years ago. Gas
inside globular clusters that could be visible as a nebula is also
rare (see references in Barmby et al. 2009; Lynch & Rossano
1990). The only visible occurrences in GCs seem to be plane-
tary nebulae (PNe). While there are thousands of PNe known
in the Milky Way disc, only four PNe have been detected in
∼150 Galactic globular clusters: Ps1 in NGC 7078 (Pease 1928),
GJJC-1 in NGC 6656 (Gillett et al. 1989), JaFu-1 in Pal 6, and
JaFu-2 in NGC 6441 (both Jacoby et al. 1997).

NGC 6656 (Messier 22) is one of about 150 Galactic glob-
ular clusters, its distance to the Sun is 3.2 kpc (Cudworth
1986; Harris 1996, 2010 version). In addition to having a PN,
NGC 6656 sticks out from the set of all Galactic globular clusters
because it is one of the few for which stellar-mass black holes
have been detected. Strader et al. (2012) detected two accreting
stellar-mass black holes in this cluster using X-ray and radio
observations which they named M22-VLA1 and -VLA2. Using
numerical models and observational parameters of Galactic GCs,
Askar et al. (2018) predict that NGC 6656 harbours a population
of about 30 stellar mass black holes giving rise to its large half-
light radius of 1.3 pc (Harris 1996, 2010 version).

2. MUSE observations and data reduction

We observed NGC 6656 over a period of seven nights in the
period 2015–2017 with MUSE (Bacon et al. 2010), an integral-
field spectrograph at the ESO Very Large Telescope (VLT).
MUSE has a field of view of 1′ × 1′, a spatial sampling of 0′′.2,
and spectral resolution R between 1800 and 3500 in the spec-
tral range from 4750 to 9350 Å. These observations are part of
an ongoing survey of 26 Galactic globular clusters (PI: S. Drei-
zler, Husser et al. 2016; Kamann et al. 2016, 2018; Giesers et al.
2018). For details on the observations and data reduction, we
refer to Kamann et al. (2018). Details about observations of
NGC 6656 are listed in Table 1, including the image quality mea-
sured in the final datacubes after reduction. Each MUSE obser-
vation of NGC 6656 has an integration time of ten minutes.

Table 1. MUSE observations of the region containing the nebula.

Date ESO prog. ID Seeing (′′) AO

2015-05-12 08:25:22 095.D-0629 0.50 No
2015-05-12 08:56:52 095.D-0629 0.74 No
2015-09-11 02:31:19 095.D-0629 1.16 No
2015-09-12 02:30:09 095.D-0629 0.74 No
2016-04-08 09:30:13 097.D-0295 0.84 No
2017-04-23 08:06:35 099.D-0019 0.86 No
2017-04-23 08:45:43 099.D-0019 0.76 No
2017-10-23 00:52:38 100.D-0161 0.80 Yes
2017-10-23 01:09:09 100.D-0161 0.74 Yes

Notes. The column “Date” corresponds to the mid-observation time,
“Seeing” contains the PSF-width measured in the reduced datacubes,
and “AO” indicates if the adaptive optics system was used.

3. A new nebula in NGC 6656
As part of a systematic search for emission line sources in Galac-
tic globular clusters (Göttgens et al., in prep.), we detected a
small emission nebula in NGC 6656 at a distance of about 14′′
from the cluster centre. The region containing the nebula is
shown in Fig. 1 with a MUSE observation collapsed along the
spectral direction together with the [N ii]λ6583 flux after the flux
of adjacent layers is subtracted.

3.1. Flux map and spectral properties
Flux maps and spectra that are extracted with a simple aper-
ture contain a large amount of stellar flux from sources close to
the nebula. To better disentangle stellar background and ionized
gas emission, we employed pPXF (Python version 6.7.12, dated
9 July 2018, Cappellari & Emsellem 2004; Cappellari 2017),
the penalized pixel-fitting method that is widely used for full-
spectrum fitting with the goal of extracting kinematics of gas and
stars and to estimate stellar populations. We chose to describe the
spectra with two sets of templates:
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Fig. 2. Average spectrum extracted from two circular aperatures covering the new nebula (top panel, black). This is decomposed into stellar
background (top panel, orange) and gas (bottom panel, black and blue). The residuals after fitting Gaussian functions to the emission lines are
shown in red (bottom panel). Grey boxes indicate regions dominated by telluric features.

1. The stellar background was modelled using the empiri-
cal stellar library MILES (Sánchez-Blázquez et al. 2006;
Falcón-Barroso et al. 2011). We took the full library of indi-
vidual stars that samples the expected range of stars in
NGC 6656 well enough. However, we did not preselect the
stellar spectra, but let pPXF select the best fit.

2. The gas emission was modelled with a set of Gaussian func-
tions, at the positions of the expected relevant lines (see
Table A.1).

pPXF then optimizes the stellar-background fit and also com-
putes emission-line fluxes. We used 100 Monte-Carlo itera-
tions using the fit residuals to estimate errors of the emission-
line fluxes. As instrumental width, we took the FWHM of the
wavelength-dependent MUSE line spread function as computed
by the pipeline, convolved to 1.25 Å pix−1 sampling. As input
spectra to pPXF we used two spectra integrated over 0′′.4 radial
apertures (see Fig. 1), placed on the apparent peaks of the Hα
emission, as well as all individual spectra in the region around the
nebula. We extracted the spectra from a datacube that combined
all available non-AO observing epochs (21 exposures over seven
observations with a total integration time of 70 min). Since the AO
data has a slightly different wavelength coverage and a broad gap
in the region of NaD and in this case did not actually improve S/N
or FWHM significantly, we chose not to include them in the com-
bined deep dataset. The contour lines in Fig. 1 give the combined
[N ii]λλ6548,6583 emission flux after subtracting the stellar back-
ground. In this map, the nebula appears as an ellipse of 2.5′′ ×2′′,
corresponding to 0.04 pc×0.03 pc at the cluster distance of 3.2 kpc
(Cudworth 1986). Figure 1 also shows the [N ii]λ6583 spectral
layer after subtracting the mean flux of the adjacent layers. While
this map does not rely on model assumptions, it contains stronger
residuals from the bright star above the nebula. We have made the
datacube created from all non-AO observations and the extracted
spectrum publicly available1.

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

The average spectrum of the two circular apertures is shown
in Fig. 2 together with its decomposition into the modelled
stellar background and ionised gas. The spectrum clearly con-
tains strong Hα, Hβ and [N ii]λλ5755,6548,6583 emission lines,
as well as weaker emission lines from [O iii]λλ4959,5007,
[S ii]λλ6716,6731, and He iλλ5876,6678.

Gaussian fits to the emission lines reveal a line-of-sight
(LOS) velocity of −140 ± 1 km s−1. This is consistent with the
assumption that the nebula is comoving with NGC 6656 which
has a LOS velocity of −146 km s−1 (Harris 1996, 2010 version)
and a central LOS velocity dispersion of 9 km s−1 (Kamann et al.
2018). The matching LOS velocity and the small apparent sep-
aration from the cluster centre of 14′′ suggest that the nebula
is located inside NGC 6656. We further justify this assumption
by comparing the expected nova rates from the cluster and the
Galactic field (see Appendix). There are narrow-band Hα HST
observations taken with WFPC2 of this region but the nebula is
not visible in them.

3.2. Mass of the nebula

We estimated the mass of the visible nebula using PyNeb (ver-
sion 1.1.7, dated 18 October 2018, Luridiana et al. 2015) and
the equation for the total gas mass given in Corradi et al. (2015)
and used in Sahman et al. (2018). Since the total amount of
intra-cluster medium in globular clusters is very low (e.g. about
0.3 M� in the core of NGC 7078, van Loon et al. 2006), we
assume that the nebula mass directly corresponds to the mass
of the nova ejecta. This is not true for novae in the Galactic field,
as the ejecta sweep up interstellar medium which increases the
total mass of the nebula and decelerates its expansion (Duerbeck
1987; Shara et al. 2017; Darnley et al. 2019).

We used the measured emission line fluxes (given here in
units of 10−17 erg s−1 cm−2) including 1-σ uncertainties of [N ii]
jλ5755 = 0.06±0.08 and jλ6583 = 1.8±0.1 together with the [S ii]
fluxes of jλ6731 = 0.15±0.09 and jλ6716 = 0.13±0.10 as input for
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Fig. 3. Chart of the sky close to λ Sgr generated as it appeared to a
Chinese observer in the May 48 BCE. The grey arrow points to the
approximate location of the ancient observation. The globular clus-
ter NGC 6656 (M 22) is located about 2.5◦ north-west of this loca-
tion (about 2.3◦ north-east of λ Sgr). This chart was generated using
XEphem (version 3.7.3, Downey 2011).

PyNeb to estimate an electron temperature Te = 1.8+1.4
−0.8 × 104 K

and an electron density ne = 1.2+3.5
−0.9 × 103 cm−3.

To estimate the mass of the nebula, we used the equa-
tion given in Corradi et al. (2015) which requires the total de-
reddened Hβ flux. We corrected the reddening using PyNeb with
the extinction law of Fitzpatrick (1999) and an E(B − V) = 0.34
(Harris 1996, 2010 version), R = 3.1, and a distance to the neb-
ula of 3.2 ± 0.3 kpc (Cudworth 1986). With a total de-reddened
Hβ flux of (1.9±0.3)×10−15 erg s−1 cm−2, we obtain an estimate
for the nebula mass of 1–17 × 10−5 M�. The range takes into
account the distance and flux uncertainties as well as the result-
ing uncertainties in electron temperature and density. This mass
estimate is well within both the expected and observed ranges for
nova shells (see Table 3 in Yaron et al. 2005) of 10−7–10−4 M�
(expected) and 1–30 × 10−5 M� (observed).

4. Discussion
While our mass estimate places the nebula in the range of nova
remnants, there are no known novae at this position. This raises
the question whether there are other indications of a nova origin.

4.1. Relation to the guest star 48 BCE

Ancient Chinese records in the Book of Han contain a guest
star observed in May 48 BCE in the Chinese constellation
Nandou (Stephenson & Green 2009). The name “guest star”
was used by Chinese astronomers for what we today call a
nova or a supernova. Comets were typically not called guest
stars – they had their own category since they could be distin-
guished by their diffuse appearance and quick apparent motion
on the sky. In the Book of Han, the location of the guest
star in 48 BCE is given as 4 chi east of the second star in
Nandou (= λ Sgr), the separation corresponds roughly to
4 degrees (Stephenson & Green 2009). Figure 3 illustrates where
the stars in the region close to the guest star were located in

May 48 BCE. The globular cluster NGC 6656 is located at
RA = 18h36m23s.94, Dec = −23◦54′17′′.1, about 2.3◦ north-east
of λ Sgr in the year 48 BCE, calculated with astropy2 using
Gaia DR2 coordinates and proper motions (Gaia Collaboration
2018; Helmi et al. 2018). According to Stephenson & Green
(2009), there is no known supernova remnant within 15 deg of
the recorded position. We argue that the guest star observed in
48 BCE was a nova that occurred in NGC 6656 and that it is the
remnant of this nova that we have detected with MUSE.

4.1.1. Measurement errors in the year 48 BCE

The position of the recorded guest star and the observed nova
remnant do not coincide exactly. NGC 6656 is rather to the
north-east of the reference star instead of east, and the distance is
not 4 deg but 2.3 deg. However, the uncertain conversion of chi
to degrees and measurement errors in the recorded distance and
direction have to be taken into account. For example, Shara et al.
(2017) use a broad range of conversion factors from 0.44 to
2.8 chi deg−1. As determined by Kiyoshi (1967) and quoted by
Ho et al. (1972), the error in stellar positions in observations
made approximately 1000 years later is between 0.5 and 1 deg.
This is the smallest error possible using the techniques available
in 48 BCE. The Chinese recording associated with the super-
nova of 1054, which produced the Crab nebula (M 1), even gives
a direction to a reference star that is exactly the opposite of what
is observed today (Ho et al. 1972). Given these known inaccura-
cies of ancient Chinese measurements, we are confident that the
guest star position matches the position of NGC 6656.

4.1.2. Nova and nebula brightness

Whether a nova from NGC 6656 would be visible to the naked
eye depends on the distance to the cluster and the absolute
nova brightness. A typical Milky Way nova has an absolute
brightness of −7 ± 1.4 mag as determined by Schaefer (2018)
using Gaia DR2 parallaxes. Combined with the distance to
NGC 6656 (3.2 kpc, corresponding to a distance modulus of
12.38 mag, Cudworth 1986), this yields an apparent brightness
of 5.38 ± 1.4 mag for a GC nova. Using this estimate, about
40% of all novae in NGC 6656 reach an apparent brightness of
5 mag or brighter, which could be seen with the naked eye. About
4–5% of all novae reach an apparent brightness of at least 3 mag.
This shows that the nova that produced the emission nebula in
NGC 6656 could have been visible to Chinese observers.

Furthermore, we estimate a brightness from the emission
line spectrum without the stellar continuum of 25 mag in the
Johnson V band. Using the nova remnant dimming rate of
10 ± 3 mmag yr−1 (Duerbeck 1992) and the nova brightness dis-
tribution above, we obtain an age of 2.0+0.8

−0.5 × 103 years, which is
consistent with the date of the guest star.

4.2. Alternative interpretations

There are several types of emission-line objects that have spectra
resembling those of nova remnants, for example, planetary neb-
ulae. The mass of a typical Galactic PN is 0.1 to 1 solar masses
(Osterbrock 1974), while it can be as low as 10−4–10−3 M� for
PNe with a binary central star (Corradi et al. 2015). Since our
estimate yields a mass of 1–17 × 10−5 M� and because of our
weak [O iii]λ5007 flux, we can exclude a PN as an alternative
explanation. In the case of a PN, one would also expect a very hot
and bright (post-AGB) central star as the source of the ionisation
energy but such a star is not visible in the HST photometry. We

2 Version 3.0.5, www.astropy.org
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can exclude the possibility that the nebula is a supernova remnant
because its flux ratio of [S ii] to Hα is lower than the canoni-
cal value of 0.4 (Mathewson & Clarke 1973). Another explana-
tion would be a merger of two stars which increases the overall
brightness and thus could look similar to a nova during outburst.
The Nova Vulpeculae 1670 seems to have been such a merger
(Kamiński et al. 2015), possibly of a white dwarf and a brown
dwarf (Eyres et al. 2018). The bipolar nebula identified with
this merger was studied extensively, its mass is estimated to be
between 0.01 and 0.1 solar masses (Eyres et al. 2018) or even as
high as one solar mass (Kamiński et al. 2015). Thus, we can also
exclude a stellar merger as a source of the observed nebula. Sym-
biotic stars, that is, binary systems consisting of interacting red
giants and white dwarfs embedded in a nebula fuelled by stellar
winds, can have spectra similar to novae. We can exclude a sym-
biotic star as a mimic because there is no red giant star in the
centre of the nebula. We also checked the November 2017 pre-
release of the Chandra Source Catalog Release 2.0 (Evans et al.
2010) for X-ray sources close to the nebula that could act as an
ionisation source. The only X-ray source in this region is associ-
ated with M22-VLA2, one of the two stellar mass black holes in
this globular cluster (Strader et al. 2012).

5. Summary

We detect a new emission nebula in the globular cluster
NGC 6656 using MUSE integral-field observations. After com-
bining exposures from seven observations and modelling the
stellar background, we extract a clean spectrum of the neb-
ula. The spectrum has very strong Balmer and [N ii] emission
lines, as well as several weaker emission lines from [O i], [O iii],
[S ii] and He i. LOS velocity measurements are consistent with
the assumption that the nebula is comoving with NGC 6656.
We estimate that the mass of the nebula is between 1 and
17 × 10−5 M�, this estimate is well within the typical observed
mass range for the ejecta of classical novae and outside the
typical values for planetary nebulae or stellar merger remnants,
which can have a spectrum similar to that of novae.

Ancient Chinese records of astronomical observations include
a guest star, a term used for supernovae and novae, which appeared
in 48 BCE within ∼2.3◦ of the location of NGC 6656 on the
sky. The position offset between the recorded guest star and
NGC 6656 is within the uncertainty range of ancient observa-
tions. The expected absolute visual brightness of novae at the dis-
tance of NGC 6656 indicates that a cluster nova would have been
visible to the naked eye. We conclude that the nebula detected
with MUSE is a nova remnant that was caused by the guest star
observed roughly 2000 years ago by Chinese astronomers.
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Appendix A: Emission lines used during fitting

Table A.1. Emission lines that are used to fit Gaussian functions to the
observed spectrum.

Line ID Air wavelength (Å)

Hβ 4861.32
[O iii]4959 4958.91
[O iii]5007 5006.84
He i 5016 5015.68
[N i]5200 5199.80
[N ii]5755 5754.59
He i 5876 5875.62
[S iii]6312 6312.06
Hα 6562.79
[N ii]6548 6548.05
[N ii]6583 6583.45
He i 6678 6678.15
[S ii]6716 6716.44
[S ii]6731 6730.82

Appendix B: Relative nova rates

Throughout the analysis we have assumed that the nebula is
located inside NGC 6656 as indictated by its matching LOS
velocity and its small separation to the centre of NGC 6656.
We further justified this assumption by estimating the relative
rate of novae originating from the cluster compared to that of
the Milky Way stars in the same region of the sky. The nova
rate of a population is the product of its stellar mass and the
specific nova rate (i.e. novae rate per solar mass). For the stellar
mass, we have to take both foreground and background stars into
account because NGC 6656 is located between the solar system
and the Galactic centre at a distance of about 3.2 kpc. Using a
Besançon model3 (Robin et al. 2003) for the Milky Way, we esti-
mated a foreground stellar mass in a 0.1◦ × 0.1◦-field centred on
NGC 6656 of 103 M� (3× 104 M� including background), while
the cluster has a mass of 2.9×105 M� (Marks & Kroupa 2010). If
the specific nova rate is the same for the Milky Way and globular
clusters, this indicates that there are 300 GC novae per MW nova
(or 10 GC novae per MW novae if the total stellar background
behind the GC is included). The ratio could even be higher if
the specific nova rate is higher in globular clusters compared to
the Galactic field, as is the case in M 31 (Henze et al. 2013). In
conclusion, a nova remnant with a small apparent separation to
the centre of NGC 6656 is more likely to actually originate from
the cluster compared to the Galactic fore- and background due
to the higher amount of stellar mass in the cluster.

3 https://model.obs-besancon.fr/, last modified January 18,
2019; used on February 2, 2019.
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2.2 Central kinematics of theGalactic globular clus-
ter M80 (Göttgens et al., 2021)
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ABSTRACT
We use spectra observed with the integral-field spectrograph Multi Unit Spectroscopic Explorer (MUSE) to reveal the central
kinematics of the Galactic globular cluster Messier 80 (M80, NGC 6093). Using observations obtained with the recently
commissioned narrow-field mode of MUSE, we are able to analyse 932 stars in the central 7.5 arcsec by 7.5 arcsec of the cluster
for which no useful spectra previously existed. Mean radial velocities of individual stars derived from the spectra are compared
to predictions from axisymmetric Jeans models, resulting in radial profiles of the velocity dispersion, the rotation amplitude, and
the mass-to-light ratio. The new data allow us to search for an intermediate-mass black hole (IMBH) in the centre of the cluster.
Our Jeans model finds two similarly probable solutions around different dynamical cluster centres. The first solution has a centre
close to the photometric estimates available in the literature and does not need an IMBH to fit the observed kinematics. The
second solution contains a location of the cluster centre that is offset by about 2.4 arcsec from the first one and it needs an IMBH
mass of 4600+1700

−1400 M�. N-body models support the existence of an IMBH in this cluster with a mass of up to 6000 M� in this
cluster, although models without an IMBH provide a better fit to the observed surface brightness profile. They further indicate
that the cluster has lost nearly all stellar-mass black holes. We further discuss the detection of two potential high-velocity stars
with radial velocities of 80–90 km s−1 relative to the cluster mean.

Key words: techniques: imaging spectroscopy – stars: kinematics and dynamics – globular clusters: individual: M80.

1 IN T RO D U C T I O N

The cores of globular clusters (GCs) are among the regions with the
highest density of stars. With up to 105 stars per cubic parsec, they
contain a multitude of stellar exotica including millisecond pulsars,
rejuvenated and heavy stars in form of blue stragglers, cataclysmic
variables, accreting and non-accreting stellar-mass black holes as
remnants of high-mass stars, and potentially intermediate-mass black
holes (IMBHs). IMBHs are a hypothetical class of black holes that
would fill the gap between stellar-mass black holes with up to a few
tens of solar masses and supermassive black holes in the centres
of galaxies with masses ranging from millions to billions of solar
masses (Greene, Strader & Ho 2020). Numerical simulations of GCs
predict that they can contain a single IMBH with a mass of several
thousand solar masses (Arca Sedda, Askar & Giersz 2019), formed
by merging stellar-mass black holes with massive stars and binaries
or by merging massive stars (e.g. Portegies Zwart et al. 2004; Giersz
et al. 2015; Rizzuto et al. 2020). An IMBH could be detected through
its influence on stellar kinematics as it will increase the velocity
dispersion of stars in the centre of a GC. If there is enough gas in

� E-mail: fabian.goettgens@uni-goettingen.de (FG); S.Kamann@ljmu.ac.uk
(SK); dreizler@astro.physik.uni-goettingen.de (SD)

the core of a GC, it could be accreted by the IMBH that could cause
detectable radio or X-ray emission if the overall accretion efficiency
is not too low (Tremou et al. 2018). The deep gravitational potential of
an IMBH should cause a change in the period of millisecond pulsars,
which could be detectable if all other accelerations are accurately
modelled (Kiziltan, Baumgardt & Loeb 2017; Abbate et al. 2019;
Hénault-Brunet et al. 2020). So far, observations have not resulted in
a convincing detection of an IMBH in a GC but yielded upper mass
limits (see table 3 in Greene et al. 2020). The recent gravitational-
wave signal GW190521 points to a heavy BH remnant with a mass of
approx. 140 M� (Abbott et al. 2020; LIGO Scientific Collaboration
and Virgo Collaboration 2020), which is at the low-mass end of
IMBHs. It is unclear in which environment this merger occurred, but
star clusters provide favourable conditions but star clusters provide
favourable conditions for the merging of black holes that are more
massive than what is predicted by single-star evolution (Abbott et al.
2020).

A challenge in the detection of IMBHs via stellar kinematics lies
in the unknown amount and mass of stellar remnants residing near
the cluster centres (e.g. Gieles et al. 2018; Baumgardt et al. 2019;
Mann et al. 2019; Zocchi, Gieles & Hénault-Brunet 2019; Hénault-
Brunet et al. 2020). However, detailed studies of the central cluster
kinematics can help to discriminate between the presence of an
IMBH and an overdensity of stellar remnants. In case of ω Cen
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(NGC 5139), Baumgardt et al. (2019) found using N-body models
that the proposed ≈ 45 000 M� IMBH (Noyola et al. 2010; Jalali
et al. 2012; Baumgardt 2017) would produce about 20 stars with a
radial velocity above the maximum stellar velocity measured in the
centre of this cluster, while models with a number of stellar-mass
black holes instead of a central IMBH do not contain these high-
velocity stars. IMBHs are statistically expected to have companion
stars inside their sphere of influence, which would extend over several
tenths of arcseconds to a few arcseconds for most clusters. Although
the innermost companion of an IMBH in a 10-Gyr-old GC will
typically be a neutron star, a massive (>1 M�) white dwarf, or a
stellar-mass black hole (MacLeod, Trenti & Ramirez-Ruiz 2016),
which are impossible to observe visually, other companions might
be observable. Interactions between the IMBH and stars, e.g. a
fly-by, could accelerate stars and cause a proper motion or radial
velocity much higher than those of stars that did not interact with the
IMBH.

M80 (NGC 6093) is an old Milky Way GC with an age of
13.5 ± 1.0 Gyr (Dotter et al. 2009). It is located in the direction
of the Galactic centre at a heliocentric distance of 8.86 ± 0.55 kpc
(Baumgardt & Hilker 2018). The cluster core radius is rc ≈ 0.36 pc =
8 arcsec (Harris 1996; Baumgardt & Hilker 2018). It belongs to
the group of dynamically old GCs (Ferraro et al. 2012). While
scaling relations derived from GC simulations predict an IMBH
with a mass of (3.63 ± 0.95) × 103 M� in M80 (Arca Sedda
et al. 2019), an integrated-light study did not find evidence for an
IMBH (Lützgendorf et al. 2013). Kamann et al. (2020) studied the
kinematics of M80 using radial velocities derived from Multi Unit
Spectroscopic Explorer (MUSE) data from 2015 to 2017 and the
axisymmetric Jeans model from Watkins et al. (2013). This study
found that stars belonging to different chemical populations (as
discovered by Dalessandro et al. 2018) rotate differently.

In this paper, we build on the study of Kamann et al. (2020) and use
new data from the centremost stars in the cluster obtained with the
recently commissioned narrow-field mode of MUSE. We combine
this with new MUSE wide-field mode data and updated radial
velocity estimates (see Sections 2 and 3) to re-analyse the global
kinematics of M80 with a Jeans model and calculate rotation profiles,
mass-to-light ratio profiles and infer the mass of a hypothetical IMBH
(Section 4). Section 5 presents results derived from N-body models
and the stars with high radial velocities are described in Section 6.
We discuss our results in Section 7 and conclude in Section 8.

2 MUSE O BSERVATIONS

This study makes use of spectroscopic data taken with the MUSE
(Bacon et al. 2010) at the Very Large Telescope as part of the GTO
programme ‘A stellar census in GCs with MUSE’ (PI: S. Dreizler
and S. Kamann) which is described in Kamann et al. (2018). MUSE
is an optical integral-field spectrograph which is in operation since
2014. Since mid-2019, a new instrument mode (narrow-field mode,
NFM) is offered to the community which enables observations with
laser tomography adaptive optics (AO) to achieve a higher spatial
resolution. NFM observations have a higher spatial sampling of
0.025 arcsec in a smaller field of view of 7.5 arcsec by 7.5 arcsec
compared to a sampling of 0.2 arcsec in a 1 arcmin by 1 arcmin field
of view in wide-field mode (WFM) observations. While the spatial
properties differ, the spectral range in both instrument modes covers
4750–9300 Å at a constant sampling of 1.25 Å.

We use all available MUSE observations of M80 taken until
February 2020. The data analysed here include the 10 WFM
observations used in Kamann et al. (2020), 4 new WFM observations,

and 2 NFM observations of a single pointing located in the cluster
centre. Table A1 lists the five different pointings we observed and
the respective instrument mode. The positions of the pointings are
shown in Fig. A1.

The main difference of the NFM observations compared to the
WFM ones is that we used four instead of three exposures, we did
not apply derotator offsets because the natural guide star is off-axis,
and the exposure time was 600 s instead of 200 s for each exposure.
We used the most recent versions (2.6 and 2.8) of the MUSE data
reduction pipeline (Weilbacher et al. 2020) to reduce the additional
data compared to Kamann et al. (2020).

Fig. 1 compares the image quality of the HST Advanced Camera
for Surveys (ACS) Wide Field Channel (WFC) observation using the
F606W filter (Sarajedini et al. 2007; Anderson et al. 2008, zoomed
on the cluster core), a white-light image created from the MUSE
NFM observation, and a MUSE WFM white-light image of the same
region derived from the adaptive-optics observation with the best
seeing (0.4 arcsec). Clearly, the MUSE WFM observation suffers
heavily from crowding, while both the ACS and the MUSE NFM
image are less affected. As described in detail in Section 3.1 below,
we measure an FWHM of around 40 milliarcseconds (40 mas) in
the NFM data, i.e. our spatial resolution is higher than that achieved
with ACS-WFC.

3 EX T R AC T I N G A N D A NA LY S I N G SP E C T R A

While the spectral extraction and spectral analysis for the WFM
observations are identical to the procedure explained in Kamann
et al. (2020), we modified them for the NFM data. Here, we describe
only these changes.

3.1 Spectral extraction

We need an initial list of stellar positions and brightnesses at which we
extract spectra using PAMPELMUSE (Kamann, Wisotzki & Roth 2013).
The ACS catalogues compiled by Anderson et al. (2008) have been
our standard source for this purpose for most clusters in our survey
(see Kamann et al. 2018); however, they do not contain all sources
visible in the NFM data of M80. ACS images of the cluster core taken
in the high-resolution channel are available and we use the catalogue
derived by Dalessandro et al. (2018) from these data to improve the
source catalogue. After matching stars included in both catalogues
using their positions, the final merged catalogue contains 1500 unique
stars in the region covered by our NFM observations. However, by
visually comparing the combined catalogue with the NFM white-
light image, we estimate that 10–20 per cent of all sources visible
in the NFM observation still do not have a catalogue entry and thus
cannot be extracted. Since these missing stars are all faint, we do not
expect that we could obtain useful spectral fits and stellar parameters
for them, even if a more complete catalogue was available. We also
expect their contribution to the spectra of other stars to be negligible.

PAMPELMUSE reconstructs the shape of the instrumental point
spread function (PSF) in a datacube in order to extract spectra.
While the PSF shape is the well-known Moffat profile for MUSE
WFM observations, it is more complicated in NFM observations. We
implemented the PSF model MAOPPY presented in Fétick et al. (2019)
in PAMPELMUSE to improve the source extraction. The model is
designed for the situation typically faced in adaptive optics, where the
PSF consists of a coherent core near the diffraction limit surrounded
by a seeing-limited halo, the latter being the result of atmospheric
turbulence with spatial frequencies uncorrected for by the deformable
mirror. In the case of MAOPPY, the diffraction-limited part of the
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4790 F. Göttgens et al.

Figure 1. The central 7.5 arcsec by 7.5 arcsec of M80 seen with different instruments. Left: the HST ACS-WFC F606W image (Sarajedini et al. 2007; Anderson
et al. 2008), centre: the MUSE NFM white-light image, right: the MUSE WFM-AO white-light image created from the observation with the best seeing
(0.4 arcsec). At the cluster distance of 10 kpc, a scale of 1 arcsec corresponds to 0.05 pc. The most complete catalogue of this region contains about 1500 stars.

PSF is adapted to the instrument in use, whereas the atmospheric
residuals in the core are modelled as a Moffat function and the
uncorrected spatial frequencies are modelled with the Kolmogorov
turbulence model, which includes the Fried parameter r0 to scale the
turbulence strength. Fig. A2 shows the residuals after PSF and sky
subtraction relative to the original data in three different wavelength
ranges for the MAOPPY model and a combination of a Moffat profile
with a Gaussian core. As the residuals shown in Fig. A2 slightly
increase with increasing wavelength, we suspect that the atmospheric
diffraction is not completely corrected. We will learn more about the
peculiarities of NFM data after reducing more observations. The
FWHM of the PSF in our observations decreases from 40 mas in
the blue part of the spectrum to 30 mas in the red part. The Strehl
ratio is about 5 per cent at 650 nm and increases to a maximum of
10 per cent at 900 nm.

We further noticed that the catalogue positions of a significant
fraction of the resolved stars were not accurate enough at the high
spatial resolution offered by the NFM. This became evident when
we observed significant bipolar fit residuals around the centroids
of the affected stars. Recall that by default, PAMPELMUSE predicts
the positions of the stars in the MUSE data via a global coordinate
transformation from the reference catalogue. The origin of these
inaccuracies could be physical (e.g. due to proper motions) or instru-
mental (e.g. caused by residual errors in the astrometric calibration
performed by the data reduction pipeline). In order to account for
these offset, a new feature was added to PAMPELMUSE, which allows
the user to determine individual offsets δx and δy for each star
relative to the NFM positions predicted by the global coordinate
transformation. In the case of M80, typical offsets of 0.4 spatial
pixels, corresponding to 10 mas, were applied. For comparison, a
star with velocity of 10 km s−1 in the plane of the sky at a distance
of 10 kpc has moved about 3 mas since the HST observations in
2006 (Anderson et al. 2008). Further details on the improvements
implemented in PAMPELMUSE in order to deal with NFM data will be
presented in a forthcoming paper.

3.2 Spectral analysis

To analyse the extracted spectra, we use our well-tested fitting
pipeline described in Husser et al. (2016). Since the adaptive-optics
correction works better in the red than in the blue part of the spectrum,

the spectral noise is higher in the blue part. To take care of this
systematic difference, the full-spectrum fit uses uncertainties derived
from the variance extension of the datacube as weights for spectra
extracted from NFM observations.

3.3 Improvements due to NFM observations

Compared to the previous study of M80 (Kamann et al. 2020), we
obtain spectra of more than a thousand new stars in the central
7.5 arcsec by 7.5 arcsec from our NFM observations. Here, we only
take into account stars with ‘useful’ spectra that are spectra with an
S/N above five, a radial velocity reliability of at least 90 per cent
(see Section 3.4) and a MagAccuracy of more than 80 per cent
(see definition in Kamann et al. 2018). We later use radial velocities
resulting only from spectra that fulfil these criteria. Fig. 2 shows a
colour–magnitude diagram (CMD) of stars inside the NFM region
and indicates whether we have observed useful spectra with the
WFM, the NFM, or if we did not get a useful spectrum. We analysed
the spectra of 185 stars from the WFM observations of the cluster
centre, 176 of them have spectra with a mean S/N of at least five,
and 121 have a mean S/N of at least ten. With the NFM observations,
we gain 932 stars that had no useful analysis result from previous
observations. Of those 932 stars, 891 have spectra with a mean S/N
of at least ten. The total number of stars with useful spectra inside
the NFM footprint is 1072. This implies an overall completeness
of 71 per cent compared to the combined photometric catalogue of
Anderson et al. (2008) and Dalessandro et al. (2018) that contains
1501 stars in the region covered by our NFM observations.

3.4 Filtering data for reliability and binarity

As described in Kamann et al. (2018), we estimate whether a star is
a member of the cluster or a foreground star based on a model of the
Galactic stellar population (Robin et al. 2003) in the direction of the
cluster. Depending on its mean radial velocity and metallicity, each
star is assigned a membership probability.

Regardless of whether a spectrum is extracted from an NFM or
WFM observation, its radial velocity derived from the spectral fit is
assigned a reliability. This reliability is defined in Giesers et al. (2019,
Section 3.2) and it depends on the following properties: the S/N ratio
of the respective spectrum, the quality of a cross-correlation with a
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Figure 2. Left-hand panel: Colour-magnitude diagram (CMD) of the central
region of M80 using the photometric catalogue of Dalessandro et al. (2018).
Grey dots represent stars with spectra extracted from WFM observations
while spectra for the red-orange stars could only be obtained from NFM
observations. The colour corresponds to the mean S/N ratio from our two
NFM observations. Grey triangles are HST sources without extracted spectra
and grey open circles are the two stars with a high radial velocity (see
Section 6). Right-hand panel: our spectral extraction completeness relative to
the HST catalogue for WFM and NFM observations. In both panels, only stars
from which we could extract useful radial velocities are taken into account.

suitable template model spectrum, the difference of the radial velocity
derived from the cross-correlation and the full-spectrum fit, plausible
uncertainties of the radial velocity from the cross-correlation and
full-spectrum fit, and agreement between the fitted radial velocity
and the mean cluster radial velocity. In this study, we include all
radial velocities resulting from a fit with a reliability of more than
90 per cent.

When multiple radial velocities are available for a given star, we
use the method described in Giesers et al. (2019) to compute the
probability p that they show temporal variability. Since the dynamical
model we use is not able to take binary stars into account, we follow
Kamann et al. (2020) and only include stars with p < 80 per cent,
removing 169 stars from further analysis (about 2 per cent of our
final sample of stars). We average all reliable radial velocities of the
same star weighted by their uncertainties to obtain a mean radial
velocity. After filtering, we check the consistency of WMF and
NFM observations by computing the mean radial velocity per star
separately for WFM and NFM observations. For stars which were
observed in both modes, the weighted mean difference of the WFM
and NFM velocities is −0.03 ± 0.77 km s−1. The number of stars in
our analysis after filtering is 9720. In the further analysis, we use the
measured radial velocities after subtracting the mean radial velocity
of about 9.7 km s−1.

This procedure removes two interesting stars very close to the
Goldsbury et al. (2010) cluster centre (less than about 1 arcsec) with
high radial velocities of (88 ± 7) and (101 ± 4) km s−1 relative
to the Solar system barycentre, respectively, and about 10 km s−1

less relative to the cluster. It is plausible that both stars are cluster
members and not foreground stars because of their low metallicities
(both have [M/H] ≈ −2) and their positions in the colour–magnitude

diagram (on the main-sequence and subgiant branch, see Fig. 2). We
discuss these stars in Section 6.

3.5 External kinematic data

To increase the coverage of the outer parts of the cluster, we also
include the radial velocities of Baumgardt & Hilker (2018). Stars
that appear in both data sets have compatible velocities as shown
by Kamann et al. (2020). Before combining these data with ours,
we subtract the mean radial velocity from each individual velocity.
Baumgardt & Hilker (2018) provide a probability P single indi-
cating whether a given star is a single star. We use this information
to exclude stars with P single less than 20 per cent and use the
remaining 230 stars in our analysis. Their radial distances to the
cluster centre are between 20 arcsec and 20 arcmin with a median of
3 arcmin. The total number of stars in our analysis is 9950. There are
no proper motions available for the central regions of M80 because it
is not part of the HST proper motion programme (Bellini et al. 2014).

4 J E A N S M O D E L

4.1 Description

We use the axisymmetric Jeans model code CJAM of Watkins et al.
(2013) which is based on JAM (Cappellari 2008). CJAM was also
used in the previous analysis of Kamann et al. (2020). These Jeans
models include the effects of anisotropy and rotation to calculate
the first and second moments of the velocity distribution at a given
point. We compared the model predictions to our data using the
same maximum-likelihood approach as in Kamann et al. (2020).
The advantage of this approach is that it does not bin the velocities
but works with all individual data points. While this increases the
computational complexity, it removes the subjective binning step
from the analysis.

Since we share the basic model and analyse data of the same GC,
we adopt several parameters from the study of Kamann et al. (2020).
In particular, we assume an axial ratio of q = 0.9 for the cluster
elongation. We also assume isotropy, i.e. the velocity dispersion
along the line of sight and those tangential to it are identical (β = 0).
This assumption is justified by the core relaxation time of 107.78 yr
(Harris 1996) that suggests isotropy at the core radius (Watkins et al.
2015, section 5.4).

Compared to the previous study, the model differs in the following
aspects:

(i) The coordinates for the cluster centre are no longer fixed to the
literature values. Instead, we use two new parameters, �x and �y,
with Gaussian priors centred on the photometric centre of Goldsbury
et al. (2010) to account for uncertainties in the determination of the
cluster centre.

(ii) We compute a two-dimensional grid of 960 profiles in the
form of multi-Gaussian expansions that cover centre offsets between
−3 and +3 arcsec relative to the Goldsbury et al. (2010) photometric
centre and use the MGE of the closest grid point to compute the Jeans
model during each Markov Chain Monte Carlo (MCMC) step. To
construct these profiles, we used the HST photometry of Dalessandro
et al. (2018) complemented by the Gaia data of de Boer et al. (2019)
as described in Kamann et al. (2020), Section 4.1.

(iii) As suggested by Hogg & Foreman-Mackey (2018), the
rotation field is now parametrized by two vector components, κx

and κy, instead of its amplitude and an angle. While Kamann et al.
(2020) determined the position angle before the main MCMC run,
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Figure 3. The distribution of centre offsets �x and �y is bimodal. We use
the line Y = 0.2�x − 1.1 arcsec to separate the samples into a northern
solution with �y > Y and a southern solution with �y < Y.

we vary these parameters together with all remaining ones during
the MCMC run. As the Jeans code assumes the semimajor axis to
be aligned with the x-axis of the coordinate system, we rotate our
data by the current position angle estimate prior to calculating a new
model.

(iv) We include a potential for an IMBH parametrized by its mass.
JAM and CJAM implement this by adding an additional Gaussian
component to the MGE. At a mass of zero, the total potential is equal
to the potential without a central IMBH.
We take a uniform probability distribution between 0 and 15 000 M�
as a prior for the IMBH mass.
We follow a comment in Cappellari (2008) and fix the standard
deviation of the corresponding MGE component to σ PSF/3 ≈ 25 mas.

For a given set of parameters, the Jeans code predicts the mean
velocity and the velocity dispersion at the location of each star
from our kinematic data set. As usual for MCMC approaches, we
calculate parameter distributions by maximizing the product of the
prior and the likelihood function, which is a Gaussian centred on the
difference of measured velocities and the model prediction at that
position (Watkins et al. 2013, equation 12). Table A2 lists the eleven
parameters and their respective priors. We use the affine invariant
ensemble MCMC sampler EMCEE (Foreman-Mackey et al. 2013).
We use 192 walkers and a chain length of 2000 after burn-in.

4.2 Results

The parameter distributions that we generate with the MCMC
sampler (see Fig. A3) are bimodal in the centre offsets �x and �y.
As shown in Fig. 3, we separate the samples along the line Y = 0.2�x
− 1.1 arcsec in the �x�y-plane. About one-third of all samples have
�y ≥ Y and we name them ‘northern solution’, we name the other
two-thirds with �y < Y ‘southern solution’. The four circular gaps
visible in the southern solution are each centred on a grid point of the
MGE grid. The MGE at these locations have one component fewer
than the surrounding ones and while they fit the surface brightness
profile, they apparently cause a decrease in the likelihood when used

as input for the Jeans model to fit the velocities. We present the
overall parameter distribution resulting from the MCMC sampling
in this section when there is no difference between the northern and
the southern solutions and comment on the difference if there is any.

The profile of the mass-to-light ratio ϒ(r) has a minimum at
rϒ = 1.4+0.9 ′

−0.8 . We find a mean value of ϒ = 1.87 ± 0.15 M� L�−1

for the cluster which is consistent with the value of ϒ = 1.72 ±
0.20 M� L�−1 determined in Kamann et al. (2020) and also with ϒ =
1.93 ± 0.12 M� L�−1 from Baumgardt, Sollima & Hilker (2020). We
plot profiles of the mass-to-light ratio ϒ(r) using random samples
drawn from our chain in Fig. A4. The total cluster mass is (3.0+0.2

−0.3) ×
105 M�.

For the median intrinsic flattening, we find q̄ = 0.86+0.03
−0.05 that is

also consistent with q̄ = 0.83 ± 0.06 found by Kamann et al. (2020).
This corresponds to an inclination of 60◦ ± 15◦.

The histograms of all 11 free parameters of the fitted Jeans model
and their pairwise correlations are shown in Fig. A3.

4.2.1 Dispersion and rotation profiles

To compare if the complex kinematic model actually reproduces
our data, we plot the velocity dispersion profiles computed from the
parameters in the chain with our data in Fig. 4. This figure also shows
a comparison of the observed surface brightness profile and the fitted
MGE models.

We binned the data radially and applied a much simpler kinematic
model to each bin which determines a constant velocity dispersion
and the components vx and vy of the rotational vector. In this
model, the predicted radial velocity follows a Gaussian probability
distribution with dispersion σ and a mean that depends on the model
parameters vsys, vx, and vy and on the position angle θ of a star
according to

v(θ ) = vsys +
√

v2
x + v2

y sin[θ − arctan(vx/vy)], (1)

where θ − arctan(vx/vy) is the angular distance to the rotation axis.
To account for the uncertainty of the cluster centre coordinates, we
repeat the binning for 250 potential centres drawn from the MCMC
chain. The values from this simple model and the Jeans model agree
with each other. Furthermore, Fig. 4 shows the velocity dispersions
used in the analysis of M80 by Baumgardt & Hilker (2018) which
also agree with our values. The Jeans model has a central velocity
dispersion (at radius of 1 arcsec) of 12.8 ± 1.3 km s−1, which is
about 2 km s−1 more than the value of 10.5 ± 0.5 km s−1 from
Baumgardt & Hilker (2018). The northern solution has a lower central
velocity dispersion of 11.7 ± 0.6 km s−1 and the southern solution
has a central velocity dispersion of 13.4 ± 0.8 km s−1. To check if
the higher values for the central velocity dispersion of the southern
solution are an artefact caused by a few stars with unusual radial
velocities, we plotted the radial velocity of individual stars close to
the respective centres as a function of the centre distance. We did not
find any outliers in these plots. Instead, the overall scatter in the radial
velocities is larger around the centre of the southern solution. To
further check how reliable the increased velocity dispersion around
the southern centre is, we compute the biweight scale of the radial
velocities, a robust measure of the standard deviation (see Beers,
Flynn & Gebhardt 1990) for the n nearest neighbours of each star in
the NFM field of view (n = 20, 40, 100). This method also shows
an increase in the velocity dispersion around the southern centre but
not around the northern one.

We find an overall rotation angle of 66◦ ± 6◦, consistent with the
angle of 60◦ ± 3◦ found by Kamann et al. (2020). Fig. A5 shows the
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Figure 4. Radial profiles of the surface brightness (left column) and the velocity dispersion (right column). In the left column, filled circles show the profile
derived using the photometry presented in Dalessandro et al. (2018), while the solid line shows our best-fitting MGE model. In the right column, filled circles
indicate the dispersion obtained directly from the MUSE data, whereas solid lines indicate the predictions from the Jeans models. In all panels, errorbars and
shaded areas represent the 14th and 86th percentiles. The top row includes only MCMC samples from the northern solution, the bottom row only from the
southern solution. The reference data from Baumgardt & Hilker (2018) are plotted as published, i.e. without taking into account any centre offset.

radial profile of the rotation amplitude derived from the final MCMC
chain. That figure also shows the rotation amplitude computed using
the same radial bins and model as for the dispersion plot described
above. The radial rotation profile follows the one from Kamann et al.
(2020) as expected. The binned data show a very large uncertainty
towards the cluster centre because the bin radii are similar to the
uncertainty in the centre coordinates.

As a consistency check, we also compute the biweight location
of the radial velocities, a robust measure for the mean (Beers et al.
1990), for n = 250 nearest neighbours of each star in the central
100 arcsec × 100 arcsec. We calculate the rotational parameters
from these velocities by treating them as ordinary velocities in
our simple model (equation 1). As demonstrated in Fig. A5, the
rotational amplitude and angle derived in this way have a sim-
ilar radial profile as the ones directly computed from the radial
velocities.

We had a closer look at whether the core of M80 rotates.
While such a central rotation component is expected to be short-
lived because of the effects of two-body relaxation, evidence for a
decoupled core has for example been reported in the core collapse
cluster NGC 7078 (van den Bosch et al. 2006; Usher et al. 2021). The
central rotation curve strongly depends on the position of the cluster
centre since we use the radial distance to the centre for binning. To
account for the uncertainty in the position of the cluster centre, we
draw 250 pairs of the centre position offsets �x and �y from our
final MCMC chain. Fig. 5 shows the joint distribution of the x- and
y-component of the rotation velocity for different radial bins. While
we find a clear rotation signal of vrot = 1.9 ± 0.4 km s−1 in the
outer parts of the cluster, similar to the value of 1.97 ± 0.84 km s−1

determined by Sollima, Baumgardt & Hilker (2019, table 1), it is less

clear if the cluster core (rcore ≈ 8 arcsec, Harris 1996; Baumgardt &
Hilker 2018) is rotating. In this region, the rotation components
follow a broad distribution with a median of 0.9 km s−1, 90 per cent
of all samples are below vrot = 1.6 km s−1. We note that the central
rotation angle is offset from the rotation angle in the outer parts of
the cluster by about 150◦ ± 30◦.

4.2.2 Position of the cluster centre

The centres of GCs are usually determined using photometric data.
There are three recent measurements for the cluster centre of M80.
Goldsbury et al. (2010) found RA = 16h17m2.s41 and Dec. =
−22◦58

′
33.′′9 with an uncertainty of 0.2 arcsec, while Dalessandro

et al. (2018) found RA = 16h17m2.s481 and Dec. = −22◦58
′
34.′′098

with an uncertainty of 0.17 arcsec, and Lützgendorf et al. (2013)
found RA = 16h17m2.s4 and Dec. = −22◦58

′
32.′′6 with an uncertainty

of 0.7 arcsec. We compare these centres with the offsets in the centre
position as sampled by our MCMC chain by transforming the offsets
to equatorial coordinates and plotting their density in Fig. 6. The
centre of the northern solution is located at

RA = 16h17m2.s36, Dec. = −22◦58′33.′′4, (2)

and the centre of the southern solution is located at

RA = 16h17m2.s30, Dec. = −22◦58′35.′′7. (3)

As these centres are determined from a dynamical model and to
distinguish it from the photometric centres, we call them dynamical
centres. The contours around the dynamical centres in Fig. 6 show
the uncertainties which are larger than those for the photometric
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Figure 5. Joint distribution of the estimated x- and y-component of the
rotation velocity. Each set of contours contains 50, 68, 87, and 95 per cent of
all samples (from inner- to outermost) belonging to the core region (blue) or
the outer region (red) of M80. The outer region is rotating, but it is not clear
if the cluster core (r < 8 arcsec) is also rotating.

Figure 6. Contour plot of our estimate of the kinematic centre of M80.
The blue-shaded regions cumulatively contain 68, 87, and 95 per cent of all
samples (from inner- to outermost). The two white crosses are the centres
of the northern and the southern solution. G10 denotes the centre found in
Goldsbury et al. (2010), L13 is from Lützgendorf et al. (2013), and D18
is the centre of Dalessandro et al. (2018). The smaller circles mark the
potential central high-velocity main-sequence (HV-MS) and subgiant (HV-
SG) stars. The orange line indicates the rotation axis of the whole cluster and
its uncertainty computed from the 16th and 84th percentiles, using G10 as
the reference centre.

centres. While the centre of the northern solution is close to the
known photometric centres, especially to the ones from Goldsbury
et al. (2010) and Lützgendorf et al. (2013), the southern centre is
located at a distance of about 2.4 arcsec to the south-west of the
northern centre.

Figure 7. Distribution of the IMBH masses obtained via Jeans modelling
around different centres.

4.2.3 Limits on the IMBH mass

The posterior distribution of the mass has a peak at masses below
1000 M� and another peak at about 5000 M�. The uncertain position
of the centre has a large impact on the shape and moments of the
distribution of the IMBH mass, as can be seen from Fig. 7. Here,
we compare the IMBH mass distributions of the northern and the
southern solutions. The 90 per cent upper limits on the IMBH mass
(rounded to the nearest 100 M�) are 3000 and 6800 M�, respectively.
Given a peaked shape of the IMBH mass distributions for the southern
centre, we also report a median IMBH mass and an 1σ uncertainty
of 4600+1700

−1400 M� around this centre.

5 N - B O DY MO D E L S

In order to further investigate if the observed velocity dispersion
of M80 requires the presence of an IMBH, we fit a grid of N-
body models against the observed surface brightness and velocity
dispersion profiles. In particular, we use the grid of IMBH models
presented by Baumgardt (2017) and the grid of models with varying
stellar-mass back hole retention fractions presented in Baumgardt
et al. (2019). Baumgardt (2017) and Baumgardt et al. (2019) have run
a grid of about 3000 N-body simulations of star clusters containing
N = 100 000 or N = 200 000 stars using NBODY6 (Aarseth 1999;
Nitadori & Aarseth 2012), varying the initial density profile and
half-mass radius, the initial mass function and the mass fraction of an
IMBH in the clusters. Fig. 8 compares the best-fitting models without
an IMBH and with IMBHs containing 0.5, 1.0, 2.0 and 5.0 per cent
of the final cluster mass of 3 × 105 M� with the observed velocity
dispersion profile and the observed surface brightness profile for
the northern and southern centre solutions (also see Tables A3 and
A4). Around the southern centre it can be seen that models with
an IMBH lead to somewhat better fits of the velocity dispersion
profile, whereas the surface brightness profile is better reproduced
by the models without an IMBH. Measuring the error weighted
difference between observed and predicted velocity dispersion and
dividing by the number of degrees of freedom, we obtain a reduced
χ2

r value of 1.54 for the 2 per cent IMBH model from the fit to
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Central kinematics of M80 4795

Figure 8. Comparison of the observed surface brightness and the observed velocity dispersion computed from radial bins around the northern and southern
centre, respectively, to N-body models with an IMBH. See Tables A3 and A4 for more details on the models.

the velocity dispersion profile, while a no-IMBH solution gives
χ2

r = 2.25. Including the fit to the surface brightness profile as well,
the reduced χ2

r value is 1.16 for the 2 per cent IMBH model and
1.51 for the 0.5 per cent IMBH model while the no-IMBH model
has χ2

r = 1.24. Hence, the N-body models confirm the results of
the Jeans modelling that an IMBH of a mass of around 6000 M�
provides an acceptable fit for M80 if the southern solution is adopted
as the density centre. A no-IMBH model does however provide a
good fit around this centre as well. Around the northern centre, we
find similar fit results. The no-IMBH solution provides the best fit
but the IMBH models result only in slightly worse fits and are also
acceptable solutions. Again, the surface brightness profile is better
reproduced by a model without any IMBH. Thus, if the northern
centre is adopted, an IMBH with a mass of up to about 6000 M� is
possible as well.

The corresponding fit of models with different retention fractions
of stellar-mass black holes is depicted in Fig. 9. We obtain rather
poor fits to the surface brightness profile for models with retention
fractions of stellar-mass black holes greater than 30 per cent. The
fits become worse the larger the assumed retention fraction of
stellar-mass black holes. This is particularly striking for the surface
brightness profile, as all models with significant retention fractions
produce a core that is larger than what is observed, in agreement
with the prediction that clusters harbouring a considerable number
of black holes should have large core radii (Arca Sedda, Askar &
Giersz 2018). We therefore conclude that the initial retention fraction
of black holes in M80 was low or that nearly all stellar-mass black
holes have been ejected from this cluster.

6 D I S C OV E RY O F T WO STA R S W I T H H I G H
R A D I A L V E L O C I T Y

We find two stars very close to the Goldsbury et al. (2010) cluster
centre (with a distance less than about 1 arcsec, see Fig. 6) with a
high radial velocity relative to the Solar system barycentre: a main-
sequence star with v = (88 ± 7) km s−1 at a projected distance
of 1.1 arcsec (RA = 16h17m2.s345, Dec. = −22◦58

′
33.′′33) and a

subgiant star with v = (101 ± 4) km s−1 at a projected distance of
0.4 arcsec (RA = 16h17m2.s414, Dec = −22◦58

′
33.′′51). While we

have two spectra of the main-sequence star and three spectra of the
subgiant, we could only derive one and two useful radial velocities
respectively due to the low signal-to-noise of the remaining spectra.
The radial velocity of both stars is well above the central escape
velocity of M80 (41.4 km s−1; Baumgardt & Hilker 2018).

High-velocity stars have been reported in three other clusters: in
NGC 2808 (Lützgendorf et al. 2012), in M3 (Gunn & Griffin 1979),
and in 47 Tuc (Meylan, Dubath & Mayor 1991). In these cases, two
stars were detected with a radial velocity a few times the velocity
dispersion above or below the mean cluster velocity but below the
central escape velocity of the respective cluster.

The high radial velocity of these two stars can be explained in
several ways.

6.1 Foreground star

One or both stars could be foreground stars instead of cluster
members. Using the Besançon model (Robin et al. 2003) of the region
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Figure 9. Comparison of the observed surface brightness and the observed velocity dispersion computed from radial bins around the northern and southern
centre, respectively, to N-body models with stellar-mass BHs. The N-body models have different initial retention fractions for stellar-mass BHs (see Tables A3
and A4 for more details on the models).

close to M80, we estimate that about 0.7 per cent of all foreground
stars have −2.25 < [Fe/H] < −1.75, |v| > 80 km s−1 and a V
brightness above 21 mag. As we find n = 25 non-member stars
in the central 6 arcsec, the probability of having one high-velocity
non-member star in this region is 16 per cent, and it is 5 per cent
for the central 1.5 arcsec. The probability that two or more such
stars are present is about 1 per cent and 0.04 per cent, respectively.
In order to further investigate the membership of the fast-moving
stars, we analysed two sets of HST observations, one obtained in
2006 (HST proposal ID 10775, PI: Sarajedini) and one taken in
2012 (HST proposal ID 12605, PI: Piotto). We analysed each data
set using DOLPHOT (Dolphin 2000, 2016) and transformed the HST
coordinates into the ICRS reference frame by cross-matching the
stellar coordinates against those of the Gaia EDR3 catalogue (Gaia
Collaboration 2021). For each data set, we performed an epoch
transformation of the Gaia coordinates back to the epoch when
the HST observations were taken, using the measured Gaia proper
motions of the stars. Comparison of two sets of stellar coordinates
obtained from the cross-matching then allows us to calculate the
absolute proper motions of the stars. We obtain a mean cluster motion
of (μα∗, μδ) = (−3.03 ± 0.05, −5.61 ± 0.05) mas yr−1, in good
agreement with the proper motion found by Vasiliev & Baumgardt
(2021) from the Gaia EDR3 data directly. For the fast-moving SGB
star, we find a mean proper motion of (μα∗, μδ) = (−3.37 ± 0.45,
−5.87 ± 0.45) mas yr−1, well within the range of proper motions
that we obtain for the other member stars and fully compatible
with a cluster membership of this star. We therefore consider it
likely that the SGB star is a cluster member. Unfortunately, we

are not able to determine a proper motion for the main-sequence
star.

6.2 Binary star

The orbital motion of stars in a binary system could be the source
for the high radial velocity. Since we only have two radial velocities
(104.9 ± 6.4 and 99.1 ± 5.4 km s−1) taken about 10 months apart
for the subgiant star and only one for the main-sequence star, we
cannot entirely exclude variations in the radial velocity. However,
we note that our measurements are consistent with a constant radial
velocity. Plausible binary system configurations that would produce
a velocity amplitude of about 90 km s−1 containing a star with a mass
of 0.75 M� are a short-period system with a low-mass star, a system
with a compact host (white dwarf, neutron star, stellar-mass black
hole) with a period of several days, or a system with an IMBH as host
with a period of several years. To estimate the number of suitable
binary systems, we use a binary fraction of 5 per cent estimated from
our data, comparable to the low binary fraction of less than about
5 per cent in this cluster (see Milone et al. 2012; Ji & Bregman 2015).
This value is higher than the 2 per cent of stars removed from our
sample because of radial velocity variations (Section 3.4) since it
is corrected for incompleteness due to a limited number of epochs
and low-velocity variations. Assuming that 1 per cent of all binary
systems have a suitable configuration, we expect 0.5 of 1000 stars
to be in such stellar binary systems. If one of the stars is in a bound
orbit around an IMBH with a mass of 4000 M�, its orbital distance
must be less than 2mIMBHG/v2 which corresponds to 0.1 arcsec at the
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distance of M80. This also excludes the possibility that both stars are
bound to the same IMBH.

6.3 Radial velocity outlier

Since the radial velocities of both stars are about 40 and 50 km s−1

greater than the cluster escape velocity of 41.4 km s−1 (Baumgardt &
Hilker 2018), the stars are not gravitationally bound to the cluster.

6.4 Accelerated by interaction

Interactions between binary systems with a single stellar-mass black
hole can scatter one of the stars in the binary system and accelerate
it to high velocities (e.g. Lützgendorf et al. 2012). We expect the
probability of this process to be proportional to the number of stellar-
mass black holes in the cluster, which is low according to the best-
fitting N-body models. Similarly, an IMBH, if present, should be able
to scatter stars in the same way as a stellar-mass black hole.

In conclusion, the mechanism leading to the high radial velocities
is not obvious. One of the most likely explanations, the Kepler motion
in a binary system, could easily be confirmed or rejected with a few
additional measurements.

7 D ISCUSSION

Our MCMC sampling reveals the existence of two possible solutions
for the centre offsets of the Jeans model of M80: the northern solution
has the centre close to the photometric centres from the literature and
it does not need an IMBH to describe the observed kinematics, and a
southern solution with a centre at a distance of about 2.4 arcsec from
the northern one that needs an IMBH with a mass of 4600+1700

−1400 M�.
The dynamical centre of the southern solution is at a distance of

about 2–3 arcsec from the photometric centres in the literature. A
distinct dynamical centre would indicate a perturbed system, possibly
caused by an IMBH. We note that a distinct dynamical centre would
be inconsistent with the assumption that the cluster can be described
with a Jeans model where photometric and dynamical centre are
the same by construction. We try to minimize this discrepancy
by choosing an MGE profile constructed for the current centre in
each iteration. Physically, the position of the IMBH is not expected
to be identical with the photometric or dynamical centre. N-body
models predict that the IMBH will wander inside a sphere with a
characteristic radius, the wandering radius rw , around the centre.
de Vita, Trenti & MacLeod (2018) analysed N-body models and
found a scaling relation for this radius that depends on a number of
cluster parameters (de Vita et al. 2018, equation 17). Using values
for the core density and radius from Baumgardt & Hilker (2018)
and assuming a mean stellar mass in the core of 0.65 M�, we find
rw ≈ 0.4 arcsec for an IMBH mass of about 3000–4600 M�. This
radius is less than the distance between photometric and dynamical
centre of the southern solution, indicating that the wandering motion
cannot be the explanation for the observed offset. The sphere of
influence of an IMBH with a mass of 4600 M� has a radius of
0.09 pc (Peebles 1972), corresponding to 1.8 arcsec at the distance
of M80.

Lützgendorf et al. (2013) found a 1σ upper limit of 800 M� for
an IMBH in M80 using data from the integral-field spectrograph
FLAMES/ARGUS. This value is well below all upper limits we
derived. Lützgendorf et al. (2013) calculated their own position
of the cluster centre (see Fig. 6) and did not obtain the velocity
dispersion by analysing spectra of individual stars, instead they
combined unresolved spectra in radial bins. Their velocity dispersion

profile is systematically lower in the cluster centre than ours: while
our profile (Fig. 4) is above 10 km s−1 for all radii below 10 arcsec
(even after accounting for the uncertainty in the determination
of the correct centre), their profile stays below 10 km s−1. As
discussed by Bianchini et al. (2015), there are possible systematic
errors in both methods, integrated-light spectroscopy and single-star
kinematics. However, a common criticism regarding the latter is
that the dispersion would be biased towards low values because of
contamination from unresolved stars. The fact that our dispersion
measurements are above those by Lützgendorf et al. (2013) suggests
that our method is not affected by this. Our IMBH mass upper limit
of 3000 M� for the northern solution is below the IMBH mass
estimate of (3.63 ± 0.95) × 103 M� predicted from Monte Carlo
models (Arca Sedda et al. 2019), while the median IMBH mass
of the southern solution agrees with their result. Estimates for the
mass of an IMBH in M80 based on the M•–σ correlation and similar
correlations range from 1000 to 2610 M� (Safonova & Shastri 2010,
table 6).

We assumed that the cluster kinematics can be described by an
isotropic model (see Section 4.1). As Zocchi, Gieles & Hénault-
Brunet (2017) point out, radially anisotropic models of NGC 5139
show an increase in the central velocity dispersion similar to that due
to the influence of an IMBH. If our assumption about isotropy is not
satisfied in M80, our isotropic model would overestimate the IMBH
mass. Since the cluster has a ratio of age to relaxation time greater
than ten, the N-body models used in Lützgendorf et al. (2011) imply
that the cluster centre is isotropic.

The comparison to N-body models performed in Section 5 suggests
that the observed steep surface brightness profile of the cluster
is better explained by models without IMBH. The binned surface
brightness profile presented in Figs 4, 8, and 9 is derived from
the photometry of Dalessandro et al. (2018) that is based on HST
observations. This profile is about 0.5–0.8 mag arcsec−2 brighter in
the central bins compared to the profile of Noyola & Gebhardt (2006)
and about 1–1.3 mag arcsec−2 brighter than the profiles of Trager,
King & Djorgovski (1995) computed from ground-based photometry.
Figs 8 and 9 indicate that the other surface brightness profiles with
lower central values is less well fitted by the no-IMBH model and
better fitted by the models with an IMBH. An important difference
between the two aforementioned surface brightness profiles and the
one derived in this work is that the former are based on actual
brightness measurements, whereas we adopted star counts. Profiles
based on star counts are robust against shot noise effects caused by
individual bright stars, yet require complete photometry even in the
crowded cluster centres. The availability of ACS-HRC data makes
us confident that our results are not affected by incompleteness.
Note that we only included stars brighter than F435W <19.6 mag,
i.e. about the main-sequence turn-off, when determining the number
density profiles.

Ultimately, our models cannot answer the question which of the
two solutions for the cluster centre is to be preferred, and therefore
whether an IMBH exists in M80. In light of the better agreement with
the photometric determinations of the cluster centre, the northern
solution seems the more likely one. However, our models do include
a prior which favours solutions in agreement with the photometric
centres. Hence, in case the true cluster centre coincides with the
photometric estimates (and our northern solution), the high-velocity
dispersion around the centre of the southern solution is leading
our Jeans models astray. As mentioned earlier, we verified that no
individual high-velocity stars are responsible for the occurrence of
the southern solution. Still, we cannot exclude that some of our model
assumptions, such as a Gaussian line-of-sight velocity distribution
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or axisymmetry, are violated by the actual kinematics in the centre
of M80.

8 C O N C L U S I O N S

We used spectra obtained with state-of-the-art adaptive optics of the
central region in M80 to analyse kinematic properties of the cluster.
We built on an axisymmetric Jeans model used previously for this
cluster by Kamann et al. (2020) and introduced additional parameters
to describe a hypothetical IMBH and offsets between the photometric
centre and the kinematic centre. The parameter samples of our Jeans
model show a bimodal distribution in the centre offsets: a third of
all samples are part of a northern solution with a centre close to
the known photometric centres, the other two-thirds are part of the
southern solution with a centre at a distance of about 2.4 arcsec from
the northern centre. While most parameters do not show significant
differences between the two solutions, the distribution of mass of
the central IMBH is different. Around the northern centre, we find a
distribution with a peak below 1000 M� that quickly decreases with
increasing IMBH mass. The 90 per cent upper limit is 3000 M�. The
IMBH mass distribution of the southern solution has a median and an
1σ uncertainty of 4600+1700

−1400 M�, 90 per cent of all samples are below
6800 M�. N-body models support the existence of an IMBH in this
cluster with a mass of up to 6000 M� although models without an
IMBH provide a better fit to the observed surface brightness profile.
They further indicate that the cluster has lost nearly all stellar-mass
black holes. The overall radial profiles of the mass-to-light ratio and
the rotation velocity agree with the previous analysis of this cluster
(Kamann et al. 2020). While the part outside the cluster core clearly
rotates, it is not clear whether the core of the cluster is rotating.
Our analysis is consistent with no rotation in the centre but the
uncertainty in the position of the cluster centre prohibits any definitive
conclusion. We discussed the detection of two central stars with radial
velocities clearly above the escape velocity of the cluster. Their high
velocities could be explained if one or both stars belong to the Milky
Way population instead to M80, if they are caused by binary motion,
or if one or both stars were accelerated by interactions between a
binary system and a stellar-mass or intermediate-mass black hole.
Of these possibilities, the periodic change of radial velocity due to
binary motion can be confirmed or ruled out by future observations.

Proper motion data of stars in the cluster centre could complement
the radial velocities used in this study. Deep radio and X-ray
observations of the cluster centre could lead to further insights
about a possible IMBH in M80, similar to other clusters (Tremou
et al. 2018). Finally, detailed studies of the stellar-mass function or
the binary fraction within the core radius of M80 could be used to
understand the amount of mass segregation present near the centre
of M80. As argued by some authors, e.g. Gill et al. (2008), an IMBH
would strongly reduce the amount of mass segregation expected near
the centre. In this respect, the finding of Dalessandro et al. (2018)
of differences in the concentrations of the three chemically distinct
populations discovered in M80 might be considered as evidence
against an IMBH.
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A P P E N D I X A : A D D I T I O NA L FI G U R E S A N D TA B L E S

Table A1. MUSE observations of NGC 6093.

Pointing Obs. date Inst. mode Exp. time Prog. ID

01 2015-05-11 07:56:56 WFM 3 × 200 s 095.D-0629
2017-04-23 09:10:55 WFM 3 × 200 s 099.D-0019
2019-05-04 06:44:49 WFM-AO 3 × 200 s 0103.D-0204

02 2015-05-11 08:12:39 WFM 3 × 200 s 095.D-0629
2017-02-01 09:11:41 WFM 3 × 200 s 098.D-0148
2017-04-23 09:29:43 WFM 3 × 200 s 099.D-0019
2019-05-04 07:01:07 WFM-AO 3 × 200 s 0103.D-0204

03 2015-05-11 08:42:29 WFM 3 × 200 s 095.D-0629
2015-05-11 08:58:28 WFM 3 × 200 s 095.D-0629
2017-04-26 04:22:07 WFM 3 × 200 s 099.D-0019
2019-05-04 07:25:53 WFM-AO 3 × 200 s 0103.D-0204

04 2015-05-11 09:14:19 WFM 3 × 200 s 095.D-0629
2017-04-26 04:37:08 WFM 2 × 200 s 099.D-0019
2019-05-04 07:42:12 WFM-AO 3 × 200 s 0103.D-0204

91 2019-05-04 09:40:10 NFM-AO 4 × 600 s 0103.D-0204
2020-02-24 08:45:05 NFM-AO 4 × 600 s 0104.D-0257

Table A2. Priors used in the Jeans model MCMC.

Parameter Prior Unit Description

mIMBH Uniform(0, 15) 103 M� Mass of central dark component
�x, �y Normal(μ = 0, σ = 1) arcsec Offset of GC centre position
ϒ0 Uniform(0.1, ∞) M� L�−1 Central mass-to-light ratio (Kamann et al. 2020)
ϒ t Uniform(0.1, ∞) M� L�−1 Mass-to-light ratio at r = rϒ
ϒ∞ Normal(μ = 3.5, σ = 1) M� L�−1 Mass-to-light ratio at large radii
rϒ Uniform(min(σ i), max(σ i))a arcsec Radius at which ϒ(r = rϒ ) = ϒt

q̄ Uniform(0.2, median(qi)) Dimensionless Parametrization of inclination1 (Watkins et al. 2013)
κx, κy Normal(μ = 0, σ = 5) km s−1 Components of rotation vector
rκ Uniform(min(σ i), max(σ i)) arcsec Scaling length for rotation profile

aσ i and qi are the width and the axial ratio of the i-th component of the MGE.
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Table A3. Fit statistics for N-body models around the northern centre. ‘RV’ refers to fits of the binned radial velocities,
‘SB’ to fits of the surface brightness profile, and ‘total’ to simultaneous fits to both.

mIMBH (M�)
SBH retention frac.

(per cent) χ2
r RV χ2

r SB χ2
r total

0 10 1.23 0.78 0.93
0 30 2.43 1.26 1.65
0 50 1.79 1.57 1.93
0 100 1.16 1.68 2.38
1500 10 1.94 1.56 1.66
3000 10 1.68 1.42 1.49
6000 10 1.14 1.07 1.09
15000 10 2.10 1.33 1.54

Table A4. Similar to Table A4 but for N-body models around the southern centre.

mIMBH (M�)
SBH retention frac.

(per cent) χ2
r RV χ2

r SB χ2
r total

0 10 2.25 0.94 1.24
0 30 3.35 1.15 1.82
0 50 2.34 1.47 2.04
0 100 1.77 1.58 2.51
1500 10 2.00 1.33 1.51
3000 10 2.06 0.97 1.21
6000 10 1.54 1.02 1.16
15 000 10 1.87 1.29 1.44

Figure A1. The four MUSE WFM pointings (01–04) and the central NFM pointing (91) on top of the HST ACS image of M80 (Sarajedini et al. 2007; Anderson
et al. 2008).
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Figure A2. White-light image of an NFM observation and the residuals relative to the original data after subtracting the PSF model (left column: a combination
of a Moffat curve with a Gaussian, right column: MAOPPY) and background in three different wavelength ranges.
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Figure A3. Corner plot of our final MCMC chain. See Table A2 for a description of the parameters.
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Figure A4. Radial profiles of the mass-to-light ratio ϒ , the blue lines corresponds to the median, the shaded areas are the 1σ , 2σ , and 3σ limits.

Figure A5. Radial profile of the rotation amplitude derived from the Jeans model, from individual radial velocities in radial bins, and from the mean radial
velocities of the 250 nearest neighbours of each star.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Chapter 3

Additions to emission-line
analysis

Göttgens et al. (2019b, see Chapter A.1 in the Appendix) present a collection of

emission-line objects in Galactic GCs found with MUSE data. This catalogue

includes binary stars, variable stars, planetary nebulae, known and new cata-

clysmic variables, sub-subgiants, X-ray counterparts, and unclassifiable stellar

sources. While the main algorithm was developed for my Master’s thesis

and many detected emission-line objects are already included in that thesis,

Göttgens et al. (2019b) contains several important additions that I will briefly

summarise here.

The paper includes spectra extracted from MUSE observations made be-

tween November 2014 and March 2019, about three years more data than the

previous analysis (November 2014 until May 2016). NGC 1904, NGC 6218, and

NGC 6624 are analysed in addition to the previous sample of clusters.

By combining measured noise properties with artificial emission lines, we

derived limits on the emission flux thatwe can detect as a function of brightness

for each cluster. These limits decrease by three orders of magnitude with

increasing brightness from 20 mag to 12 mag but only by about one magnitude

between clusters at fixed brightness. It is important to estimate the flux limits

of such a survey because they can be compared with theoretical predictions of

fluxes expected for e.g. planetary nebulae or cataclysmic variables. This allows

the distinction between objects that should have been found if they existed

(prediction above flux limit) and objects that can not be detected even if they

exist (prediction below flux limit).

One main characteristic of our detection method is to discard spectra with a

detection significance belowa threshold. In order to justify theuse of adetection
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threshold, the paper shows that the fraction of true positive detections (spectra

marked as emission line candidates with real emission lines) to total detections

correlates with the detection significance. It increases linearly from very low

values of 5–10% at the lowest accepted detection significance of 7.5 to 60% at a

significance of about 20.

Many new emission-line objects are listed in Göttgens et al. (2019b) that

are not part of the Master’s thesis. These include several candidates for sub-

subgiants and also the CV that caused the Nova T Scorpii observed in 1860

(Sawyer, 1938), one of the two novae observed in a GC.

Although the paper lists nine CVs (two new ones, seven previously known

CVs or candidates in the literature), which is a large number compared to the

ten previously spectroscopically confirmed CVs in a GC, it is still low when it

is directly compared to the expected number of CVs per GC which is in the

order of one hundred. The paper uses the expected brightness distribution

from simulation of Belloni et al. (2019) to show that the nine CVs found in our

survey data – given the distances, our spectral extraction completeness, and the

emission-line detection efficiency – is actually consistent with the expectation

of 10 ± 2 CV detections.

As a by-product of the search of emission-line objects in GCs, we also found

spectra from background starburst galaxies. At first, these detections happened

by chance when prominent galactic emission lines (fromOxygen or Hydrogen)

were redshifted to the rest-frame wavelength of Hα which was the focus of

the stellar emission line search. Later, we developed an algorithm that takes

the wavelengths of strong emission line candidates found in a spectrum and

checks if they are consistent with a at least three lines from a reference list

of wavelengths of galactic emission lines and a common redshift. In total,

21 background galaxies could be found in this way, the range in redshifts is

from 0.052 to 0.737. One galaxy is located at a projected distance of only

4.6 arcsec from the centre ofNGC7099, a core-collapsed cluster and its discovery

demonstrates the capability to look through GCs with MUSE.



Chapter 4

Conclusions and outlook

4.1 The small emission nebula in M22

The small, low-brightness emission nebula discovered in M22 (Section 2.1) is

unique among the four known nebulae (all PNe) in GCs. It is also the only

nebula we discovered in the area covered by the MUSE GC survey. If there

are any additional PNe present, they must be even less luminous – and thus

even less massive – or further outside where they would be easy to find by

photometry. If this nebula is indeed connected to the PN in M22, GJJC-1, why

is it that only this PN (or its central star) has a detached nebula with different

spectral properties? GJJC-1 itself is a strange object, as it seems to be hydrogen-

deficient among several other puzzling features. Perhaps it is not even a PN

(see Jacoby et al., 2017, and references therein). With its low brightness, small

size, and short distance to the GC centre, it will be hard to observe this nebula

with another instrument, e.g. to measure line widths or emission lines outside

the MUSE spectral range. As noted by Jacoby et al. (2017), M22 hosts several

peculiar objects, including two stellar-mass black holes (Strader et al., 2012) and

of course GJJC-1, and it seems we need to add the recently discovered small

emission nebula to that list.

4.2 Is there an IMBH in M80?

Our dynamical analysis of about 10,000 mean radial velocities in M80, of which

about 1000 are from stars within 8 arcsec of the cluster centre, has two possible

solutions: in one solution, the cluster centre is roughlywhere it is expected from

photometric determinations and both Jeans models and N-bodymodels do not

need any IMBH to explain the observed velocity dispersion profile. However,
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a second solution with a dynamical cluster centre roughly two arcsec to the

south of the photometric centre has a higher central velocity dispersion which

can only be explained by an IMBH with a mass of 3000 to 6000 solar masses.

As additional, simpler analyses show, the region of high velocity dispersion

around the southern centre is real. Dispersionmaps createdby spatially binning

velocities in a 2D square grid or with a nearest-neighbour algorithm show the

same increase of the velocity dispersion around the southern centre.

If the northern solution is the one that is realised in nature and thus no IMBH

exists in M80 (or it has a much lower mass) then what causes the increased

velocity dispersion around the southern centre? Given the number of stars,

it is unlikely that uncorrected binaries, i.e. binaries that are not removed

from our analysis because their amplitude is too low compared to the velocity

uncertainties, is the explanation.

If the southern solution is the real one, what causes the IMBH to be about

four times as distant from the photometric centre as expected from numerical

simulations? Does the axisymmetric Jeans model simplify the real velocity

distribution too much? Since N-body models also allow for a 6000-solar-mass

IMBH in the southern centre, it seems unlikely that an IMBH detection is an

artefact of the axisymmetric Jeans model.

Similar observations and analyses of more GCs would help to see if solu-

tions with off-centre IMBHs are common to GCs suspected of having an IMBH.

More observations could also reveal if other GCs, especially those without an

expected IMBH, turn out to have small off-centre regions with an increased ve-

locity dispersion compared to the photometric centre. This will be investigated

by analysing NFM observations of additional GCs which already have been

made or are currently planned.

4.3 Central high-velocity stars in GCs

During the analysis of individual radial velocities in M80, we found two stars

close to the cluster centre with radial velocities higher than the escape velocity

of the cluster. As mentioned in Section 6 in the paper, the origin of the high

velocity of these stars is not clear. In particular, given their position, it seems

very unlikely that one of them is the companion of an IMBH (MacLeod et al.,

2016) since that would be located in the southern centre of the cluster. This

observation shows the power of the MUSE NFM to find high-velocity stars in

GCs. Multiplewell-timed observations can be used to lower the probability that

the radial velocity is due to binarity and the spectral analysis, in particular the

metallicity, can be used to check if the star is a foreground object. The detection

of central stars with a high but variable radial velocity is an independent way to



4.4. PROPER-MOTIONS FROM MUSE NFM OBSERVATIONS 59

find potential IMBHs: by observing the same GC centre multiple times, over a

time span of several years, high-velocities stars could be detected and a simple

analysis of their radial velocity curves could reveal if they are the companions of

an IMBH or ordinary binaries. Detecting IMBH companions in this way seems

far easier than using proper motions or astrometric techniques as suggested

by Monty et al. (2021) using the planned MAVIS instrument, similar to Sgr A*

(Ghez et al., 2008; Genzel et al., 2010). Compared to dynamical modelling –

with Jeans models, N-body codes, or any other model – the detection of IMBHs

by finding their companions via radial velocities does not require numerous

simplifications or any energy-intensive calculations.

4.4 Proper-motions fromMUSE NFM observations

Usually, proper motions of individual stars in GCs are derived from multiple

high-resolution images taken with HST, e.g. hstpromo (Bellini et al., 2017b).

Given the low internal velocities in the order of kilometres per second and the

typical distances to GCs of several kiloparsecs, the observations must be taken

over a time range of several years. The observations also need to be calibrated

in a more sophisticated way compared to normal photometric observations to

reduce the effect of optical distortions in the field of view.

Since observations with the MUSE NFM of GC centres can have a spatial

resolution better than HST-ACS in the wide-field channel (WFC), the question

arises if the NFMdata together with the HST catalogue positions can be used to

determine proper motions. The idea is to use the published catalogue positions

from theACS Survey (Anderson et al., 2008; Sarajedini et al., 2007) as a reference

point and the positions measured in the NFM datacubes as additional data

points. In our data analysis pipeline, we use PampelMuse (Kamann et al., 2013)

to extract the stellar spectra from the reduced datacube. The locations at which

to extract the flux are not fully determined by PampelMuse, instead, it uses the

catalogue of the ACS Survey as an initial guess (after correcting for a global

offset). In its newest version, modified for the use with NFM data, PampelMuse

then searches for the star in a small 2D region around the catalogue position.

For each star, the offsets δx , δy relative to the catalogue position are recorded

for later use. The offsets together with the observation dates form a time-series

(ti , δxi). Ignoring any effects due to binarity or calibration, the relation between

ti and δxi should be linear, i.e. δx � vx t + x0 , where vx is the proper motion in

the x direction. Computationally, vx and vy are determined by fitting a straight

line to ti and δxi and ti and δyi , respectively.

We apply the described method to M80 where we have two NFM obser-

vations, taken on May 4, 2019, and February 24, 2020. Together with the
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Figure 4.1: Proper-motions in the central 7.5 × 7.5 arcsec
2
(the MUSE NFM

field-of-view) of M80. Each arrow starts at a ACS catalogue position of a star.

The x- and y-component of each arrow is proportional to the proper motion in

that direction.
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Table 4.1: Percentiles of the distributions of proper motions vx , vy , and radial

velocity vr , as well as their statistical uncertainties. All values are given in

km/s.

percentile

parameter 16th 50th 84th

vx -27.5 1.6 30.0

vy -22.7 2.0 30.2

vr -12.8 -0.4 12.0

vx ,unc. 3.2 11.9 26.0

vy ,unc. 2.9 10.3 23.6

vr,unc. 3.3 5.9 9.9

corresponding HST observation used for the ACS catalogue of M80 taken on

April 6, 2006 (Anderson et al., 2008), the baseline is about 14 years. The total

number of stars in each MUSE NFM observation that we can extract with Pam-

pelMuse is about 1000. However, about 700 stars that are in the ACS catalogue

are extracted from both NFM datacubes.

Figure 4.1 shows themeasured proper motions as arrows. Each arrow starts

at a catalogue position of a star. The x- and y-component of each arrow is vx

and vy , respectively. In all four corners of the MUSE NFM field-of-view, there

is a large number of correlated motions towards the centre. This is very likely

an artefact, possibly caused by optical distortion. The proper motions seem to

be correlated nearly everywhere in the plot, i.e. stars close to each other have

moved in a similar direction with a similar speed. This too seems to be caused

by instrumental effects, e.g. uncorrected small-scale distortions that would

similarly affect neighbouring stars.

Table 4.1 lists percentiles for the distributions of velocity components and

their uncertainties. The order of magnitude of the velocities is the same as the

radial velocity. However, the standard deviation is about 30 km/s and roughly

twice as large as the standard deviation of the radial velocities. This property

cannot only be explained by the larger uncertainties. It is thus very likely that

systematic effects are dominant here. This is not totally unexpected as MUSE

is not designed to be an astrometric instrument.

A possible way to quantify distortions and other systematic effects would

be a direct comparison of proper motions of individual stars measured with

high astrometric quality (e.g. hstpromo) and the offsets determined in the way

described above for the same stars. This should be possible for NGC 5139

where proper motions measured from HST are available (Bellini et al., 2017a)

and NFM observations also exist.
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4.5 Future observationswithMUSE andBlueMUSE

While the MUSE wide-field mode (WFM) has been used to observe Galactic

and extra-galactic GCs with and without adaptive optics for several years now,

the possibility to observe with the NFM is relatively new and more restricting

in terms of environmental conditions and the choice of a guide star. With

recent relaxations to the guide star choice (ESO, 2021) and thus an increase

in the possible locations in the sky where it can be used, the NFM might

be used more frequently in the future. In the case of GC observations, this

could mean more freedom in the exact positioning in a GC core or even the

possibility of off-centre observations of interesting objects that are too strongly

affected by crowding or are too faint for the WFM. Taking into account the

high throughput of the NFM and the very large number of stars that can be

simultaneously observed (about 1000 stars in case of our observations of M80),

repeated observations of GC cores can efficiently detect binaries similar to

Giesers et al. (2019). Future repeated NFM observations of central GC fields

will allow the detection of binaries in the GC core for stars that are not even

visible in WFM observations due to crowding or brightness. Because of mass

segregation, the heaviest binaries, and potentially triple systems, are expected

closer to the GC centre than less heavy systems. Besides interesting binary

systems such as those with a stellar-mass black holes, neutron stars, or white

dwarfs, companion stars of any potential IMBH could also be found this way

(see Section 4.3). The potential to observe the brightest white dwarfs of a GC

with the NFM is currently under investigation.

BlueMUSE is a proposed integral-field spectrograph for the VLT optimised

for observations in the blue spectral region (Richard et al., 2019). Compared

to MUSE, it is planned to have a field of view twice as large, a higher average

spectral resolution of R ≈ 3600 but a lower spatial sampling of 0.3 arcsec and no

AO system. The planned spectral range extends from 350 to 600 nm compared

to 480 to 930 nm for MUSE. For observations of globular clusters, BlueMUSE

will allow the observation of spectral lines bluewards of Hβ, in particular the H

and K lines caused by calcium. The larger density of spectral lines, mostly from

iron, in this region compared to the region available with MUSE will decrease

theuncertainty of themetallicitydeterminedwith a full-spectrumfit. Itwill also

improve measurements of the radial velocity which is expected to lead to more

sensitive searches for radial velocity variations to detect binaries. Kinematical

properties of thewhole cluster, in particular the rotation and velocity dispersion

profiles, can bemeasuredmore accurately. These analyses also benefit from the

larger field of view which captures stars at a larger central distance and thus

increases the spatial coverage compared to a single observation with MUSE.
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The spectroscopic analysis ofmultiple populations (see Section 1.2.6) will be

possible with BlueMUSE since the CN molecular band is in its spectral range.

Instead of the more usual separation of stars into populations by using pseudo-

colours derived from a fewphotometric filters, BlueMUSEwill allow separation

by spectroscopic properties (e.g. Hollyhead et al., 2017). Not only red-giant

branch stars will be accessible this way, but also main-sequence stars which are

less evolved and perhaps offer clues to the origin of multiple populations.
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ABSTRACT

Aims. Globular clusters produce many exotic stars due to a much higher frequency of dynamical interactions in their dense stellar
environments. Some of these objects were observed together with several hundred thousand other stars in our MUSE survey of 26
Galactic globular clusters. Assuming that at least a few exotic stars have exotic spectra (i.e. spectra that contain emission lines), we
can use this large spectroscopic data set of over a million stellar spectra as a blind survey to detect stellar exotica in globular clusters.
Methods. To detect emission lines in each spectrum, we modelled the expected shape of an emission line as a Gaussian curve. This
template was used for matched filtering on the differences between each observed 1D spectrum and its fitted spectral model. The
spectra with the most significant detections of Hα emission are checked visually and cross-matched with published catalogues.
Results. We find 156 stars with Hα emission, including several known cataclysmic variables (CV) and two new CVs, pulsating
variable stars, eclipsing binary stars, the optical counterpart of a known black hole, several probable sub-subgiants and red stragglers,
and 21 background emission-line galaxies. We find possible optical counterparts to 39 X-ray sources, as we detected Hα emission in
several spectra of stars that are close to known positions of Chandra X-ray sources. This spectral catalogue can be used to supplement
existing or future X-ray or radio observations with spectra of potential optical counterparts to classify the sources.

Key words. globular clusters: general – stars: emission-line, Be – novae, cataclysmic variables – catalogs –
techniques: imaging spectroscopy

1. Introduction

In the dense stellar environments of globular clusters (GCs), the
frequent interactions between stars produce a wealth of stel-
lar exotica. This includes interacting binary systems and end
states of stellar evolution, such as cataclysmic variables (CVs,
Ivanova et al. 2006), pulsars (Ransom 2007), and planetary neb-
ulae (PNe; Jacoby et al. 2017). Emission lines are expected to
appear in the optical spectra in at least some of these stel-
lar types; those stars are then classified as emission-line stars.
Because of the old age of globular clusters and their stars, some
types of emission-line stars still present in the Milky Way disc do
not exist (anymore) in globular clusters, for example Wolf-Rayet
stars or Be stars.

In recent years, several stellar-mass black hole (BH) can-
didates have been found in binary systems in globular clusters
(Strader et al. 2012; Giesers et al. 2018). Photometric observa-
tions suggest that some of these systems could be Hα emit-
ters. While stellar-mass BHs were long thought to be ejected
from GCs during cluster evolution, the discoveries of stellar-
mass BH candidates in multiple clusters indicate a large pop-
ulation of these black holes inside evolved GCs (Strader et al.
2012; Askar et al. 2018; Kremer et al. 2018).

? Table A.2 and spectra (FITS) are available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/631/A118

Cataclysmic variables are binary systems consisting of a hot,
compact white dwarf and a dwarf star in a close orbit. The white
dwarf accretes material from its companion star that accumu-
lates in an accretion disc. In the dense stellar environments of
globular clusters, CVs and progenitor systems are influenced by
dynamical interactions, with up to 50% forming via a binary
encounter (Ivanova et al. 2006, but also see Belloni et al. 2019).
The number of predicted CVs per cluster is of the order of
200, but the number of observed CV candidates or confirmed
CVs in the literature is much lower (Knigge 2012). CV candi-
dates can be found with photometric observations, for example
by looking for dwarf nova outbursts, for stars with UV excess
(e.g. Rivera Sandoval et al. 2018), for outliers in the colour-
magnitude diagram (CMD) of a GC (e.g. Campos et al. 2018), or
by using Hα surveys (Knigge 2012). Alternatives for detecting
CVs are far-ultraviolet spectroscopy which has also been useful
for detecting CVs in globular clusters (Knigge et al. 2003), and
X-ray observations. Follow-up optical spectroscopy to confirm
CVs in GCs is difficult because of the crowded fields and the
intrinsically low brightness of CVs.

When a nova occurs in a CV, it can leave behind a visi-
ble emission nebula as a remnant such as the one in NGC 6656
(Göttgens et al. 2019). Nova remnants are not the only type of
nebula in GCs; another type are planetary nebulae of which four
are known in the Galactic GC system. Even this low number of
PNe in GCs is too high because the low masses of AGB stars
should prohibit the formation of PNe (Jacoby et al. 1997). This
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lead to the prediction that PNe in GCs are formed by a different
mechanism, possibly by binary interaction (Jacoby et al. 1997,
2017).

Many stellar exotica in GCs have been found using X-ray
observations. However, it is less clear which optical counterpart
belongs to an X-ray source when only broad-band photometry is
available. In this case, a counterpart is identified if it is an outlier
in the optical CMD with respect to all other cluster stars, that is
if its separation from the main sequence or the red-giant branch
(RGB) is too large, or if its colour is too blue (e.g. Bassa et al.
2004; Webb et al. 2004). Similarly, the presence of optical emis-
sion lines in a spectrum of a star close to an X-ray source could
also indicate it is a counterpart.

Previous optical surveys for typical classes of emission-
line objects used photometric observations and the on/off-band
technique, variability, or anomalous colours to detect candidate
objects: Jacoby et al. (1997) conducted the most successful PNe
survey for GCs, Knigge (2012) lists several CV surveys. Spec-
troscopic follow-up observations are then used to confirm the
classification and to derive more properties of the source.

The data used in this paper were obtained with the Multi Unit
Spectroscopic Explorer (MUSE, Bacon et al. 2010), a panoramic
integral-field spectrograph at the Very Large Telescope, as part
of a survey of Galactic globular clusters. With the MUSE data
already obtained, emission-line objects can be found without
the need of additional observations because both spatial and
spectral information is present. While Roth et al. (2018) demon-
strated the efficiency of MUSE at detecting emission-line objects
including Wolf-Rayet stars, supernova remnants, H ii regions,
and PNe in the galaxy NGC 300, we can for the first time con-
duct a blind survey for emission-line stars in Galactic globular
clusters.

2. Data

2.1. Observations and reduction

This work makes use of all data taken with MUSE for our survey
of 26 Galactic globular clusters between September 2014 and
March 2019 (PI: S. Dreizler, S. Kamann)1. MUSE has a large
field of view (1′ × 1′) combined with a spatial sampling of 0.2′′
and an intermediate resolution R between 1800 and 3500 in the
spectral range from 4750 to 9350 Å. The observations and the
analysis steps are described in detail by Kamann et al. (2018)
and are summarised here. In contrast to Kamann et al. (2018),
this work also includes data from observations made after Octo-
ber 2016. Table 1 gives an overview of the observation statistics
for each cluster.

Each observation was reduced with the standard MUSE
pipeline (Weilbacher et al. 2012, 2014) which calibrates the
images from the 24 MUSE spectrographs, including cosmic ray
rejection, and transforms them into a datacube. In the next step,
single stellar spectra are extracted with a point-spread-function
(PSF) from this datacube. The extractions use the PSF-fitting
developed in Kamann et al. (2013) to measure the PSF parame-
ters and determine stellar positions in the datacube as a function
of wavelength. We mostly used stellar positions from the Hubble
Space Telescope (HST) ACS survey of Galactic globular clusters
(hereafter ACS catalogue, Sarajedini et al. 2007; Anderson et al.
2008) as an input for the extraction, see Table 2 in Kamann et al.
(2018) for details. The extracted spectra were then analysed with

1 ESO Programme IDs: 094.D-0142, 095.D-0629, 096.D-0175,
097.D-0295, 098.D-0148, 099.D-0019, 0100.D-0161, 0101.D-0268,
and 0102.D-0270.

Table 1. Overview of globular cluster data used in this paper.

NGC Name Npointings Nepochs ToT [h] Nspectra Nstars

(1) (2) (3) (4) (5) (6) (7)

104 47 Tuc 10 13 12.2 309911 32055
362 6 2 1.3 24049 9363
1851 4 6.5 4.7 67267 11614
1904 M 79 4 5.5 2.5 32597 5669
2808 4 2 1.2 20230 8040
3201 5 12 11.6 61855 4503
5139 ωCen 10 10.5 12.2 335614 45616
5286 1 4 1.0 17954 8282
5904 M 5 6 2 2.3 51450 18203
6093 M 80 4 2 1.6 21051 9153
6121 M 4 2 1 0.1 1251 1067
6218 4 3 3.0 22989 6616
6254 M 10 8 1.5 3.3 29633 14296
6266 M 62 4 3 2.0 39190 15900
6293 1 2 0.1 2154 1326
6388 4 4 2.2 46600 14484
6441 4 4 2.8 43473 13247
6522 1 3 0.2 7564 3567
6541 5 2 1.9 35352 12003
6624 1 2 0.5 8300 4556
6656 M 22 4 2.5 2.2 36609 13204
6681 M 70 1 2 0.8 8283 4773
6752 8 2 3.0 31070 14086
7078 M 15 4 3 1.6 40606 18015
7089 M 2 4 4 2.4 47764 15309
7099 M 30 4 3.5 2.6 34176 9111

Total 114 103.0 80.8 1379362 316428

Notes. This includes all observations made between September 2014
and March 2019. (1) NGC number. (2) Alternative identifier (if any).
(3) Number of pointings. This number roughly corresponds to the cov-
ered field of view in arcminutes. (4) Average number of epochs avail-
able for each pointing. (5) Total integration time in hours. (6) Number
of extracted spectra. (7) Number of stars with at least one extracted
spectrum.

respect to the Göttingen spectral library (Husser et al. 2013), a
grid of synthetic spectral models suitable for most stars in glob-
ular clusters. A chi-square fit on the full spectrum minimises
the difference between the observed spectrum and a model spec-
trum by interpolating between grid spectra to determine the stel-
lar parameters effective temperature, metallicity, and the radial
velocity (Husser et al. 2016).

In addition to the spectra obtained from single observations,
we also used these to create a high-signal-to-noise spectrum for
each star. We shifted all spectra of each star to the Sun’s rest-
frame and added the flux weighted by the signal-to-noise (S/N)
ratio of the spectrum. These combined spectra were then anal-
ysed in a similar way to the one described above.

2.2. Residuals from spectral fitting

The residuals from the spectral fitting are defined as the differ-
ence between model and observation. We can use these residuals
to detect emission-line stars because the spectral library does not
contain spectra with emission lines; in other words, if an emis-
sion line is present in the observed spectrum, it will also be visi-
ble in the residuals.

The residuals can contain random noise, additional absorp-
tion from the interstellar medium (Wendt et al. 2017), systematic
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observed flux
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Fig. 1. Illustration of emission-line detection with matched filtering.
Top: observed flux of V190 in NGC 6266 with Hα emission and the
fitted spectral model. Bottom: Hα emission line is still present in the
residuals, as well as an absorption line at 6700 Å which is only found
in the models. The convolution with a Gaussian increases the emission
line above the threshold calculated from the mean absolute deviation of
the residuals.

errors of the model spectra (e.g. absorption lines that only exist
in the models, see Fig. 1, or vice versa), instrumental systemat-
ics, and true emission lines. If the fit does not find the global min-
imum of the chi-square space, the residuals will contain a large
amount of stellar light. In this case, the parameters determined
by the fit do not necessarily describe the star, and the residuals
can cause false positive detections of emission lines.

It is also possible that the spectral model grid does not con-
tain a suitable model for the observed spectrum. This occurs for
horizontal branch stars and some M stars. Spectra of M stars con-
tain strong molecular bands which have a great influence on the
overall spectral appearance. A slight mismatch in the fit of an M
star spectrum has a large impact on the residuals. If a spectrum
of an M star contains emission lines, the effect of the emission
lines on the residuals could be smaller than the effects of spec-
trum mismatch. In these cases, the method based on matched
filtering to detect emission lines described in Sect. 3.1 was not
reliable and the detection failed. However, the method based on
the residuals without convolution (Sect. 3.2) still worked in these
cases.

3. Emission line detection

As shown in Table 1, we extracted millions of stellar spectra
from our observations. The large number of observed spectra
makes it impossible to visually check each of them.

We used two approaches to detect emission lines in the resid-
uals from the spectral fit. The first approach based on matched
filtering is widely applied to similar problems, for example in
gravitational-wave detection (Abbott et al. 2016) and to detect
emission-line galaxies in MUSE datacubes (Herenz & Wisotzki
2017). The second method uses only the residuals and a running
estimate of the noise. This method is used as a backup when-
ever matched filtering fails to detect a signal, because it is much

simpler and more robust but also produces more false detections.
Both approaches assign a significance to each detection which
is then used to select the most promising candidates for visual
inspection.

We stress that we did not use existing catalogues of emission-
line stars as a prior to find those in our data. Since the aim of this
work is to find new and unexpected sources, we used external
catalogues only after our methods identify a possible spectrum
with emission lines.

3.1. Matched filtering with mean absolute deviation

Because of the large dataset, we needed to choose an approach
that is fast and can extract potentially weak signals. One algo-
rithm with these properties is called matched filtering (see
Vio & Andreani 2016, and references therein) that requires prior
knowledge about the expected signal. We assumed that each
emission line can be described by a Gaussian curve with a stan-
dard deviation (width) of 5 Å. This width is determined from
simulations in Sect. 3.3. Instead of applying matched filtering
directly on the observed spectral flux (top panel in Fig. 1), we
used it on the residuals that result from spectral fitting (see bot-
tom panel of Fig. 1). Mathematically, matched filtering computes
the convolution C(λ) of the filter (the expected line profile) and
the residual flux. As shown in the bottom panel in Fig. 1 (dashed
line), the convolution is high at a certain wavelength when the
expected flux shape matches the measured flux. On the other
hand, noise – which is typically only a few pixels wide – is
smoothed out, that means the convolution gives a much lower
value as it would for real emission. Compared to the convolu-
tion of noise or continuum flux with a Gaussian, emission flux
appears in the convolution as a peak centred at the emission line.
We detect an emission signal at wavelength λe if the convolution
at that point is larger than some threshold function t(λ) at the
same point. The threshold function is constructed as the median
absolute deviation calculated separately for wavelength bins of
the residual flux (dotted line in the bottom panel of Fig. 1).
By construction, the ratio Ds = C(λe)/t(λe) is higher for more
prominent emission signals. We call this ratio detection signifi-
cance and use it to select promising candidates for visual inspec-
tion by requiring that a detection lies above a minimum value
of Ds. The detection efficiency depends on this choice and it is
analysed with simulated emission lines in Sect. 3.3.

3.2. Plain residuals and running noise estimate

This section presents a more robust method of detecting emis-
sion lines that relies on fewer assumptions. Similar to the method
based on matched filtering, it relies on the residuals from the
spectral fit. The residual flux ri = r(λi) at each wavelength point λi
is compared to the residual noise si at the adjacent wavelengths.
We locally estimated the noise from the difference of the ninetieth
and tenth percentile of the residual flux in a 100 Å window cen-
tred at λi. Since the spectral model does not describe the observed
flux perfectly, the residuals contain noise and systematic effects
(see Sect. 2.2). We accounted for these outliers in the residual
flux by using percentiles instead of extrema or measures that
are sensitive to outliers. At each wavelength, the ratio of resid-
ual flux to the noise estimate Ds = ri/si represents the signifi-
cance of an emission-line detection. For comparison, if the noise
was normally distributed with a variance σ2, a ratio of Ds = 1
corresponds to an observation with a significance of ≈1.3σ.

Simulations showed that this method works well for nar-
row emission lines but not for broad ones. This is because a
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Fig. 2. Fraction of simulated emission lines that are recovered with a fil-
ter width of 6 Å depending on the simulated line width. Only detections
above a detection significance Ds > 7.5 are taken into account.

broad emission line increases the residuals over a broader spec-
tral range, and thus the percentiles used to estimate the noise
increase as well. Since this increases si but not the amplitude ri,
the detection significance Ds decreases accordingly.

3.3. Detection efficiency

We estimated the fraction of emission signals recovered with
the method based on matched filtering described in Sect. 3.1
with simulated emission lines. The detection significance of an
emission-line candidate depends on the amplitude and width of
the emission peak in the residual flux, and on the noise of the
spectrum and the width of the Gaussian filter. We constructed
emission lines by sampling a Gaussian curve with a standard
deviation σ that we vary between 3 and 60 Å, its amplitude is set
to one. We drew noise from a normal distribution with a width
of (S/N)−1 and add it to the signal. For each simulated emis-
sion line, we applied the detection method (Sect. 3.1) and cal-
culated the detection significance for filter widths of 6, 25, 60,
and 120 Å. We note that this leads to an estimate of how effec-
tive the detection methods is with respect to the amplitude of an
emission line and not the total line flux.

The main results of this analysis were: we can find broad
synthetic emission lines of several tens of Ångström even with a
narrow filter width of 6 Å while the reverse is not true. As Fig. 2
shows, we recovered about 50% of broad emission lines (≈40 Å)
with a filter width of 6 Å for a S/N of 2 if we only take detec-
tions with Ds > 7.5 into account. This fraction increased with
increasing S/N and with decreasing emission-line width (except
for very narrow widths <5 Å below the filter width). We con-
cluded from these simulated emission lines that for our data the
choice of a 6 Å filter is reasonable, and Ds > 7.5 is a good lower
limit for a detection to be inspected further. The filter width is
four to five times the FWHM of the line-spread-function (LSF)
of MUSE which varies between 2.5 and 3 Å depending on wave-
length (Bacon et al. 2017). In principle, one could choose the
threshold Ds much lower than this for the price of many more
detections to inspect, which will contain a much higher fre-
quency of false positives. The choice of Ds > 7.5 is also justified
by the low empirical true positive rate of .5% below this limit
(see Sect. 4.1 and Fig. 4).

3.4. Limiting flux

The results of the simulations above were used to calculate the
minimum amplitude of an emission line that can be detected.

Table 2. Limiting fluxes for all clusters, calculated using a broad emis-
sion line (40 Å) and also valid for narrow lines (see text).

Cluster log10 Fmin [erg s−1 cm−2 Å−1]
MS TO RGB

NGC 104 −16.9+0.3
−0.5 −16.7+0.3

−0.5 −16.3+0.4
−0.2

NGC 1851 −17.5+0.3
−0.2 −17.3+0.3

−0.3 −17.0+0.5
−0.3

NGC 1904 −17.5+0.3
−0.2 −17.4+0.3

−0.2 −16.9+0.4
−0.2

NGC 2808 −17.4+0.3
−0.2 −17.3+0.3

−0.2 −16.8+0.4
−0.2

NGC 3201 −17.6+0.3
−0.2 −17.4+0.3

−0.1 −16.6+0.1
−0.1

NGC 362 −17.1+0.3
−0.2 −17.1+0.3

−0.2 −16.5+0.5
−0.3

NGC 5139 −17.1+0.3
−0.2 −16.9+0.3

−0.2 −16.5+0.2
−0.2

NGC 5286 −17.6+0.3
−0.2 −17.5+0.3

−0.2 −17.2+0.4
−0.2

NGC 5904 −17.4+0.3
−0.3 −17.2+0.3

−0.3 −16.6+0.4
−0.1

NGC 6093 −17.5+0.2
−0.2 −17.5+0.3

−0.2 −17.1+0.4
−0.3

NGC 6121 −16.9+0.3
−0.1 −16.9+0.2

−0.1 −16.4+0.0
−0.0

NGC 6218 −17.8+0.3
−0.1 −17.4+0.2

−0.1 −16.9+0.3
−0.1

NGC 6254 −17.6+0.3
−0.3 −17.4+0.3

−0.2 −16.7+0.3
−0.1

NGC 6266 −17.6+0.3
−0.2 −17.4+0.4

−0.2 −16.9+0.5
−0.2

NGC 6293 −17.1+0.2
−0.2 −17.2+0.2

−0.2 −16.8+0.4
−0.2

NGC 6388 −17.5+0.2
−0.2 −17.4+0.3

−0.2 −17.1+0.4
−0.2

NGC 6441 −17.6+0.2
−0.1 −17.5+0.3

−0.2 −17.2+0.3
−0.2

NGC 6522 −17.4+0.3
−0.1 −17.4+0.3

−0.1 −17.0+0.3
−0.2

NGC 6541 −17.4+0.3
−0.2 −17.3+0.3

−0.2 −16.9+0.3
−0.1

NGC 6624 −17.6+0.3
−0.2 −17.6+0.3

−0.2 −17.2+0.5
−0.2

NGC 6656 −17.2+0.3
−0.3 −17.1+0.4

−0.3 −16.5+0.3
−0.1

NGC 6681 −17.8+0.3
−0.2 −17.7+0.3

−0.2 −17.2+0.1
−0.1

NGC 6752 −17.3+0.3
−0.4 −17.0+0.4

−0.3 −16.6+0.3
−0.2

NGC 7078 −17.5+0.4
−0.2 −17.4+0.4

−0.3 −16.8+0.5
−0.3

NGC 7089 −17.4+0.3
−0.2 −17.3+0.3

−0.2 −16.9+0.3
−0.2

NGC 7099 −17.6+0.3
−0.2 −17.4+0.3

−0.2 −16.9+0.3
−0.2

Notes. Uncertainties give the central 80% of the distribution on the
main-sequence (MS), main-sequence turn-off (TO), and red giant
branch (RGB).

Since we selected detections with a significance above 7.5, emis-
sion lines in spectra with too high noise will not be found. From
the simulations, we first estimated the minimum signal-to-noise
ratio S/Nmin for that 80% of simulated emission lines are found.
This S/Nmin depends on the width of the simulated emission
line. Here, we chose a width of 40 Å, corresponding to CVs.
The minimum signal that we could detect is estimated by mea-
suring the noise σ in the residuals of all spectra from 6000 Å
to 7000 Å. In practice, the noise depends on the brightness of
the target star, observing conditions, stellar crowding, etc. We
measured this effective noise in the residuals obtained from the
spectral fitting. The minimum detectable signal in each spectrum
is Fmin = S/Nmin · σ. Table 2 lists Fmin of a broad emission
line for different representative points in the stellar population
of each cluster we observed, and Fig. 3 shows the limiting flux
as a function of stellar brightness in three clusters. Since we
used a S/Nmin for which 80% of simulated emission lines are
found, Table 2 gives the limiting flux for which 80% of all spec-
tra with an emission line are found. Because we used a narrow
filter width of 5 Å to detect emission lines, the limits given for
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Fig. 3. Limiting flux for which 80% of sources will be detected as deter-
mined from simulated emission lines for different clusters as a function
of brightness. Each grey curve represents a GC, the clusters NGC 104,
NGC 3201, and NGC 5139 are highlighted.

a broad emission line can be treated as a conservative estimate
of the limiting flux of narrow emission lines. The limiting fluxes
for narrow emission lines generally fall inside the uncertainties
given in Table 2, this means that this table is also valid for nar-
row lines. Depending on the brightness of the target star, we find
that Fmin is generally between 10−17 and 10−16 erg s−1 cm−2 Å−1.
To our knowledge, this is the first optical emission-line survey
estimating the upper limit of fluxes for sources that remain unde-
tected.

4. The catalogue of emission-line sources

4.1. Results of visual inspection

We applied both detection methods to spectra extracted from
MUSE observations of globular clusters (see Sect. 2.1) that have
an S/N of at least five. Setting this threshold ensures that the
spectral fit gives meaningful residuals. We wanted to inspect
promising emission-line spectra visually. As this would have
been very time consuming with thousands of candidate spec-
tra, we checked candidate spectra which contain an emission
line close to Hα (between 6540 and 6580 Å) if Ds > 7.5. With
this set-up, we expect to find emission-line stars, typically Hα
emitters, while galaxies would remain undetected. Section 4.7
describes how we find galaxies using all detected emission lines.
In total, 1200 individual stars have at least one such spectrum,
with a total of about 9000 spectra.

For each spectrum, we checked if the emission line could be
valid according to a set of criteria. The potential emission line
has to be at least two pixels wide (a pixel corresponds to 1.25 Å)
and it must fulfil at least one of the following criteria:

– The line candidate appears in roughly the same position with
the same shape in multiple spectra of the same star, or

– the spectrum shows emission lines in addition to Hα, or
– the corresponding star is listed in the Catalogue of

Variable Stars in Galactic Globular Clusters (CVSGGC,
Clement et al. 2001; Clement 2017), Simbad (Wenger et al.
2000), or in a suitable catalogue in Vizier (Ochsenbein et al.
2000), or

– the star is close to an X-ray source as listed in the Chandra
Source Catalog Release 2.0 (Evans et al. 2010).

Typically, an emission-line candidate is not valid if the spectrum
seems to be contaminated by other stars or nebulae. This occured
if a much brighter star is close (≈2′′ or less) to the target star, or
if it was close to one of the three nebulae in our survey.

Inspection of the results show that false positives are mainly
caused by noise, contamination by brighter stars, and poor fit
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Fig. 4. Empirical true positive rate of matched filtering after checking
about 1200 stars with detected emission lines. Each bin contains 90
stars and the errorbars in x-direction contain the central 1σ interval of
the detection significance per bin.

results. Figure 4 shows the empirical true positive rate after a
visual check of each star with Ds > 7.5. For testing purposes, we
also checked emission-line candidates with a lower significance
than 7.5, these stars are also included in this figure. As expected,
the true positive rate correlates with the mean detection signifi-
cance and reaches about 60% for Ds > 6.

Table A.2 lists all stars with spectra containing valid emis-
sion lines that we found in our survey. This table also gives the
original ID used in the ACS catalogue in column “ACS ID”.
The columns “dC” lists the projected distance to the respective
cluster centre. The table also contains our estimate whether the
star is a likely cluster member in column “mem.?”. In contrast
to Kamann et al. (2018), this estimate is based on radial veloc-
ities only. Column “vrad?” contains an indicator whether the
star shows variations in its radial velocity based on the method
described in Giesers et al. (2019). We converted the probability
of variability calculated in Giesers et al. (2019) in the following
way: p < 0.15: not variable, p > 0.85: variable, 0.15 < p < 0.86:
unsure (?). Blank fields indicate insufficient data. We expect a
false positive rate of 15%. Cross-matches with other catalogues
and papers are given in column “Ident.” with the corresponding
reference in column “Ref.”. The column “dX” contains the sep-
aration to the next Chandra X-ray source (Evans et al. 2010), if
it is less than the positional uncertainties of the X-ray source.
Background galaxies are listed in Table 3.

4.2. Cataclysmic variables

As described above, CVs are binary systems consisting of a hot,
compact white dwarf and a dwarf star in a close orbit. Only ten
CVs have been confirmed by spectroscopy in the whole globular
cluster system of the Milky Way (Knigge 2012; Webb & Servillat
2013). Most CV candidates identified by photometry are not
bright enough to be observed with MUSE and our relatively short
exposure times. For example, Rivera Sandoval et al. (2018) lists
R625 magnitudes for 21 CV candidates in NGC 104 of which only
four are brighter than 20 mag.

4.2.1. Known CVs and confirming CV candidates

We find nine CVs, of which seven are either previously spectro-
scopically confirmed CVs or candidates. The normalised MUSE
spectra of several CVs including the previously unknown ones
are shown in Fig. 5. Characteristic broad Balmer emission lines
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Fig. 5. Normalised spectra of known cataclysmic variables AKO9, CX1, CX2, CV1, of the new CVs in NGC 6681 and NGC 7099, and of the CV
underlying the Nova T Sco in 1860. All spectra are detected by their broad Balmer emission lines, they also show He i emission. The spectrum
shown for AKO9 was created by combining several observed spectra.

of Hα and Hβ are clearly visible in all spectra, as well as He i
emission.

One of them, CX1 in NGC 6218 was detected as an
X-ray source with optical counterpart and classified as a CV by
Lu et al. (2009) who consider it to be a member of the cluster
based on its X-ray luminosity. We find that its optical counter-
part is not the star marked in their finding chart but rather the star
directly to the east with a F606W magnitude of 20.8. With this
new counterpart, we can confirm that CX1 is indeed a CV.

We do not see the characteristic broad Balmer emission lines
for a CV in any spectrum of W56/X6 in NGC 104 which was
classified as a CV in Heinke et al. (2005). However, the spectra
show a Hα absorption line that is less deep than our spectral
model predicts. Since this is not clearly a CV, we do not include
it in our discussion in Sect. 5.1.

4.2.2. Nova T Scorpii

In 1860, a classical nova in NGC 6093 was observed by
Pogson (1860), Nova T Scorpii. Both Shara & Drissen (1995)
and Dieball et al. (2010) looked for the underlying CV using
near- and far-UV observations and they found a UV bright
source at the right spatial position. Using the finding charts
in Dieball et al. (2010), we can identify their source 2129
with ACS ID 44184 (F336W−F438W =−0.1, F438W = 18.5,
Piotto et al. 2015; Soto et al. 2017). This star was independently
detected by our algorithm because of its broad Hα emission in
several of its ten spectra observed with MUSE. A visual inspec-
tion shows that also Hβ and a weak He i emission are present and
variable. The Hα and Hβ lines seem to switch between emis-
sion and absorption. However, as ACS ID 44184 is located on

the lower RGB in the optical CMD, the CV has either a giant
donor star or it is not resolved in the HST photometry but instead
blended with a unrelated star.

4.2.3. New cataclysmic variables

Additionally to the seven known CVs, we find two more stars
with very similar emission lines, indicating that these two stars
are CVs as well. One new CV is close to the centre of NGC 7099
with a distance of 11′′ and a F606W magnitude of 20.3 in the
ACS catalogue (ACS ID 23423). Based on its position close to
an X-ray source and its blue U − V colour, Lugger et al. (2007)
identified this star as a possible CV candidate (source C). How-
ever, it is not included as a CV in the CVSGGC, which is why
we list it as a new CV here.

The new CV in NGC 6681 (ACS ID 19706) has a distance
of 27′′ to the cluster centre and a F606W magnitude of 22.7.
The spectra of the new and known CVs are shown in Fig. 5.
Both new CVs are close (0.13 and 0.25′′, respectively) to a
Chandra X-ray source listed in the November 2017 pre-release
of the Chandra Source Catalog Release 2.0 (Evans et al. 2010).
Although NGC 6681 was observed with HST in the UV (see
e.g. Massari et al. 2013) and with the Chandra X-ray observa-
tory (Pooley 2007; Dieball 2008), no articles about CVs in this
cluster have been published.

Are these CVs actually part of their respective cluster? In
general, we use the radial velocity and metallicity to determine
if a star is a member of a globular cluster or a field star. The
standard spectral fit failed to determine reliable radial veloci-
ties or metallicities from the spectra of the new CVs. We used a
Gaussian fit to the Hα line to estimate the radial velocity for
each CV, including the known CVs. The velocities differ from
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the cluster values by up to 300 km s−1. This could be because
the emission lines in some cases seem to have a more com-
plex, that is non-Gaussian, shape, or because of intrinsically
high velocity variations due to the orbital motions, or possi-
bly because of eclipses of the accretion disc as observed for
AKO9 (Knigge et al. 2003).

We assume that CVs in GCs are spatially distributed in the
same way as all other stars in a GC. In the simulations of
Belloni et al. (2019) CVs are either distributed more centrally
or in the same way as main-sequence stars, depending on the
relation time of the GCs. With this property of CVs we can also
use Bayes factors to decide between the two hypotheses A≡ “CV
is a cluster member” and B≡ “CV is not a cluster member”. To
calculate the factors we made use of the spatial distribution and
membership probability derived from the observed radial veloc-
ity and metallicity of all the other stars observed with MUSE
in the same field of view (see Kamann et al. 2018 for details).
The distances of the new CVs to the respective cluster cen-
tre are about 1/6 of the half-light radius (NGC 7099) and 2/3
(NGC 6681) when the values from Harris (1996) are used. In
the MUSE field of view (FoV) of NGC 7099 96% of all stars
are cluster members; this leaves about 4% non-members. Of all
member stars, 8% are closer to the cluster centre than the CV
we consider, while the remaining 92% are farther away. Thus,
the likelihood of being a member star and at the same separa-
tion from the cluster centre or even closer is pA = 0.074. As for
non-members, 10% lie closer to the centre than the CV, and 90%
are farther away. This gives pB = 0.004. The Bayes factor is
pA/pB ≈ 18, which means that the positions of the CV provide
evidence in favour of hypothesis A. The same analysis for the
CV that may be associated with NGC 6681 gives a Bayes factor
of pA/pB ≈ 13. Here, 92% are member stars, of which two third
lie closer to the centre than the CV. Of the 8% non-members,
55% lie closer to the centre. According to the interpretation of
Jeffreys (1998, p. 432), Bayes factors between 10 and 103/2 pro-
vide strong evidence in favour of hypothesis A. In conclusion,
the positions of the CVs and all the other stars in the MUSE
FoV strongly suggest that both CVs are members of the respec-
tive cluster.

4.3. Optical counterpart of M62-VLA1

Several stellar mass black holes or candidates are known in glob-
ular clusters, including three in NGC 3201 (Giesers et al. 2018,
2019), M22-VLA1 and -VLA2 in NGC 6656 (Strader et al.
2012), and M62-VLA1 in NGC 6266 (Chomiuk et al. 2013).
The black-hole candidates in NGC 3201 were discovered by
Giesers et al. (2018, 2019) using variations in the radial veloc-
ities of their visible companions observed with MUSE. These
discoveries demonstrate that MUSE observations can be used to
detect stellar exotica in GCs.

The black-hole candidate M62-VLA1 is close to the cen-
tre of NGC 6266 and was discovered by Strader et al. (2012)
using radio and X-ray observations. It is likely to be part of a
binary system with a star on the lower RGB, which the authors
identified in HST images very close to their radio source. Our
emission-line search found the optical counterpart of this black
hole because of its Hα emission line. Both the position of this
star and the counterpart reported in Strader et al. (2012) match,
as well as the location in the colour-magnitude diagram. This
star was observed several times with MUSE in 2015 and again in
2018 with varying S/N. The spectra with the highest S/N show
a Hα emission line which seem to vary between observations.
These variations in the Hα region are shown in Fig. 6 where

6520 6540 6560 6580 6600 6620
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23:41

2015-09-12
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09:39

Fig. 6. Hα region of multiple spectra of the likely companion of the
black-hole candidate M62-VLA1. This part of the spectrum is variable
on the timescale of minutes.

the shape of the emission line changes within tens of minutes.
We need more observations to determine reliable orbital param-
eters for this system similarly to the black holes and the 92 other
binary systems in NGC 3201 (Giesers et al. 2019).

4.4. Red stragglers and sub-subgiants

Red stragglers (RS) and sub-subgiants (SSG) are stars in globu-
lar clusters that occupy the region redwards of the RGB or below
the subgiant branch in the CMD. Since stellar evolution theory
predicts these regions to be empty, their existence needs to be
explained by more complicated formation theories (Geller et al.
2017a,b; Leiner et al. 2017). In addition to their unusual loca-
tion in the CMD, RS are X-ray and Hα emitters, photometrically
variable and mostly radial-velocity binaries (Geller et al. 2017a).
As expected, several detected emission-line stars fall into the
CMD region occupied by RS (four stars) and SSG (12 stars,
see column “ID” in Table A.2). In particular, we detected the
RS binary in NGC 6254 discovered by Shishkovsky et al. (2018)
which is also a source of radio and X-ray radiation. A similar
case is a star (ACS ID 40733) in the RS region of NGC 6541
which has a very broad and variable Hα emission, and it is close
to an X-ray source (0′′.18). Of the eleven SSG that show Hα
emission and are probable cluster members, eight are close to
an X-ray source, eight show variations in their radial velocities,
and seven SSG are both close to an X-ray source and have radial
velocity variations. All four RS with Hα emission are members
of their respective cluster, three are close to an X-ray source
and those three RS also show radial velocity variations. We did
not detect variability in the radial velocities of the fourth RS
and it is not associated with an X-ray source. These correla-
tions fit the general characteristics of SSG and RS as described
in Geller et al. (2017a). Orbital parameters for several SSG sys-
tems in NGC 3201, including the Hα emitters discovered here,
are presented in Giesers et al. (2019).

4.5. Pulsating variables

About 40% of all emission-line stars found in this survey are
already known pulsating variable stars including W Viriginis
variables, slow irregular variables, long-period variables,
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Fig. 7. Two spectra of the RR Lyrae star NGC 3201-V90 (CVSGGC)
observed approximately 24 h apart show very different Balmer profiles.
Hα and Hβ emission is only observed in one of the spectra, but not in
the other one.

semiregular variables, and RR Lyrae variables. Spectra of these
stars show constant or variable Hα and sometimes Hβ emission
fluxes.

Since the work of Struve (1947) it is known that spectra of
RR Lyrae stars have a varying, weak emission component in sev-
eral Hydrogen lines. Figure 7 shows two spectra of the RR Lyrae
star V90 in NGC 3201 as an example of variable emission lines.
The two spectra were observed roughly 24 h apart and only the
earlier one shows Hα and Hβ emission lines. The flux profiles
are very similar to the first or second apparition of the RR Lyr
variable X Ari shown Gillet & Fokin (2014) in Fig. 1. The vari-
able star V13 and possibly also V190 in NGC 6266 are currently
classified as RR Lyrae stars in the literature. However, their spec-
tra show very strong Hα and Hβ emission lines, similar to those
of W Viriginis variables.

4.6. Known nebulae

There are four known planetary nebulae (PNe) in the whole
globular cluster system of the Milky Way. These are Ps 1 in
NGC 7078 (Pease 1928), GJJC-1 in NGC 6656 (Gillett et al.
1989), JaFu-1 in Pal 6, and JaFu-2 in NGC 6441 (both
Jacoby et al. 1997).

The most successful and also largest survey of PNe in glob-
ular clusters is the one from Jacoby et al. (1997), who used the
on-band/off-band technique at the [O iii] line at 5007 Å on 133
globular clusters. With this survey, they doubled the number of
known PNe in GCs from two to four.

Of the four globular clusters with known PNe, Pal 6 is not
included in our sample of GCs. Although our survey covers
NGC 6656, GJJC-1 is not inside the MUSE FoV because of its
position inside the cluster. This leaves Ps 1 and JaFu-2 for which
we provide flux maps and spectra. Figure 8 shows [O iii] maps
of the two PNe side-by-side, the PN spectra are shown in Fig. 9.
The spectra were extracted with a relatively large circular aper-
ture covering the whole nebula. Although the nebulae are not
HST point sources and, accordingly, we did not automatically
extract a spectrum at their positions, the detection algorithm
finds the nebular emission lines. This is because their emission
flux contaminated the otherwise purely stellar spectra of dozens
of nearby stars as its high spatial variability is not accounted for
in the extraction.
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Fig. 8. Flux maps of the two known planetary nebulae in our sample:
JaFu-2 (top) in NGC 6441 and Ps 1 (bottom) in NGC 7078. Shown is
the [O iii]λ5007 flux after the stellar background has been subtracted.
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Fig. 9. Spectra of JaFu-2 (top) and Ps 1 (bottom). Prominent emission
lines of Hydrogen, He i, [N ii], and [O iii] are labelled.

In addition to these two planetary nebulae, we detected
a nova remnant in NGC 6656 which is described in detail in
Göttgens et al. (2019). However, we did not find any additional
nebulae in our observations. We checked this null-result by stack-
ing cubes from different observations to increase our sensitivity.
We used the on-band/off-band technique around Hα to search for
extended emitting regions and did not find any nebula.
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Table 3. Positions and redshifts of background galaxies with emission
lines.

Cluster RA [◦] Dec [◦] dC [′′] z

NGC 104 5.97861 −72.10556 100.6 0.330
NGC 104 6.05634 −72.05887 88.4 0.472
NGC 1851 78.52291 −40.03877 31.5 0.309
NGC 1851 78.53530 −40.03363 50.5 0.633
NGC 5139 201.66150 −47.40166 293.4 0.144
NGC 5139 201.66193 −47.39549 314.4 0.052
NGC 5904 229.61804 2.06133 102.0 0.414
NGC 6266 255.29045 −30.10210 58.0 0.722
NGC 6388 264.07237 −44.73578 1.8 0.420
NGC 6541 272.02490 −43.70413 55.1 0.413
NGC 6681 280.79848 −32.28750 21.9 0.305
NGC 6681 280.79929 −32.29805 24.4 0.173
NGC 6752 287.66226 −59.98960 100.4 0.364
NGC 6752 287.69412 −59.96586 79.0 0.312
NGC 6752 287.69667 −59.96068 93.5 0.246
NGC 6752 287.72543 −60.01487 110.1 0.505
NGC 6752 287.77154 −59.98476 98.0 0.105
NGC 7078 322.49858 12.17520 35.4 0.261
NGC 7078 322.50275 12.15647 51.0 0.670
NGC 7089 323.37114 −0.82728 34.0 0.737
NGC 7099 325.09295 −23.17880 4.6 0.398

Notes. The projected angular separation to the cluster centre is dC.

4.7. Galaxies

For each spectrum, we used the full list of emission-line can-
didates and their wavelengths to check if they correspond to a
list of typical galactic emission lines, assuming they all have the
same redshift. Using this method, we find 21 background galax-
ies that contaminate spectra we have extracted at known stel-
lar positions in observations of several GCs (see Table 3). Since
these spectra contain the stellar Hα absorption line, we conclude
that these are indeed blended spectra of a star and a background
galaxy. The spectra were identified by their prominent emission
lines of Hydrogen and ionised Oxygen, as shown in Fig. 10
for three examples. We detected emission lines corresponding
to restframe wavelengths of 3727 Å from [O ii], of 4959 Å and
5007 Å from [O iii], and Hβ and Hα emission. Table 3 lists the
position, the redshift calculated from the emission lines, and
the projected angular separation to the cluster centre for each
galaxy. Because of the low [N ii] to Hα flux, all galaxies fall
into the region occupied by starburst galaxies in the BPT dia-
gram (Baldwin et al. 1981; Veilleux & Osterbrock 1987), except
for one galaxy behind NGC 6752 at z = 0.364 which lies at
the border of Seyfert galaxies and LINER. Deeper photomet-
ric observations of the fields containing the new galaxies may
identify the counterparts which could be used to convert rel-
ative stellar proper motions into absolute proper motions, as
done for NGC 6681 using HST images (Massari et al. 2013).
These serendipitous discoveries resemble the one reported by
Bedin et al. (2019), who found a dwarf spheroidal galaxy behind
the globular cluster NGC 6752 using HST photometry. The fact
that a galaxy lies very close to the core of the core-collapsed
cluster NGC 7099 shows our capability to look through the GCs.

4.8. Unidentified sources

We find several emission-line stars that lie close to known X-ray
sources. As a reference, we used the November 2017 pre-release

of the Chandra Source Catalog Release 2.0 (Evans et al. 2010),
which includes positions and error ellipses (including astromet-
ric uncertainties) for X-ray sources in all but two clusters in our
survey (NGC 6254 and NGC 6624). Based on the source posi-
tions and the associated errors, we estimated that there is no
physical relation between a star and an X-ray source if their dis-
tance is >1′′. In general, multiple stars have a distance >1′′ to an
X-ray source which prohibits a unique identification of the opti-
cal counterpart. However, because both emission-line sources
and X-ray sources are rare objects in globular clusters, we indi-
cate if an X-ray source is close in the Table A.2.

As indicated in Table A.2, some stars show variable Hα
emission wings or asymmetric absorption. In the case of
giant stars, these features could point to chromospheric activ-
ity or mass motions (e.g. Cohen 1976; Cacciari et al. 2004;
Meszaros et al. 2008).

5. Discussion and conclusions

5.1. Completeness of the extraction of stellar sources

There are two steps in the detection of emission-line sources in
MUSE data that influence how many existing sources can be
found: the extraction completeness and the efficiency of matched
filtering. We discuss only the first one here, the second one was
described in Sect. 3.3.

The extraction completeness is the ratio of ACS catalogue
sources for which a spectrum can be extracted from the MUSE
datacube to all sources in the MUSE field of view. Figure 11
shows the dependence of our extraction completeness for all
clusters taking all spectra with a S/N better than five into
account. An extraction completeness of 100% does not mean that
we have a spectrum of all stars in our FoV but only of those listed
in the ACS catalogue. This is an important distinction for low
brightness stars in the central few arcseconds of core-collapsed
clusters, such as NGC 7078. Thus we expect that the complete-
ness depends not only on the brightness of a star but also on its
position relative to the cluster centre (see Fig. A.1).

We estimate the extraction completeness for different mag-
nitudes and for three regions: the whole FoV, the central 10′′,
the intermediate region from 10′′ to 60′′ and the remaining
outer regions. Figure A.1 shows how our extraction complete-
ness depends on the brightness of the star and its position in the
case of NGC 7078. In general we see a completeness of close to
100% for bright stars throughout the cluster. The crowded cluster
centre hinders the extraction of faint sources and the complete-
ness starts to drop below 50% for magnitudes between 18 and
19 mag for most clusters.

5.2. Do we find enough CVs?

Massive globular clusters are expected to host about 200
CVs (Ivanova et al. 2006; Knigge 2012). However, the clus-
ter with the most CV candidates, as determined by UV and
optical photometry and X-ray data, is NGC 104 with 43 CVs
(Rivera Sandoval et al. 2018). In contrast, the number of spec-
troscopically confirmed CVs is much lower: only ten CVs have
been confirmed by spectroscopy in the whole globular clus-
ter system of the Milky Way (Knigge 2012; Webb & Servillat
2013). We add seven CVs to this list, including two newly
detected CVs. CVs in globular clusters are hard to observe by
spectroscopy because of the low brightness of the secondary
component and crowding. We expect to find dwarf novae (DNe),
a subtype of CVs, because they have spectra with emission

A118, page 9 of 16



A&A 631, A118 (2019)

0.5

0.0

0.5

1.0

0.5

0.0

0.5

1.0

no
rm

ali
se

d 
re

sid
ua

l f
lu

x

5000 6000 7000 8000 9000
wavelength [Å]

0.5

0.0

0.5

1.0

[O
II
I]

H
α

H
β

[N
II
]

H
α

[O
II
]

[O
II
I]

[N
II
]

[O
II
I]

[O
II
]

H
β [O
II
I]

[O
II
I]

Fig. 10. Normalised residuals of stellar spectra that contain extragalactic emission lines including from [O ii], [O iii], and H i. Redshifts determined
from these lines are z = 0.05, 0.36 and 0.737, respectively. Top and bottom panels: starburst galaxy, while middle panel: AGN.

12 14 16 18 20 22 24
V brightness [mag]

0.0

0.2

0.4

0.6

0.8

1.0

Ex
tra

cti
on

 co
m

pl
ete

ne
ss

NGC 2808
NGC 3201
NGC 7078

Fig. 11. Spectral extraction completeness (S/N > 5) for all clusters
with respect to the ACS catalogue as a function of brightness (filters are
listed in Table 4). Each grey curve represents a single cluster, the curves
for NGC 2808, NGC 3201, and NGC 7078 are highlighted. Since the
completeness mainly depends on the stellar density, it also depends on
the radial distance to the cluster centre (see Fig. A.1).

lines in quiescence (Clarke et al. 1984; Warner 1995) and obser-
vations show that most CVs are DNe (Knigge et al. 2011).
Is our number of CV detections consistent with the predic-
tion? To answer this question, we used the average CV bright-
ness distribution from MOCCA simulations of globular clus-
ters (Belloni et al. 2016). We did not consider the effects of
incomplete spatial coverage in our survey, because most CVs
are expected to be located inside the half-mass radius of the
respective cluster (Belloni et al. 2016, but also see Belloni et al.
2019). For each cluster, we drew samples from this distribution
and used our completeness function and a detection probability
of 80% (Sect. 3.3) to estimate the number of CVs for which we
should have extracted spectra (see Table A.1). Since the clusters
differ in their structural parameters and Belloni et al. (2016) give
a CV brightness distribution for an average globular cluster, the
number of CVs for each individual cluster is probably not mean-
ingful. The total number of expected CV detections using the
model of Belloni et al. (2016) in our sample is 10 ± 2, which is
consistent with our number of nine detected CVs.

Table 4. Choice of V filter for each cluster used in this paper.

ACS/WFC3 filter Clusters

F625W NGC 6522
F555W NGC 1904, NGC 6266, NGC 6293
F606W NGC 104, NGC 1851, NGC 2808, NGC 3201

NGC 362, NGC 5139, NGC 5286, NGC 5904,
NGC 6093, NGC 6121, NGC 6218, NGC 6254,
NGC 6388, NGC 6441, NGC 6541, NGC 6624
NGC 6656, NGC 6681, NGC 6752, NGC 7078
NGC 7089, NGC 7099

The step that restricts the overall completeness for CVs the
most is the extraction completeness at magnitudes of 22 and
below. This could be improved with longer observations using
the narrow-field mode (NFM) of MUSE, which will offer a much
higher spatial sampling in a smaller FoV.

5.3. Exclusion of more PNe

While the limiting fluxes given in Table 2 are, if interpreted
strictly, only valid for emission in stellar spectra, we can rule
out any large diffuse source of Hα emission lines in our fields
of view. Any nebula or other diffuse source of emission would
need to overlap with at least some stars of which we extracted
spectra. In the same way we easily detected JaFu-2, Ps 1, and
the nova remnant in NGC 6656 (Göttgens et al. 2019), these con-
taminated spectra would have been found.

There are still some possible but unlikely ways a hypotheti-
cal PNe could be hidden in a GC: It could be very small so that it
only contaminates a few stars, ideally of low brightness. In this
case, we might not extract a spectrum for them. The maximum
size of this nebula cannot be large, considering the high density
of sources for which we can extract spectra. Another possibil-
ity is a nebula with very faint Hα emission that would have to
be much fainter than the known ones because those were easily
found with our detection method.
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However, it is still possible that more nebulae similar to the
nova in NGC 6656 lie outside the area covered by our survey. In
this case, it has to be in a region of relatively high stellar density
where it cannot be detected by photometric surveys.

6. Summary

We analysed data from our MUSE survey of 26 Galactic globu-
lar clusters, looking for signs of emission-line objects. Taking
advantage of previous work on the same data, including data
reduction, spectra extraction, and spectral analysis, we find 156
emission-line stars and several non-stellar emission-line sources.
By assuming a Gaussian emission-line shape and using matched
filtering, we detected this shape in the residuals generated dur-
ing a full spectrum fit to the observed spectra. Since this gener-
ated many potentially interesting emission-line candidates, we
use a threshold to select only the most promising candidates
and checked them visually. We did not use external catalogues
to search for known sources in our data, but we used them
to validate and categorise our findings. We find two new cat-
aclysmic variables, many known pulsating variable stars, and
several unidentified emission-line stars close to known X-ray
sources. The total number of CVs detected in this survey is
consistent with numerical simulations when our spectral extrac-
tion completeness is taken into account. In addition to stellar
emission-line sources, we also find 20 previously unknown star-
burst galaxies and one AGN in the background with redshifts
from 0.05 to 0.74.
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Appendix A: Completeness
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Fig. A.1. Spectral extraction completeness in NGC 7078 relative to the
ACS catalogue. For this cluster, we reach a completeness of 50% at a
magnitude of 17, 20, and 21.5 for the central region (innermost 10′′),
an intermediate region (between 10′′ and 60′′), and the outer regions
(outside 60′′), respectively.

Table A.1. Number of expected CVs in each cluster using the brightness
distribution from Belloni et al. (2016).

Cluster Lower Median Upper Nfound

NGC 3201 1.5 2.9 4.8
NGC 6218 0.9 1.7 3.3 1
NGC 6254 0.8 1.6 2.9
NGC 6656 0.5 1.3 2.1 1
NGC 6752 0.4 0.9 1.4 1
NGC 6121 0.1 0.3 0.9
NGC 104 0.0 0.1 0.3 1
NGC 5904 0.0 0.1 0.3
NGC 6681 0.0 0.1 0.3 1
NGC 7099 0.0 0.1 0.6 1
NGC 6266 0.0 0.0 0.2
NGC 6624 0.0 0.0 0.2
NGC 5139 0.0 0.0 0.2 1
NGC 6541 0.0 0.0 0.1
NGC 5286 0.0 0.0 0.0
NGC 6388 0.0 0.0 0.0
NGC 6441 0.0 0.0 0.0
NGC 7078 0.0 0.0 0.0
NGC 6093 0.0 0.0 0.0 2
NGC 1851 0.0 0.0 0.0
NGC 6293 0.0 0.0 0.0
NGC 6522 0.0 0.0 0.0
NGC 362 0.0 0.0 0.0
NGC 2808 0.0 0.0 0.0
NGC 1904 0.0 0.0 0.0
NGC 7089 0.0 0.0 0.0
Total 8.1 10.0 12.5 9

Notes. Columns “lower” and “upper” give the 1σ interval around the
median value listed in column “median”. The column Nfound refers to
the number of spectroscopically detected CVs in our survey.
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