
REV I EW ART ICLE

Nuclear star clusters

Nadine Neumayer1 • Anil Seth2 • Torsten Böker3
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Abstract
We review the current knowledge about nuclear star clusters (NSCs), the spectac-

ularly dense and massive assemblies of stars found at the centers of most galaxies.

Recent observational and theoretical works suggest that many NSC properties,

including their masses, densities, and stellar populations, vary with the properties of

their host galaxies. Understanding the formation, growth, and ultimate fate of NSCs,

therefore, is crucial for a complete picture of galaxy evolution. Throughout the

review, we attempt to combine and distill the available evidence into a coherent

picture of NSC evolution. Combined, this evidence points to a clear transition mass

in galaxies of � 109 M� where the characteristics of nuclear star clusters change.

We argue that at lower masses, NSCs are formed primarily from globular clusters

that inspiral into the center of the galaxy, while at higher masses, star formation

within the nucleus forms the bulk of the NSC. We also discuss the co-existence of

NSCs and central black holes, and how their growth may be linked. The extreme

densities of NSCs and their interaction with massive black holes lead to a wide

range of unique phenomena including tidal disruption and gravitational-wave

events. Finally, we review the evidence that many NSCs end up in the halos of

massive galaxies stripped of the stars that surrounded them, thus providing valuable

tracers of the galaxies’ accretion histories.
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1 Introduction

Nuclear star clusters (NSCs) are extremely dense and massive star clusters

occupying the innermost region or ‘nucleus’ of most galaxies. Observationally,

NSCs are identified as luminous and compact sources that clearly ‘stand out’ above

their surroundings. This is illustrated in Fig. 1 which shows images and surface
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brightness profiles of two nearby NSCs in galaxies with very different morpholo-

gies: NGC 300 is a disk-dominated late-type spiral without any discernible bulge

component, while NGC 205 is a low-mass early-type galaxy with only a minimal

amount of gas and recent star formation. The comparison demonstrates that NSCs

exist in very different host environments, which raises the question of whether NSC

formation and evolution are governed by similar processes in all galaxy types, or

whether NSCs follow evolutionary paths that depend on the properties of their host

galaxy.

Providing an answer to this question is the goal of a very active research field. To

date, more than 400 refereed articles have been written on NSCs, and the pace of

discovery about these objects is accelerating, with � 100 articles appearing in the

past 3 years alone. The observational studies cover a wide range of topics, from

measuring detailed properties of nearby NSCs (including the one in the Milky Way)

to identifying large samples of nuclear star clusters in more distant galaxies of

various morphological types. The literature also contains a large number of

theoretical studies discussing the two main mechanisms for NSC formation that

have been identified so far: the inward migration of star clusters on the one hand,

and in situ star formation triggered by high gas densities in the galaxy nucleus on

Fig. 1 The NSCs in the late-type spiral NGC 300 (left) and early-type galaxy NGC 205 (M 110, right).
The top panels show galaxy-wide images with zoom-ins into the central regions of each galaxy. The
bottom panels show surface brightness profiles of the two galaxies, which, in both cases, indicate the
presence of an NSC by a rise above the light profile of the host galaxy body. Measured data (in units of I

band mag/arcsec2) are shown with open circles, while the dashed line shows a fit to the galaxy profile
outside of the NSC proper (an exponential in NGC 300 and a n ¼ 1:4 Sérsic function in NGC 205; data
sources: Böker et al. 2002; Kim et al. 2004; Bland-Hawthorn et al. 2005; Valluri et al. 2005). The large-
scale image of NGC 300 is from https://www.eso.org/public/images/eso1037a/, while the inset HST
image is from Carson et al. (2015). The large-scale image of NGC 205 is from Sloan imaging (retrieved
from https://cseligman.com/text/atlas/ngc2.htm), while the inset HST image is from https://www.nasa.
gov/feature/goddard/2018/messier-110
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the other. Other theoretical papers are focused on the unique and exotic events that

can only occur in galaxy nuclei, e.g., tidal disruption events during which a

supermassive black hole tears apart one of the stars of the nuclear star cluster, or

gravitational-wave emission by mergers of binary black holes.

Despite (or maybe because of) the vast amount of information available, a

comprehensive compilation of our current knowledge is lacking, and a literature

review that puts NSC properties in the context of their host galaxies is overdue.

Specifically, we aim to shed light on the following three questions:

– How do the stars of the NSC get to the nucleus?

– When do they get there, i.e., at what point in the evolution of the host galaxy?

– Are the answers to these questions the same across different galaxy masses and

morphologies?

As will become clear, NSCs are very different from other massive star clusters, the

properties of which have recently been reviewed by Krumholz et al. (2019) who

explicitly exclude NSCs. We also note that the central star cluster of the Milky Way,

the closest and best studied example for a typical NSC, will be discussed in some

detail in Sect. 5.6 and whenever relevant in the context of the wider family of NSCs.

However, we do not provide a comprehensive literature discussion for this object, as

it is extensively covered by other recent reviews (Genzel et al. 2010; Schödel et al.

2014b; Bland-Hawthorn and Gerhard 2016). We also point out that the black hole

review of Kormendy and Ho (2013) discusses NSCs, especially in the context of

how their masses scale with the properties of their host galaxies, a topic we will also

discuss in this review. Finally, the formation of NSCs and their relation to ultra-

compact dwarf galaxies are briefly reviewed by Renaud (2018).

We have organized this review into a number of topical sections: after a short

summary of early NSC studies in Sect. 2, we discuss in Sect. 3 how NSCs are

identified observationally, including some of the challenges involved. In Sect. 4, we

examine how frequently galaxies have NSCs at their centers, and how this varies

with galaxy mass and environment. The physical properties of NSCs, including their

morphology, masses, densities, stellar populations, and kinematics, are discussed in

Sect. 5. We then discuss in Sect. 6 the evidence for any dependencies between NSC

properties and those of their host galaxies, focusing, especially, on trends with

galaxy stellar mass. Section 7 then discusses different formation scenarios for

NSCs, and their implications for the evolution of galactic nuclei. The co-existence

of NSCs and massive black holes in galactic nuclei is reviewed in Sect. 8. In

Sect. 9, we examine the evidence that stripped NSCs is hidden amongst the

populations of globular clusters (GCs) or ultra-compact dwarf galaxies (UCDs).

Finally, we discuss the unique dynamics of NSCs in Sect. 10, which can lead to

transient tidal disruption and gravitational-wave events. We conclude in Sect. 11 by

outlining some open issues and providing an outlook towards future observing

facilities which will likely provide important new constraints on the nature of NSCs.

We note that the code and data used to make figures in this review is available at

https://github.com/anilseth/nsc_review.
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2 Early studies

In this section, we provide a short overview of ‘historical’ (pre-2006) NSC studies.

We (somewhat arbitrarily) consider 2006 as an inflection point, because, in that

year, three independent studies (Rossa et al. 2006; Wehner and Harris 2006;

Ferrarese et al. 2006a) concluded that NSCs are related to their host galaxies in

much the same way as SMBHs, which triggered a renewed wave of interest in NSCs

and their role in SMBH growth.

The fact that many galaxies, irrespective of their morphological type, exhibit a

prominent and compact surface brightness peak in their morphological center has

been known for a long time. Early observations of nearby ‘nebula’ such as M 31

(Redman and Shirley 1937) or M 33 (Mayall and Aller 1942; Walker 1964)

revealed the star-like (i.e., unresolved) surface brightness peak in the nucleus, and

even hinted at the presence of young stars and ongoing star formation within it.

Later on, high-quality photographic plate catalogs such as those of Sandage (1961)

and Sandage and Bedke (1994) clearly showed that the presence of such a bright and

unresolved central source is common in nearby galaxies.

For many decades, however, detailed studies of these structures—and the central

morphology of external galaxies in general—were difficult or impossible. One

important reason is that galactic nuclei were often saturated or ‘burned out’ in

photographic plates, especially in high-surface brightness galaxies. In addition, the

seeing-imposed resolution limit of early ground-based observatories smooths out

small-scale features in the surface brightness profiles. This makes it difficult to

distinguish between a steep, but continuous, rise towards the nucleus on one hand,

and a distinctive upturn or ‘kink’ in the central few parsec on the other. The latter

would indicate the presence of a separate morphological component, likely with

structural and photometric properties different from those of the surrounding bulge

and/or disk.

The first study to unambiguously demonstrate that an extragalactic stellar nucleus

is indeed a separate morphological component of its host galaxy was published by

Light et al. (1974) who used a stratospheric balloon telescope to improve the

resolution of their images of the Andromeda nucleus. Their decomposition of the

surface brightness profile in the central arcminute of M 31 led them to conclude that

‘‘... the nucleus of M 31 is a distinct and separate feature of that galaxy’’, albeit

without making any statement as to the nature of its emission. Their results

motivated the initial theoretical work on NSC formation through dynamical friction

by Tremaine et al. (1975). Similar structures were soon confirmed in other nearby

galaxies, e.g., M 33 (Gallagher et al. 1982; Nieto and Auriere 1982), M 81, and a

handful of others (Kormendy 1985). Other early studies of spiral galaxy (disk)

structure such as the one by Romanishin et al. (1983) clearly reveal the ubiquitous

presence of unresolved central sources, but do not discuss these in any detail.

As for the Milky Way, the initial detection of its NSC required the development

of infrared cameras because of the extreme extinction towards the Galactic center.

The first literature reference to the Milky Way NSC was made by Becklin and

Neugebauer (1968) who include the following note: ‘‘We have observed an
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extended source of infrared radiation which we believe to be at the nucleus of the
Galaxy ... We believe that the infrared radiation most likely originates from stars
...’’. However, resolving individual stars within the Milky Way NSC became

possible only several years later (Becklin and Neugebauer 1975).

Around 1980, high-quality photographic plates of nearby galaxy clusters became

available which allowed the systematic study of large samples of low-surface

brightness galaxies (whose centers were not saturated). Soon after, ‘nucleation’ was

recognized as a common morphological feature of (dwarf) galaxies (e.g., Reaves

1983; Caldwell 1983; Binggeli et al. 1985; Caldwell and Bothun 1987). Initially,

these compact central structures were referred to as ‘star-like nuclei’ or ‘semi-stellar

nuclei’ because of their morphological appearance, i.e., their resemblance to a

central bright star. However, it was already suggested by Caldwell (1983) that

‘‘Perhaps these nuclei are just tightly bound clusters of stars...’’, a notion that soon

found support from spectroscopic observations. For example, Bothun et al. (1985)

concluded that the nuclear emission was produced by a dense accumulation of stars,

and so, the term ‘stellar nucleus’ began to describe both morphology and

composition.

The review article by Kormendy and Djorgovski (1989) appears to be the first to

clearly equate the terms ‘stellar nucleus’ and ‘nuclear star cluster’ while explicitly

excluding emission from an active galactic nucleus (AGN). Until recently, the

terminology remained somewhat unsettled: ‘stellar nucleus’ was traditionally used

when describing (dwarf) elliptical galaxies, while studies of disk galaxies

predominantly used ‘nuclear star cluster’ (NSC). Most recent publications, however,

have adopted the latter term, and we will also use it throughout this review, because

it more clearly describes the nature of these objects.

2.1 Imaging nuclear star clusters: the Hubble Space Telescope

The rise of digital detectors and the launch of the Hubble Space Telescope (HST)

revolutionized the study of NSCs. By the mid-1990s, both ground-based observa-

tions using CCDs (e.g., Matthews and Gallagher 1997) and early HST-based studies

(Phillips et al. 1996; Sarajedini et al. 1996) had clearly demonstrated that NSCs are

much more common than originally thought, and already revealed some early hints

at scaling relations between NSC and host galaxy (Phillips et al. 1996). The

enormous advance in spatial resolution of the refurbished HST triggered a number

of large programs specifically aimed at the nuclear morphology of galaxies.1 Much

of our current knowledge about NSCs is based on three sets of early HST studies,

which were divided by Hubble type and are briefly summarized below.

– A large sample of NSCs in early-type spiral galaxies were observed in the

optical (WFPC2, Carollo et al. 1997, 1998; Carollo and Stiavelli 1998), ultra-

violet (STIS, Scarlata et al. 2004; Hughes et al. 2005), and infrared (NICMOS,

1 We ignore here the plethora of HST studies aimed at characterizing the AGN phenomenon

(Ravindranath et al. 2001). Many of these programs did provide important insight into the circum-nuclear

morphology on scales of a few hundred pc, but the presence of a bright AGN usually outshines the stellar

light emitted from the central few tens of pc.
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Carollo et al. 2002; Seigar et al. 2002). These studies found ‘superluminous star

clusters’ in the nuclei of more than half their sample galaxies, and provided early

evidence for scaling relations between the luminosity of NSCs and that of their

host galaxies. The latter result was soon refined by Balcells et al. (2003, 2007)

who pointed out a luminosity correlation between NSC and host galaxy bulge.

– In late-type spirals, the lack of bulges and lower dust content compared to early-

type spirals makes the properties of NSCs easier to study. An early study of

‘pure’ disk galaxies by Matthews et al. (1999) observed four such galaxies and

demonstrated the feasibility to derive structural parameters of their NSCs. A

more systematic survey of late-type spirals was performed by Böker et al.

(2002) who put on a firm statistical footing the notion that NSCs are ubiquitous

even in these dynamically unevolved galaxies.

– In early-type galaxies, Lotz et al. (2001) examined the NSCs in dwarfs in the

Virgo and Fornax cluster to test the dynamical friction paradigm for NSC

formation. This was followed by the systematic study of Côté et al. (2006) of

100 Virgo cluster galaxies across a wide range of luminosities which provided a

clear view of NSC-galaxy scaling relations (Ferrarese et al. 2006a). Their results

demonstrated that the fraction of galaxies with NSCs varies with galaxy

luminosity, and is nearly 100% at the low-luminosity end of their sample.

All these studies agree that the vast majority of galaxies with stellar masses (MH)

between 108 and 1011 M� harbour a dominant, compact, and massive stellar cluster

in their photometric center (discussed further in Sect. 4). We note that following

Bullock and Boylan-Kolchin (2017), when we use the terms ‘‘low mass’’ or ‘‘dwarf

galaxy’’ in this review, we refer to galaxies with MH.109 M�.

2.2 Ground-based spectroscopic observations

Given the modest aperture size of HST, its use for spectroscopic NSC studies proves

to be challenging. The survey of Rossa et al. (2006), who obtained HST/STIS

spectra of 40 NSCs from the Carollo and Böker samples, remains the only large

HST-based effort to derive the stellar population of NSCs. While they were able to

show that NSCs contain multiple stellar populations, and were among the first2 to

suggest a correlation between the stellar masses of NSC and host galaxy bulge, the

relatively poor signal-to-noise ratio in many of their spectra demonstrates the

limited use of HST for NSC spectroscopy.

In general, the superior light-collecting power of large ground-based telescopes is

required to obtain deep spectroscopic data of individual NSCs. In low-mass

spheroidal galaxies with shallow surface brightness profiles, as well as in bulge-less

spiral galaxies with a high nucleus-to-disk contrast, spectroscopy of NSCs is

possible even in seeing-limited conditions. This was demonstrated by the work of

Bothun et al. (1985) and Bothun and Mould (1988) who concluded that the stellar

populations of dE,N nuclei in Virgo have relatively high metallicities, pointing to an

2 Two additional papers (Wehner and Harris 2006; Ferrarese et al. 2006a) arriving at similar conclusions

were published in the same year.
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extended star formation history. Similarly, Walcher et al. (2006) revealed the

presence of young stellar populations in the NSCs of many late-type disk galaxies

(see also Sect. 5.4).

In most circumstances, however, seeing-limited observing conditions prevent a

clean separation between NSC light and background emission from the host galaxy.

Fortunately, over the same time span covered by the HST observations, advances in

adaptive optics (AO) technology and laser guide star systems made it possible to

overcome these seeing-imposed limitations.

An especially powerful observational technique to study the structure, kinemat-

ics, and stellar populations of NSCs is integral-field spectroscopy (IFS). IFS not

only allows to probe the extent to which NSCs truly occupy the dynamical center of

their hosts, but also to reveal (kinematic and/or stellar population) sub-structures

within the NSC, provided that it is nearby enough to be spatially resolved. Some

examples for this type of analysis are highlighted in Sect. 5.5. Moreover, when

combined with accurate surface brightness profiles, IFS data sets can provide strong

constraints on the mass distribution, and in particular the presence of black holes in

the mostly unexplored low-mass regime of galaxies with prominent NSCs. This

topic is an especially important one which we will discuss further in Sect. 8.

2.3 Early theoretical studies

Although Tremaine et al. (1975) had already suggested that NSCs form through the

infall and merging of globular clusters driven into the nucleus by dynamical friction,

theories for the formation of nucleated low-mass early-type galaxies received

renewed attention only following the Virgo cluster study of Binggeli et al. (1985),

which identified nucleation as a common feature in many low-mass

(MH � 109 M�) early-type galaxies.

The coalescence of globular clusters was further developed analytically by

Capuzzo-Dolcetta (1993), as well as by Lotz et al. (2001), who also provided some

observational evidence in support of the globular cluster infall scenario. The general

validity of dynamical friction as a mechanism for nucleation was confirmed with N-

body simulations by Oh and Lin (2000). On the other hand, Milosavljević (2004)

concluded that in pure disk galaxies, the migration time scales are too long, and,

instead, suggested gas infall and subsequent in situ star formation as the more

plausible alternative in disk galaxies.

Other early theoretical studies focused on gas infall and subsequent centralized

star formation even in early-type galaxies include Bailey (1980) who argues that

inward-flowing stellar mass loss can lead to nuclear stellar disks, and Mihos and

Hernquist (1994) who point out that gas-rich mergers will produce dense stellar

cores which could be identified as NSCs. In a similar vein, Silk et al. (1987) invoke

late gas accretion and the ensuing star formation as a plausible mechanism to

explain nucleation, and already point out that this may also explain the higher

nucleation rate in more massive dwarf galaxies (see Sect. 4).

We will provide an updated and more detailed summary of NSC formation

mechanisms discussed in the recent literature in Sect. 7.
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3 What is a nuclear star cluster?

Given the wealth of observational data on NSCs collected over the past 2 decades,

and the wide range of host galaxy properties covered (i.e., Hubble type, stellar

masses, environments, star formation activity, etc.), it seems useful to include a

clarification of what a nuclear star cluster is.

A broad definition that encompasses the range of objects identified as nuclear star

clusters in the literature is the following:

‘‘The detection of stellar excess light above the inward extrapolation of the host
galaxy’s surface brightness profile on scales of . 50 pc.’’

While this definition leaves a number of gray areas, in the vast majority of cases,

the NSC is unambiguously identified as a dense and massive compact stellar system

located at the dynamical center of the host galaxy (e.g., Neumayer et al. 2011), as

clearly illustrated in Fig. 1.

In general, NSCs are very distinct, bright, and compact stellar clusters that are

unrivalled in luminosity by other stellar clusters. This is clearly demonstrated in

Fig. 2 which compares NSCs to the globular cluster systems of their hosts for the

Côté et al. (2006) sample of early-type galaxies in Virgo. The right panel shows that

independent of host galaxy mass, the NSC is nearly always the brightest cluster in

the galaxy, often by a wide margin. This result is remarkable, given that both

populations have very similar effective radii (e.g., Böker et al. 2004, see also

Sect. 5.1). It seems to hold also for NSC candidates in other types of galaxies such

as low-mass dwarfs, as pointed out by Georgiev et al. (2009). Even in the gas-rich

Fig. 2 NSCs (red star symbols) are distinct from globular clusters (GCs, grey points). In both panels,
NSCs in the Virgo cluster (Côté et al. 2006) are compared to the GC systems of their hosts, as derived by
Jordán et al. (2009). The left panel shows the radial distribution of the clusters vs. their g-band luminosity

(note that Mg ¼ �10 corresponds to a luminosity of 1:1 � 106 L�). The NSCs clearly have exceptional

luminosities, and almost all are consistent with being at the photocenter of the galaxy. The right panel
shows the distribution of GC and NSC absolute magnitudes separately for each galaxy, and ordered by
host stellar mass (from Spengler et al. 2017). We note that, here, the galaxies are evenly spaced in order
of increasing stellar mass, and so, their location on the x-axis is only approximate. In both panels, the
symbol size for each NSC is proportional to its effective radius, ranging from 2 to 40 pc. Note that the
increasing symbol size at higher luminosities is a result of a size–luminosity relation for these NSCs; this
will be discussed further in Sect. 5.3
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environment of late-type disk galaxies, the NSC clearly stands out in terms of

luminosity, as pointed out by Böker et al. (2002). The only other compact stellar

systems rivalling NSCs in luminosity are young and massive ‘super star clusters’

created in merger events or circum-nuclear starburst rings, which can outshine the

NSC for a short time, and in blue passbands.

Despite the prominence of NSCs, there are some complications in identifying

them, both observationally and conceptually. These mostly make it difficult to

exclude their presence. In what follows, we list some of the challenges and

ambiguities in identifying NSCs.

– Steep inner profiles: it can sometimes be difficult to decide what exactly the

‘‘inward extrapolation of the host galaxy’s surface brightness profile’’ is. This is

especially true in more massive ellipticals and bulge-dominated early-type

spirals with steep light profiles (e.g., Carollo et al. 2002; Côté et al. 2007;

Kormendy et al. 2009). Galaxies are typically fitted by Sérsic profiles, and Côté

et al. (2007) has shown that for a small range of early-type galaxy luminosities

around MB ¼ �20mag, a single Sérsic profile fits the galaxy all the way to the

center, while at fainter luminosities, most early-type galaxies show an excess

within 0:02 Reff (typically . 20 pc), which they refer to as NSCs. However, this

interpretation is somewhat controversial, as Hopkins et al. (2009) and Kormendy

et al. (2009) further subdivide this group of lower mass early-type galaxies into

ellipticals with central light excess on one hand, and diskier spheroidals with

NSCs on the other.3 For example, the center of M 32 is described as having a

central light excess by Kormendy et al. (2009), but Graham and Spitler (2009)

classify it as an NSC with an effective radius of 6 pc, well within the distribution

of sizes of typical NSCs. In this review, we choose not to make a distinction

between NSCs and central light excesses, but will return to this issue when

talking about the formation of NSCs in Sect. 7.

– Nuclear disks: flattened structures with disky morphologies are found in massive

NSCs in both early-type (Côté et al. 2006; Nguyen et al. 2018) and late-type

galaxies including the Milky Way (Seth et al. 2006; Schödel et al. 2014b).

These structures show clear evidence for rotation (Seth et al. 2008b; Feldmeier

et al. 2014). While the term ‘‘nuclear star clusters’’ may imply spheroidal

objects, it is clear that any recent gas infall will likely occur along a preferred

plane, and thus, NSC growth via in situ star formation will likely produce a

disky morphology. At the same time, many galaxies have larger (circum)nuclear

stellar disks on scales of � 100 pc that can be difficult to separate from the NSC

proper. For example, the Milky Way has an extended nuclear stellar disk that is

clearly distinct from the more compact NSC (Launhardt et al. 2002). On the

other hand, some compact nuclear star-forming disks have been identified as a

separate class of objects rather than being considered NSCs (e.g., Morelli et al.

2010) despite having scales of only tens of parsecs. Clearly, some ambiguity

exists, which has led some authors to exclude large flattened objects from being

considered as NSCs (e.g., Scott and Graham 2013). However, we stress that, in

3 These papers further argue that light excesses in typically brighter ellipticals and fainter spheroidal

systems are not comparable, as they are formed in different processes.
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most cases, there is a clear distinction between NSCs (with typical sizes of 5 pc)

and more extended circum-nuclear disks. We note that in both items discussed

so far, the ambiguity is primarily present in the nuclei of the most massive

galaxies.

– Ongoing starbursts: some galactic nuclei are currently experiencing an episode

of active star formation. In these cases, the obscuration by dense clouds of gas

and dust, combined with the presence of young stars that dominate the light, can

make it difficult to discern the true stellar mass distribution. A good example is

NGC 6946 which, despite its proximity, has eluded a characterization of its

nuclear morphology (Schinnerer et al. 2006, 2007).

– Ambiguous centers/non-nuclear clusters: for higher mass galaxies with well-

defined morphologies and organized rotation, the NSCs appear to be coincident

with the photocenter (e.g., Böker et al. 2002; Côté et al. 2006) as well as the

dynamical center (Neumayer et al. 2011). However, for many lower luminosity

galaxies, the exact location of the galaxy center becomes more ambiguous,

especially in irregular galaxies. Nonetheless, the clusters living nearest the

centers of these galaxies have similarly exceptional luminosities, suggesting that

they are in fact NSCs (Georgiev et al. 2009). Adding to the ambiguity, some

star-forming galaxies harbor multiple bright clusters near their centers, making

the identification of a bona-fide NSC difficult (e.g., Georgiev and Böker 2014).

– Very low-mass galaxies: the recent discovery of low-mass star clusters (\
6000 M�) near the centers of very faint local group spheroidals (Crnojević et al.

2016; Caldwell et al. 2017) highlights an additional ambiguity. In these galaxies,

as well as in somewhat higher luminosity galaxies in Virgo and Fornax

(Sánchez-Janssen et al. 2019a; Ordenes-Briceño et al. 2018), the NSCs have

lower masses than typical GCs. In contrast to the majority of NSCs, their

properties or formation histories may be no different than those of ‘‘normal’’ star

clusters.

– Dust lanes: the centers of massive spiral galaxies such as the Milky Way contain

dense and thin dust lanes that can make the identification of NSCs challenging.

In the Milky Way, the NSC is obscured by AV � 30 magnitudes (e.g., Fritz et al.

2011; Nogueras-Lara et al. 2019b), making it impossible to identify at optical

wavelengths.

To summarize this section, we stress again that in most cases, NSCs are distinct,

well-defined objects, even though there are some ambiguous cases, particularly at

the extreme ends of the NSC size and mass distribution.

4 Nuclear star cluster demographics

In this section, we focus on the question of how frequently NSCs are present in

galaxies of different masses and types. Over the last decade, significant additional

data sets beyond the initial HST work have been obtained which characterize

nuclear star clusters in a wide range of galaxy types and in different environments.
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A comprehensive list of large NSC studies, which are mostly focused on a specific

range of Hubble type, is shown in Table 1.

4.1 Trends with host galaxy mass, morphology, and color

We first quantify the fraction of galaxies with NSCs as a function of stellar mass,

i.e., the ‘NSC occupation fraction’. For early-type galaxies, the recent studies of

hundreds of dwarf galaxies in galaxy clusters by den Brok et al. (2014), Sánchez-

Janssen et al. (2019a), and Ordenes-Briceño et al. (2018) have made it clear that

NSCs are found in J80% of � 109 M� early-type galaxies, while the NSC

occupation fraction drops steadily towards lower host masses, reaching nearly zero

at galaxy stellar masses of � 106 M�. These data in clusters also appear to be

consistent with the low \25% nucleation fraction in early-type dwarf galaxies

found around nearby (mostly spiral) galaxies within 12 Mpc by Carlsten et al.

(2019). As for the high-mass end, earlier data from the HST surveys of Virgo and

Fornax (Côté et al. 2006; Turner et al. 2012) show a decline in the NSC occupation

fraction at masses above 109 M�, which is put in context with the lower mass

galaxies in the more recent study by Sánchez-Janssen et al. (2019a). In the highest

mass ellipticals, NSCs are clearly rarer, but some do appear to exist. For example,

Lauer et al. (2005) catalogs a number of nuclear sources with nuclear absorption

line spectra and colors similar to the main galaxy, suggesting that they are in fact

Fig. 3 Nuclear star cluster are found in a wide range of galaxies, but preferentially those with stellar

masses between 108 and 1010 M�. Left: A color-magnitude diagram of galaxies with (filled black circles)
and without (open white circles) detected NSCs. The background colors indicate the division between
early-type galaxies (the red sequence) and late-type galaxies (the blue cloud). Right: The fraction of
galaxies with identified NSCs as a function of stellar mass. Because of various challenges in identifying
NSCs (see Sect. 3), these numbers can be considered lower limits for the NSC occupation fraction,
especially in late-type galaxies. The data samples for which NSC searches have been conducted (Lauer
et al. 2005; Ferrarese et al. 2006b; Georgiev et al. 2009; Georgiev and Böker 2014; Eigenthaler et al.
2018; Sánchez-Janssen et al. 2019a) comprise a total of 1180 galaxies after removal of duplicates. All
have available color information that has been transformed to a common color of ðg � iÞ0. The values for

MH, the stellar masses of the host galaxies, are derived using the Bruzual and Charlot (2003) models with
a Chabrier (2003) IMF. Where comparable masses were not listed in the original source, they were
calculated using the g � i color–M/L relations of Roediger and Courteau (2015)
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NSCs, although their classification does not universally agree with those of Côté

et al. (2006). Counting just these absorption line nuclei as bona-fide NSCs, the

nucleation fraction in the Lauer et al. (2005) sample is 20% (8 out of 40 galaxies

with available colors).

As pointed out by Côté et al. (2006), a plausible explanation for the scarcity of

NSCs in high-mass ellipticals is the merging of galactic nuclei with SMBHs. This

process likely leads to the formation of binary black holes which, in the process of

coalescence, transfer energy to the surrounding stars, thus decreasing the central

density and effectively destroying the NSC (e.g., Quinlan and Hernquist 1997;

Milosavljević and Merritt 2001).

In late-type galaxies, the available data sets are less extensive, with Georgiev and

Böker (2014) finding an NSC occupation fraction of 80% in a sample of over 300

spirals of Hubble-type Sbc and, later, roughly consistent with earlier findings (Böker

et al. 2002; Carollo et al. 2002). A much lower NSC occupation fraction is found in

a small sample of dwarf galaxies in Georgiev et al. (2009). Similarly, studies of

satellite galaxies in Habas et al. (2019) suggest a low occupation fraction in dwarf

irregular satellite galaxies in the nearby universe, lower than found for early-type

Table 1 NSC literature samples

(1) (2) (3) (4)

Authors Galaxy sample Occ. fraction In

Fig. 3?

Carollo et al. (1997, 1998, 2002);

Carollo and Stiavelli (1998)

94 early-type spirals (Sa-Sbc) with

vhel\2500 km=s, i� 75�, and d [ 10
62% (58/94) No

Böker et al. (2002) 77 face-on late-type spirals (Scd-Sm) 77% (59/77) Yes

Lauer et al. (2005)a 77 massive early-type spirals, 40 with

color information

20% (8/40) Yes

Côté et al. (2006) 100 early types in Virgo (E, S0, dE,

dS0)

66% (66/100) Yes

Seth et al. (2006) 14 edge-on late-type spirals 64% (9/14) No

Georgiev et al. (2009) 68 dwarf galaxies (mostly late-type) 13% (9/68) Yes

Turner et al. (2012) 43 early types in Fornax 72% (31/43) No

Georgiev and Böker (2014) 323 non-active late-type spirals (Sbc-

Sm)

71% (228/

323)

Yes

den Brok et al. (2014) 198 early types in Coma 84% (166/

198)

No

Baldassare et al. (2014) 23 early-type field galaxies 26% (6/23) No

Ordenes-Briceño et al. (2018) 225 dwarf galaxies in Fornax 32% (71/225) Yes

Sánchez-Janssen et al. (2019b) 404 dwarf galaxies in Virgo 26% (107/

404)

Yes

We note that the sample of Lauer et al. (2005) overlaps with that of Côté et al. (2006) and Turner et al.

(2012); a discussion of these overlaps can be found at https://github.com/anilseth/nsc_review. These

overlaps have been removed in Fig. 3

aWe note that the sample of Lauer et al. (2005) overlaps with that of Côté et al. (2006) and Turner et al.

(2012); a discussion of these overlaps can be found at https://github.com/anilseth/nsc_review. These

overlaps have been removed in Fig. 3
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galaxies at the same luminosity (but not mass). As discussed in Sect. 3, NSCs can be

more challenging to identify in late-type galaxies due to uncertain photocenters,

dust obscuration, star formation, and young star clusters that create ambiguity when

identifying the NSC. Because of this, the NSC occupation fraction in these studies is

really lower limits.

In Fig. 3, we combine the available information on the NSC occupation fraction

from all major studies listed above in Table 1. More specifically, we use all objects

from the NSC samples of Lauer et al. (2005), Côté et al. (2006), Georgiev et al.

(2009), Georgiev and Böker (2014), Ordenes-Briceño et al. (2018), and Sánchez-

Janssen et al. (2019a) for which color information on the host galaxy is available4 to

create the color-mass diagram in the left-hand panel. Galaxies with and without

identified NSCs are indicated by filled and open symbols, respectively. Note that the

colors and stellar masses of the host galaxies are homogenized to a common

photometric system.

In contrast to earlier studies, we here classify NSC host galaxies based on their

color rather than their Hubble type, to enable inference of NSC properties in modern

large galaxy samples such as those from the Sloan Digital Sky Survey (e.g., Blanton

et al. 2005) and future galaxy samples with, e.g., the Large Synoptic Survey

Telescope. We use a color cut to divide the galaxy sample into ‘blue cloud’ and ‘red

sequence’ (corresponding to late and early types, respectively), indicated by the

dividing line, as shown in Fig. 3. The amount and uniformity of data on the red

sequence is exceptional, with large numbers of galaxies across the full mass range.

On the other hand, there is a clear lack of low-mass blue cloud galaxies. This

implies that the galaxy samples for which NSC searches have been conducted are

significantly biased: at lower masses, the dominant population of galaxies in the

universe is actually blue and of late Hubble type (Blanton et al. 2005). We note that

the Hubble-type classifications follow closely to the color cut shown here, with just

a few galaxies from the early-type samples falling in the blue cloud and vice versa.

In the rest of this review, galaxies are divided based on the Hubble type and not

based on the color–mass relation shown here due to a lack of available colors and

masses for many NSC sample host galaxies.

The right panel of Fig. 3 shows the NSC occupation as a function of galaxy mass,

again separated into blue/late-type, and red/early-type galaxies. For the red

sequence, this figure is nearly identical to the one shown in Sánchez-Janssen et al.

(2019a), although the inclusion of the Lauer et al. (2005) data makes the downturn

at the highest masses less pronounced. Remarkably, the blue cloud NSC occupation

fraction depends on mass in a way that is very similar to the early types with a peak

at � 109 M� as well. However, note that (1) at low masses, the consistency of early

and late types seen here is apparently at odds with initial results from the MATLAS

survey where early types have a higher occupation (Habas et al. 2019), and (2) at

higher masses, the occupation fraction in late-type galaxies appears to remain high

with no clear drop in the highest mass galaxies. This is consistent with the fact that

4 In two cases, the galaxy data are presented in separate papers: Ferrarese et al. (2006b) contains the host

galaxy information for the NSC sample of Côté et al. (2006), while Eigenthaler et al. (2018) describes the

host galaxy sample of Ordenes-Briceño et al. (2018).
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both the Milky Way and Andromeda host prominent NSCs despite having quite

high stellar masses. The sample of Carollo et al. (1998) and Carollo et al. (2002)

(which are not included in these plots due to a lack of homogeneous galaxy color

information) show a nucleation fraction of at least 60%, and given the high masses

of these galaxies, this provides further evidence that the highest mass spirals are

typically nucleated.

The structural properties of the host galaxies may also affect nucleation. Two

recent works have interesting implications for this topic: Lim et al. (2018) find

lower surface brightness galaxies to be less frequently nucleated than their higher

surface brightness counterparts of the same mass. Moreover, van den Bergh (1986),

Ferguson and Sandage (1989), and Lisker et al. (2007) all find that low-mass early-

type galaxies with NSCs are rounder than non-nucleated galaxies of the same galaxy

mass. Similarly, den Brok et al. (2015) show that in the Coma cluster, rounder

galaxies harbor more massive NSCs than more flattened galaxies of the same stellar

mass. Sánchez-Janssen et al. (2019b) find that these results hold in multiple

environments, and suggest that nucleation happens preferentially in galaxies that

were formed more rapidly, and, thus, have a less flattened stellar mass distribution.

4.2 Trends with host galaxy environment

Recently, Sánchez-Janssen et al. (2019a) compared the NSC occupation fraction in

lower mass early-type hosts (MH.109 M�) across different galaxy environments.

Using the data from den Brok et al. (2014), they found that the NSC occupation

fraction is significantly higher in the Coma cluster than in Virgo, with the lowest

occupation fractions found in the local group. This conclusion appears to be at odds

with a previous study of 28 field ellipticals by Baldassare et al. (2014), who find an

NSC occupation fraction similar to that in a mass-matched sample of galaxies in

Virgo. We note that a key difference between these two studies is the mass range of

galaxies for which the comparison was conducted—the Baldassare et al. (2014)

work is focused on high-mass galaxies with MH [ 3 � 109 M�, while this regime

was not probed by the study of Sánchez-Janssen et al. (2019a).

A related observation is the radial distribution of nucleated galaxies in cluster

environments, a measurement that has only been done for spheroidal galaxies. Early

studies of nucleated early-type dwarfs in Virgo (MH.108 M�) suggested that they

were more centrally concentrated within the cluster than non-nucleated galaxies

(Ferguson and Sandage 1989). Put differently, the NSC occupation fraction declines

at lower galaxy number densities. This result was confirmed in subsequent work by

Lisker et al. (2007), and for low-surface brightness galaxies in Coma by Lim et al.

(2018). Overall, there is strong evidence that in denser environments, the NSC

occupation fraction is enhanced for low-mass early-type galaxies (MH.109 M�).

However, the same may not be true for higher host galaxy masses. We note that all

of these studies focus on early-type galaxies in cluster environments. The Georgiev

et al. (2009) and Georgiev and Böker (2014) samples of late-type galaxies are based

on archival data of galaxies, and mostly are in the field, yet their occupation is very

high in the mass range between MH � 108 and 1010 M�. This would seem to argue
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against the environmental dependence extending across all Hubble types, and

perhaps being just restricted to nucleation in early-type galaxies. Careful studies

comparing satellites and central galaxies in a range of environments are clearly

needed to resolve this issue.

5 Properties of nuclear star clusters

Perhaps unsurprisingly given their unique location in the deep potential well of a

dark-matter halo, NSCs have extreme properties: they are the brightest, most

massive, and densest stellar clusters known. In this section we will review the

observational evidence for this statement, as well as the data for other NSC

properties such as their stellar composition and kinematics. Finally, we briefly

summarize the properties of the NSCs of the Milky Way and M 31, to compare

these unique objects to the population of NSCs. We tabulate typical properties of

NSCs in different types and masses of galaxies, as well as the Milky Way NSC

properties in Table 2.

5.1 Sizes and morphologies

The size of an NSC, and in fact any star cluster, is not easily defined, because it

depends on the analytic model used to describe the distribution of stars within the

cluster. Typically, the metric used is the effective radius reff within which half of the

cluster light is contained. This measurement is preferred, because it is fairly robust

against the details of the model parameters used to fit the NSC profile (Larsen

1999).

Because all but the closest NSCs are barely resolved even with HST, their

effective radii are usually measured via PSF-fitting techniques that describe the

observed NSC shape as a convolution of the instrumental point spread function

(PSF) with an analytical function used to describe Galactic GCs or galaxy light

profiles, e.g., the widely used King models (King 1962) or Sérsic profiles (Sérsic

1968; Graham and Driver 2005). This approach has been applied both to one-

dimensional surface brightness profiles (e.g., Böker et al. 2002; Côté et al. 2006)

and two-dimensional images of the NSC (e.g., Böker et al. 2004; Turner et al. 2012;

Georgiev and Böker 2014; Spengler et al. 2017). The latter approach has the

advantage that one can simultaneously quantify the ellipticity of (well-resolved)

NSCs.

The results from the various studies are summarized in Fig. 4, which illustrates

that the median size of NSCs (reff ¼ 3:3þ7:0
�1:9 pc) is comparable to that of globular

clusters (Harris 1996; McLaughlin and van der Marel 2005), although the

distribution has a noticeable tail towards larger sizes.

Figure 5 demonstrates that many NSCs appear non-spherical, with ellipticities as

high as 0.6 (ellipticity: � ¼ 1 � b=a, a: major axis, and b: minor axis). Reliably

measuring the axis ratio b/a of barely resolved sources is difficult, especially in

nuclei of spiral galaxies which are often affected by patchy dust extinction.

Nevertheless, observations of edge-on spirals by Seth et al. (2006) have clearly
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identified elongated, disk-like structures in NSCs that are well aligned with the disk

of their host galaxies. The results of Spengler et al. (2017) demonstrate that many

nuclei in spheroidal galaxies also show a pronounced ellipticity, and that the most

elongated ones are also well aligned with their host bodies. Moreover, the amount of

ellipticity appears to scale with NSC and host galaxy mass. We will come back to

these results in Sect. 7, because they add important constraints on competing

formation scenarios for NSCs.

Table 2 NSC properties

(1) (2) (3) (4) (5) (6)

Galaxy type Size Ellipticity Mass Mass fraction Surface mass density

reff [pc] � ¼ 1 � b=a log(MNSC) MNSC=MH Reff [M�=pc2]

Early types

\109 M� 4:4þ6:5
�1:7 0:16þ0:06

�0:08 5:8þ0:6
�0:6

0.020 104:1

[ 109 M� 4:4þ17:9
�1:8 0:17þ0:20

�0:08 7:0þ0:8
�0:6

0.004 104:6

Late types

\109 M� 3:1þ2:4
�2:0 0:37þ0:14

�0:22 6:2þ0:4
�0:5

0.007 103:6

[ 109 M� 4:8þ7:5
�2:5 0:20þ0:17

�0:09 6:8þ0:8
�0:8

0.001 104:7

Milky Way 4:2 	 0:4 0:29 	 0:02 7.5 0.0005 105:3 (within 4.2 pc)

106:4 (within 0.5 pc)

For all galaxy samples, NSC sizes and surface mass density values are derived from the data shown in

Fig. 7, ellipticities from Fig. 5, and the masses and mass fractions from Fig. 12. We note that the samples

of early and late-type galaxies differ in their stellar mass distribution, especially at low masses. Values

given are medians for the sample, while error bars indicate the 16th and 84th percentiles. For more details

on the Milky Way estimates, see Sect. 5.6

Fig. 4 The effective radii of most NSCs are below 10 pc, but a tail of larger NSCs exists in both early and
late-type galaxies. Data for early-type galaxies are taken from the ACSVCS survey (Côté et al. 2006), and
for late-type spiral galaxies from Georgiev et al. (2016). Note that Côté et al. (2006) resolve effective
radii only above � 2 pc, but all data have been plotted. For the Georgiev et al. (2016) sample, we
exclude objects with only upper limits for reff , although this has a little impact on the size distribution
(because of the wide range of distances in this sample)
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5.2 Luminosities and stellar masses

One of the most directly measurable properties of NSCs is their luminosity.

However, aperture photometry cannot usually be applied, as the underlying host

galaxy structure is often complex and steeply rising towards the center, and, thus,

cannot easily be removed. The preferred method to measure the magnitudes of

resolved NSCs, therefore, is to integrate a model parameterization of their surface

brightness distribution. This approach has been used both for spiral galaxies

(Carollo et al. 2002; Böker et al. 2002; Georgiev and Böker 2014) as well as for

early-type samples (Côté et al. 2006; Turner et al. 2012).

The total stellar mass of an NSC is an even more fundamental quantity which,

however, is not straightforward to measure. Generally speaking, the mass of a stellar

system can be derived via three different observational approaches: (1) photometric,

(2) spectroscopic, and (3) dynamical.

Most of the mass measurements for NSCs come from photometric studies, where

luminosities are converted into mass using relations between the color and the mass-

to-light ratio of a stellar population, which are selected based on (fits to) the spectral

energy distribution (SED) of the stellar population (Georgiev et al. 2016; Spengler

et al. 2017; Sánchez-Janssen et al. 2019a). To make this method robust, multi-band

photometry is required, with at least one colour measurement to constrain the stellar

population. Unfortunately, there is no common set of filters used for all the

observations, which adds further complexity.

Stellar population synthesis methods can also be used to estimate the mass-to-

light ratio (Rossa et al. 2006; Seth et al. 2010; Kacharov et al. 2018). These mass-

to-light ratios based on full spectrum fitting are more reliable than photometric

measurements, especially if those are based on just a single color. Dynamical mass

Fig. 5 The highest mass NSCs tend to be more flattened (i.e., have higher ellipticity) than lower mass
NSCs. This is especially true in the early-type galaxy sample of Spengler et al. (2017), while late-type
galaxies can have very flattened NSCs even in low-mass galaxies. The late-type galaxies plotted contain
reliable measurements from Georgiev and Böker (2014) (circles), while squares are edge-on galaxies
including the Milky Way (Seth et al. 2006; Schödel et al. 2014a). All symbols are sized based on their
effective radius; the range in the effective radii is 0.4–44 pc
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measurements are considered the most accurate way to estimate masses. To measure

the mass, the mass-to-light ratio of the NSC is determined by comparing the

measured (typically integrated) velocity dispersion to a dynamical model for the

stellar potential based on the luminosity profile of the NSC. Since the integrated

velocity dispersions of NSCs are typically low (\ 20–30 km/s), the spectral

resolution of the observations needs to be sufficiently high (RJ5000, e.g., Walcher

et al. 2005; Kormendy et al. 2010). Recently, Nguyen et al. (2019) showed that

mass-to-light ratios based on stellar population synthesis vary by less than 10% with

dynamical estimates based on kinematic maps of four NSCs, suggesting that stellar

population synthesis also provide quite reliable masses.

Our current knowledge of the NSC mass distribution is summarized in Fig. 6

which demonstrates that NSCs are, on average, much more massive than globular

clusters, especially in hosts with masses above 109 M�—we consider the scaling of

NSC and galaxy mass further in Sect. 6.1. The high masses of NSCs combined with

their similar sizes to GCs (see Sect. 5.1) already suggest that the stellar densities of

NSCs are extremely high, a fact that we will discuss next.

5.3 Size–mass relation and stellar densities

In Fig. 7, we compare the mass–density and size–mass relations of NSCs to those of

other stellar systems. Similar plots have previously been published by various

authors (e.g., Hopkins and Quataert 2010b; Misgeld and Hilker 2011; Norris et al.

2014). Our version has a more complete sample of NSCs including recently

Fig. 6 Mass distribution of NSCs relative to that of globular clusters, showing that NSCs in massive
galaxies are typically an order of magnitude more massive. Data for NSCs (open and filled green
histograms) are estimated via color–M/L relations or SED fitting to determine their M/L, and using the
Bruzual and Charlot (2003) models with a Chabrier (2003) IMF. The sample of NSCs includes both early-
type galaxies from the Virgo cluster (Spengler et al. 2017; Sánchez-Janssen et al. 2019a) and late-type
galaxies from (Georgiev et al. 2016). The masses of NSCs are very dependent on the host galaxy sample:

the filled green histogram only includes host galaxies with masses above 109 M�, while the open green
histogram also includes less massive hosts. The globular cluster masses are taken from the updated Harris
catalog (Harris 1996) assuming an M=LV of 2, typical for GCs of all metallicities (e.g., Voggel et al.
2019)
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published data, and distinguishes the most reliable NSC dynamical and stellar

population synthesis mass measurements (Erwin and Gadotti 2012; Nguyen et al.

2018). We draw three conclusions from Fig. 7:

1. For NSCs with masses below a few 106 M�, the size of the NSC does not

depend on their mass, while for higher masses (above � 107 M�), the size

appears to increase proportionally to the square root of the mass, thus preserving

Fig. 7 Mass–radius and mass–surface density relations for NSCs (colored points), compared to other hot
dynamical systems (GCs, bulges, elliptical galaxies; grayscale) from Norris et al. (2014). The blue
asterisks denote measurements compiled by Erwin and Gadotti (2012), which stem from dynamical
measurements or spectral synthesis fits, taken mostly from Walcher et al. (2005) and Rossa et al. (2006).
Other NSC data are taken from Georgiev et al. (2016) for late-types, and the ACSVCS for early-types
(Côté et al. 2006; Spengler et al. 2017). Other hot stellar systems plotted in gray include globular clusters,
ultra-compact dwarfs, compact ellipticals, and normal early-type galaxies. For these, the masses plotted
denote the total stellar mass of the compact object/galaxy. The top two panels plot the data over the full
mass range of hot stellar systems, while the bottom two panels ‘zoom in’ to just the region of parameter
space covered by NSCs. The dashed lines in the lower left panel are a line of constant surface density (top
line) and constant mass density (bottom line). Above a few million solar masses, NSCs show a positive
mass–radius relation, which results in a flattening in surface densities with increasing mass
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a constant surface density. We note that we have excluded size upper limits in

this figure and only plotted NSCs where the effective radius was measured

through modeling of the cluster and the PSF.

2. At a given NSC stellar mass, NSCs in early-type galaxies are on average larger

than those in late-type galaxies. A factor of two difference was previously noted

by Georgiev et al. (2016), but the data shown here suggest that this offset may

not extend down to the lowest mass NSCs. Quantitatively, above 107 M�, the

median size of NSCs in early-types is 11.4 pc, more than double that of the

NSCs in late-types (median of 5.1 pc). However, below 107 M�, the median

sizes are 3.3/4.5 pc in early/late-type galaxies.

3. The most massive NSCs are the densest known stellar systems, and can reach

mass surface densities of � 106 M�=pc2 or more. This is true even for reliable

(i.e., spectroscopically derived) NSC masses, which suggests that the

� 105 M�=pc2 upper limit in surface density suggested by Hopkins et al.

(2010) to be due to stellar feedback may need to be revised upward. These dense

massive clusters have masses derived primarily from the stellar population fits

of Rossa et al. (2006).

While surface mass densities are available in a wide range of NSCs, estimates of

the volume densities of NSCs have been derived in only a handful of systems. Lauer

et al. (1998) derived deprojected density profiles in M 31, M 32, and M 33, and

found the central densities (on scales of � 0.1 pc) are � 106 M�=pc3 for M 31 and

M 33 (see also Lauer et al. 1993; Kormendy and McClure 1993) and � 107 M�=pc3

for M 32, and that the volume density profile of M 32 goes as qðrÞ / r�3=2. Schödel

et al. (2018) derived the three-dimensional stellar density for the Milky Way NSC

on scales of 0.01 pc to 2:6 	 0:3 � 107 M�=pc3. A recent study by Pechetti et al.

(2019) derived volume density profiles in a number of the nearest NSCs and finds a

clear correlation between the galaxy mass and the density and slope of their NSC

profiles, with higher mass galaxies having denser NSCs and shallower density

profiles. The NSC mass profiles range from qðrÞ / r�1 to r�3 with the densities at

r ¼ 5 pc ranging from 102 to � 104 M�=pc3.

5.4 Stellar ages and metallicities

Measuring individual stellar ages and metallicities within an NSC is the most direct

way to derive its formation history. Unfortunately, this is an extremely difficult

undertaking, because individual stars can only be resolved in a few very nearby

NSCs. For most NSCs in external galaxies, we must rely on the analysis of the

integrated light of the entire cluster after careful subtraction of the surrounding

galaxy light. Population fitting techniques are usually applied to this integrated light

data to determine the combination of stellar ages and metallicities that best describe

the observed spectral energy distribution. Even with high-quality spectra or multi-

band images, there are many challenges and limitations associated with stellar

population modeling, which have been extensively discussed recently by Conroy

(2013). Generally speaking, the youngest population of stars in an NSC can be fairly
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reliably determined, because they dominate the light. On the other hand, the age and

mass of the oldest populations (which provides the strongest constraints on when the

NSC formed) are extremely challenging to derive. We focus first on late-type

galaxies, then early-types, followed by a short section on the nucleus of the Sgr

dwarf spheroidal galaxy.

Late-type galaxies: Spectroscopic and multi-band photometric studies of late-

type galaxies, for both individual objects (e.g., Böker et al. 1997, 2001; Seth et al.

2006) and larger samples of galaxies (Walcher et al. 2005; Rossa et al. 2006;

Carson et al. 2015; Kacharov et al. 2018), all agree that most late-type NSCs

contain a mix of stellar populations, with the mass dominated by old stars with ages

of more than a few Gyr. In all cases, an extended star formation history provides

significantly better fits to the NSC spectra than single stellar populations. This is

demonstrated in Fig. 8 for the case of NGC 247. All NSCs in the latest-type spirals

appear to contain stars younger than 100 Myr (Walcher et al. 2005; Kacharov et al.

2018). In earlier type spirals, Rossa et al. (2006) find that half of their NSCs have a

significant population of stars younger than one Gyr. The Milky Way NSC appears

to be a typical example, containing both very young stars and a dominant old

population (Blum et al. 2003; Pfuhl et al. 2011, see also Sect. 5.6). A young, �
200 Myr old stellar population is also seen at the center of the M 31 NSC (Bender

et al. 2005). These young stars are typically centrally concentrated within the NSC

(Georgiev and Böker 2014; Carson et al. 2015), although, occasionally, they will be

found in a larger disk or ring structure (Seth et al. 2006). As discussed further in

Sect. 7, the ubiquitous presence of a young population is strong evidence that NSCs

in late-type hosts experience periodic in situ star formation triggered by infalling

gas.

Early-type galaxies: The situation is less clear in early-type hosts. The nearest

examples seem to have substantial young populations, with ages less than a Gyr

Fig. 8 Stellar population fits for NGC 247 (from Kacharov et al. 2018). The fit residuals are significantly
improved when including multiple populations of stars. In this case, the best-fit stellar population model
fit (blue line) has � 50% of the light and 90% of the mass coming from populations with ages[1 Gyr
and subsolar metallicity, while significant light contributions are also seen from stars of � 10 and � 100
Myr, both with slightly super-solar metallicities. The best-fit single stellar population has an age of 0.22
Gyr, and [Fe/H] = ? 0.26
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(Monaco et al. 2009; Kacharov et al. 2018). However, most early-type NSC hosts

are found in dense galaxy clusters where typically, star formation has ceased due to

the lack of molecular gas. Therefore, most stellar population studies of NSCs in

early-type galaxies assume stellar ages above 1 Gyr, and use single stellar

population models to fit their spectra and spectral energy distributions (e.g., Koleva

et al. 2009; Paudel et al. 2011; Spengler et al. 2017). These studies find median

spectroscopic ages of NSCs of � 3 Gyr (Paudel et al. 2011; Spengler et al. 2017).

Furthermore, NSCs in early-type galaxies are typically younger than their

surrounding galaxy (Koleva et al. 2009; Chilingarian 2009; Paudel et al. 2011).

We caution against interpreting these age results too strongly, as the SSP

assumptions made by these studies are likely incorrect (see section on M 54 below).

Furthermore, the age and metallicity estimates are degenerate, with the age being

significantly more uncertain (e.g., Worthey 1994; Spengler et al. 2017).

In Fig. 9, we show metallicities for a sample of NSCs in early-type galaxies. The

NSCs with spectroscopically measured metallicities (red symbols; Koleva et al.

2009; Paudel et al. 2011; Spengler et al. 2017) show a fairly clear transition at

galaxy stellar masses of � 109 M�. Above this galaxy mass, NSCs are uniformly

metal-rich, and fall above the median mass–metallicity relationship, as might be

expected due to metallicity gradients within the galaxies (e.g., Koleva et al. 2011).

For galaxies with MH\109 M�, a much wider range of NSC metallicities is found,

with roughly half of the measurements falling on or below the median galaxy mass–

metallicity relationship. This same trend is seen when directly comparing

spectroscopic estimates of NSCs and their hosts for a smaller sample of galaxies

Fig. 9 Metallicity estimates for NSCs in early-type galaxies. Left: NSCs in higher mass galaxies are all
metal-rich, while a range of metallicities exist at lower host masses. The spectroscopic data (red symbols)
include results from four studies (Koleva et al. 2009; Paudel et al. 2011; Spengler et al. 2017; Kacharov
et al. 2018). The photometric metallicity estimates (grey symbols) are from Spengler et al. (2017). The
estimate for the nucleus of the Sgr dwarf (labeled M 54) is that of its dominant metal-poor population
(e.g., Mucciarelli et al. 2017). M 54 is the only NSC plotted here for which individual stars can be
resolved and their abundances determined. The two solid lines are the mass–metallicity relations of Kirby
et al. (2013) at the low-mass end, and Gallazzi et al. (2005) at the high mass end. Right: the difference in
metallicities between the NSC and their host galaxies. Data are from Koleva et al. (2009); Paudel et al.
(2011); Kacharov et al. (2018). Difference values above zero indicate that the NSC is more metal-rich
than its host, which predominantly occurs in high-mass galaxies
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in the right panel of Fig. 9. This trend with galaxy mass is not as evident in the

photometric measurements alone, but we regard the spectroscopic results as more

reliable, given the near independence of the Lick index-based metallicities on age

(e.g., Schiavon 2007).

M 54—a unique example: The only NSC for which we can obtain optical

spectroscopy of individual member stars is the nucleus of the Sgr dwarf spheroidal

galaxy (a.k.a. the globular cluster M 54). This makes it a key object for our

understanding of NSCs, especially for low-mass early-type galaxies

(MH � 3 � 108 M�). The dominant population in this NSC is old and metal-poor

(½Fe=H
 ¼ �1:5), with a small number of much younger (. 2 Gyr) and more metal-

rich (½Fe=H
 ¼ �0:5) stars (Monaco et al. 2005; Siegel et al. 2007; Mucciarelli

et al. 2017; Alfaro-Cuello et al. 2019, 2020). The old metal-poor population has

light-element abundance variations similar to those found in globular clusters

(Mucciarelli et al. 2017; Sills et al. 2019), and recent work by Alfaro-Cuello et al.

(2019) suggests that it also has a significant spread in both age and metallicity. We

include the dominant metal-poor component of M 54 in the left-hand panel of

Fig. 9, and see that it fits with the general trend of low metallicities in similar mass

galaxies.

5.5 Kinematics of NSCs

To measure the kinematic structure of NSCs, one needs to resolve their morphology

into many resolution elements. The sensitivity and high spatial resolution required

to do this only became available with the advent of adaptive optics facilities on

ground-based 8-m class telescopes. Earlier studies without the aid of adaptive optics

were only able to get integrated velocity dispersion measurements (e.g., Böker et al.

1999; Walcher et al. 2005; Barth et al. 2009).

As discussed in Sect. 2.2, coupling the advantages of adaptive optics with

integral-field spectrographs enabled spatially resolved studies of NSCs in a number

of nearby galaxies (Seth et al. 2008b, 2010). These studies showed that most NSCs

rotate in the same sense as the underlying host galaxy. This is true for both spiral

and spheroidal galaxies, although in spheroidals, the amount of NSC rotation is

typically lower and their kinematics can be quite complex: some show little or no

rotation (e.g., in NGC 205; Nguyen et al. 2018), while others have high angular

momentum (e.g., FCC 47 Fahrion et al. 2019), or even counter-rotating stars (Seth

et al. 2010; Lyubenova et al. 2013). The ratio v=r of rotational velocity v and

velocity dispersion r provides a sense of whether the NSC dynamics are dominated

by rotation or random motion. Typical values of ðv=rÞreff
(measured at the NSC

effective radius) for NSCs in early-type galaxies are in the range of 0 � 0:5 (Seth

et al. 2010; Nguyen et al. 2018; Lyubenova and Tsatsi 2019). In comparison, the

NSC of the Milky Way has ðv=rÞreff
¼ 0:6 (Feldmeier et al. 2014). Another edge-on

spiral galaxy, NGC 4244, has an even higher value of ðv=rÞreff
� 1 (Seth et al.

2008a). A compilation of available kinematic data is shown in Fig. 11, which

compares these rough NSC measurements with globular cluster measurements from

Bianchini et al. (2013) and Kamann et al. (2018). While many NSCs fall in the
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same region of the diagram occupied by globular clusters, some are significantly

more flattened and rapidly rotating. We caution that detailed modeling is required to

infer the orbital structure of NSCs; for instance, three-integral models of the

flattened and rapidly rotating NSC in NGC 4244 suggest that the object has a mildly

negative vertical anisotropy (De Lorenzi et al. 2013), while models of the Milky

Way NSC suggest tangential anisotropy at radii\2 pc, with nearly isotropic orbits

at larger radii (Feldmeier-Krause et al. 2017b).

We conclude that while some NSCs (mostly in spiral galaxies) can have

significant levels of rotation, in general, they are pressure-supported stellar systems.

5.6 Properties of the Milky Way nuclear star cluster

The NSC at the heart of the Milky Way warrants a special attention, because its

proximity (d ¼ 8:1 	 0:1 kpc, Gravity Collaboration et al. 2019; Do et al. 2019)

offers a unique opportunity to study physical processes on scales that are impossible

to resolve in external NSCs (at d ¼ 8:1 kpc, 100 ¼ 0:04 pc). In this section, we,

therefore, provide a brief summary of the properties of the Milky Way NSC. For a

more comprehensive overview, we refer the reader to the recent reviews by Genzel

et al. (2010) and Schödel et al. (2014b).

– Morphology, luminosity, and mass: The Milky Way NSC was first detected by

Becklin and Neugebauer (1968) and later put into context of the larger Galactic

structure by Launhardt et al. (2002). Becklin and Neugebauer (1968) measured

the FWHM of the Milky Way NSC to be � 18000 in K-band (i.e., 7.2 pc for

d ¼ 8:1 kpc), with a shape elongated along the Galactic plane. Based on wide-

field observations with the IRAS and COBE satellites, Launhardt et al. (2002)

later described the Milky Way NSC as spherically symmetric and embedded in a

larger disk structure, i.e., a nuclear stellar disk with a scale length of about

120 pc. However, due to the limited spatial resolution of their data, they did not

further characterise the NSC itself. More recently, Schödel et al. (2014a)

produced mid-infrared images of the Milky Way NSC from multi-band Spitzer

data that were largely corrected for extinction. Contrary to the assumption of

Launhardt et al. (2002), the Milky Way NSC appears to be intrinsically elliptical

and flattened along the Galactic plane, with an ellipticity of � ¼ 0:29 	 0:02

(i.e., an axis ratio q ¼ b=a ¼ 0:71 	 0:02; Schödel et al. 2014a).

Published values for the effective radius of the Milky Way NSC fall within the

range of reff � 11000 	 1100 (Spitzer 4.5 lm) to 17800 	 5100 (K-band), i.e.,

between 4:2 	 0:4 pc and 7:2 	 2:0 pc (Schödel et al. 2014a; Fritz et al. 2016).

The total luminosity of the Milky Way NSC is L4:5lm ¼ 4:1 	 0:4 � 107L�
Schödel et al. (2014a). At NIR wavelengths, Fritz et al. (2016) obtain

MKs ¼ �16:0 	 0:5 within the effective radius, which corresponds to a total

LKs ¼ 5:2 	 3:0 � 107L�, consistent with the earlier measurement of Launhardt

et al. (2002).

A number of recent studies have derived the total stellar mass of the Milky Way

NSC. Using both photometric and dynamical methods, the results fall within the

range between � 2:1 	 0:7 � 107 M� and 4:2 	 1:1 � 107 M� (Schödel et al.
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2014a; Feldmeier et al. 2014; Chatzopoulos et al. 2015; Fritz et al. 2016;

Feldmeier-Krause et al. 2017b). Remarkably, this range is entirely consistent

with the earliest mass estimates of the Milky Way NSC (Becklin and

Neugebauer 1968; Launhardt et al. 2002).

– Stellar populations and star formation history: The majority of the resolved stars

in the Milky Way NSC are old ([ 5 Gyr) and evolved (spectral types K and M)

giant and supergiant stars, as well as helium-burning stars on the horizontal

branch and the ‘red clump’, which have temperatures of � 3000 to 5000 K, and

low-to-intermediate masses (MH � 0.5 to 4 M�, Blum et al. 2003; Genzel et al.

2010; Feldmeier-Krause et al. 2017a). This is consistent with � 80% of the

stellar mass having formed more than 5 Gyr ago, with an initially high star

formation rate 10 Gyr ago that dropped to a minimum about 1–2 Gyr ago, and

then increased again over the past few 100 million years (Blum et al. 2003;

Pfuhl et al. 2011; Nogueras-Lara et al. 2019a).

In addition to the old stars, there is a population of about 200 massive and young

Wolf–Rayet and O- and B-type stars that are confined to the central 0.5 pc

(Allen et al. 1990; Krabbe et al. 1991; Ghez et al. 2003; Bartko et al. 2010;

Pfuhl et al. 2011; Feldmeier-Krause et al. 2015). The ages of these young stars

are very well constrained within the range 3–8 Myr (Paumard et al. 2006; Lu

et al. 2013). The total mass in young stars is between 14,000 and 37,000

M�(measured via the K-band luminosity function, Lu et al. 2013); the

measurement of photometric masses of the O/B stars gives a consistent lower

limit � 12;000 M�(Feldmeier-Krause et al. 2015). These stars have very likely

formed in situ, because the time which it would take to bring them to the center

is in conflict with their very young age. The lack of young stars outside of the

central 0.5 pc is further evidence against the infall of young star clusters (e.g.,

Feldmeier-Krause et al. 2015). In summary, the stars in the NSC are on average

younger and more metal-rich than the stars in the Galactic bulge (Ness et al.

2013; Feldmeier-Krause et al. 2015, 2017a; Nogueras-Lara et al. 2018;

Schultheis et al. 2019).

– Mass density: The average surface mass density of the Milky Way NSC is

� 2 � 105 M�=pc2 within the effective radius, and � 2:5 � 106 M�=pc2 within

the central � 0:5 pc (Genzel et al. 2010; Feldmeier et al. 2014; Schödel et al.

2014a, b). Schödel et al. (2018) derived the three-dimensional stellar mass

density for the Milky Way NSC on scales of 0.01 pc to 2:6 	 0:3 � 107 M�=pc3.

– Kinematic structure: A variety of observational techniques have revealed that

the Milky Way NSC is rotating in the same direction as the overall Galactic disk

(McGinn et al. 1989; Lindqvist et al. 1992; Genzel et al. 1996; Feldmeier et al.

2014). The line-of-sight velocity of the stars at the NSC effective radius is about

50 	 3 km/s, while the stellar velocity dispersion at the same radius is slightly

higher (McGinn et al. 1989; Feldmeier et al. 2014, 60 	 5 km/s). The resulting

value of v=rreff
� 0:8 at the effective radius actually represents a maximum, with

values between 0.2 and 0.8 for smaller radii.

Using a long-slit drift scanning technique, Feldmeier et al. (2014) constructed

contiguous velocity and velocity dispersion maps of the central 8 pc � 4 pc.
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These maps show that the major axis of rotation is offset with respect to the

Galactic plane by about 9� (see their Fig. 8). This finding was confirmed by Fritz

et al. (2016). In addition, the line-of-sight velocity map shows a perpendicular

rotating substructure, which may be the result of star cluster infall (Feldmeier

et al. 2014; Tsatsi et al. 2017).

– Supermassive black hole: At the center of the Milky Way, NSC resides a

supermassive black hole, SgrA*, with a mass of 4:04 	 0:06 � 106 M� (Gravity

Collaboration et al. 2018; Do et al. 2019). Given the NSC mass of � 3 � 107

M�, this implies that in the case of the Milky Way, the mass fraction of the black

hole relative to the nuclear star cluster is � 13%.

In summary, the Milky Way appears to contain a rather typical example for an NSC,

because many of its properties are entirely consistent with the general sample of

NSCs in external galaxies (see also Table 2).

5.7 Properties of the M 31 nuclear star cluster

Besides the Milky Way NSC, the nucleus of M 31 also deserves a special attention,

because it is one of the nearest extragalactic NSCs (distance d = 785 pc;

McConnachie et al. 2005), and in fact, it was the first NSC to be discovered, as

described in Sect. 2. As will become evident, its properties are quite different from

those of the Milky Way NSC. For example, it represents a rare example of a nucleus

in which the central black hole outweighs the NSC.

HST observations have made it clear that the M 31 NSC has a complicated

morphology (Lauer et al. 1993; King et al. 1995; Lauer et al. 1998). The surface

brightness of the NSC rises above the M 31 bulge at a radius of � 5’’ (� 20 pc)

(Kormendy and Bender 1999; Peng 2002). The outermost component of the NSC is

nearly spherical (q ¼ 0:97), with an effective radius of reff = 3.2’’ (� 12 pc) and a

mass of 2:8 � 107 M� (Peng 2002). Embedded within this are two sources (dubbed

P1 and P2) which are both offset from the central black hole and thought to be part

of a flattened eccentric disk (discussed in more detail below). This disk shows strong

rotation (with an amplitude up to � 250 km/s Lockhart et al. 2018), and has an

effective radius of\ 1’’ (\ 4 pc), and a total mass of 2:1 � 107 M�, resulting in a

total NSC mass of � 5 � 107 M� (Peng 2002). Spectroscopic fitting shows that the

stars in the central � 5’’ are old (7–13 Gyr) and extremely metal-rich

(½Z=H
 ¼ 0:3–0.5), i.e., even more metal-rich than the stars in the surrounding

bulge (Saglia et al. 2010). The three-dimensional stellar mass density of the NSC on

scales of 0.1 pc is � 2 � 106 M�=pc3 (Lauer et al. 1998).

The NSC of M 31 hosts an SMBH of � 1:1 � 2:3 � 108 M� (Peiris and

Tremaine 2003; Bender et al. 2005). Immediately surrounding the central black hole

is a UV-bright source with an A-type spectrum known as P3 (Bender et al. 2005).

This source is blue, not because of AGN light but rather, because it is dominated by

hot stars. The spectrum and high-resolution images are well described by a �
104 M� 100–200 Myr old stellar population (Bender et al. 2005; Lauer et al. 2012).

These stars are rotating in a co-planar way with the older eccentric disk (Bender
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et al. 2005). This young population also appears to be associated with a lack of NIR

K-band emission (Lockhart et al. 2018).

The morphological structure of the central region of M 31’s NSC is best

explained by an eccentric disk model, composed of stars traveling on nearly

Keplerian orbits around a black hole (Tremaine 1995). This model reproduces most

of the features seen in HST photometry, in particular the bright off-center source P1

which is the apocenter region of the disk. Recent integral-field kinematics are also

well-fit by this model (Lockhart et al. 2018), and those data suggest a slow

precession rate for the disk. The eccentric disk model also explains the fact that the

velocity dispersion peak is offset by � 0:200 from the UV peak, assumed to mark the

location of the supermassive black hole (Bacon et al. 2001). Moreover, the eccentric

stellar disk model can explain the formation of young stars at the center of M 31’s

NSC (Chang et al. 2007). The disk creates a non-axisymmetric perturbation to the

potential and drives gas into the inner parsec around the SMBH. Chang et al. (2007)

show that stellar mass loss from P1 and P2 would be sufficient to create a

gravitationally unstable gaseous disk of � 105 M� every 0.1–1 Gyr, consistent with

the young age of P3 (� 200 Myr).

Although the mass of the MW and M 31 NSCs is quite comparable, the ratio of

this mass to the black hole mass is dramatically different, with the M 31 BH being

� 3� the mass of the NSC, while in the Milky Way, it makes up only\15%. The

dominance of the BH mass accounts for M 31’s eccentric disk structure (Tremaine

2019), providing us with a useful nearby case study in this regime which is more

typical for higher mass galaxies (see Sect. 8).

6 Nuclear star clusters and their host galaxies

In this section, we consider how NSCs are related to the host galaxies which they

live in. We first discuss the overall scaling of NSC mass with galaxy properties, and

then investigate how other NSC properties vary with galaxy mass and type.

6.1 Scaling relations of NSCs

The most straightforward quantities to compare between galaxies and NSCs are

their luminosities and stellar masses, and there is a substantial body of literature that

has examined these correlations. The NSC luminosity was first compared to the host

galaxy/bulge luminosity for small samples of galaxies by Balcells et al. (2003) and

Graham and Guzmán (2003). Inspired by this, as well as the prominent black hole

scaling relations, subsequent papers examined NSC–galaxy scaling relations using

both luminosity and mass (Ferrarese et al. 2006a; Wehner and Harris 2006; Rossa

et al. 2006; Balcells et al. 2007; Seth et al. 2008b; Erwin and Gadotti 2012; Scott

and Graham 2013; den Brok et al. 2014; Capuzzo-Dolcetta and Tosta e Melo 2017;

Sánchez-Janssen et al. 2019a).

While it was at one point claimed that the NSC and BH scaling relations may be

comparable (Ferrarese et al. 2006a; Wehner and Harris 2006), evidence is mounting
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that the NSC scaling relations are distinct from the BH scaling relations (Leigh et al.

2012; Erwin and Gadotti 2012; Scott and Graham 2013).

In the left panel of Fig. 12, we show a compilation of NSC and galaxy masses.

The NSC sample is the same as in Fig. 3, with the addition of NSCs with masses

measured using stellar population model fits or dynamical estimates (plotted as

stars; Erwin and Gadotti 2012; Nguyen et al. 2018). The best-fit log-linear relation

to the full sample of 407 NSC and host galaxy mass estimates is:

log MNSC ¼ 0:48 log
MH

109M�

� �
þ 6:51: ð1Þ

Bootstrapping errors on both parameters of this fit are � 0.04 dex, while the scatter

around the fit is � 0.6 dex. While the errors on estimated M/L ratios for the

individual measurements are large and heterogeneous, they should be below � 0.3

dex (Roediger and Courteau 2015), which implies that the scatter is primarily

intrinsic.

This NSC–stellar mass-scaling relation is consistent with the previous results

(Balcells et al. 2003; Scott and Graham 2013; den Brok et al. 2014; Sánchez-

Janssen et al. 2019a, but also see Georgiev et al. 2016 who find a steeper relation),

and suggests that roughly MNSC / M
1=2
H

. This sub-linear trend implies that NSCs in

lower mass galaxies contain a higher fraction of the galaxy mass than in higher mass

galaxies. At 109 M�, this mass is about 0.3% of the total galaxy mass, in agreement

with the findings from Côté et al. (2006). The NSC-galaxy mass fraction is shown in

the right panel of Fig. 12, which shows clearly that the mass scaling is very similar

for both early- and late-type galaxies. We will discuss this result in the context of

formation models in Sect. 7.

There are hints in both panels that the high mass end of NSCs may behave

somewhat differently, with a possible steepening of the NSC mass-scaling slope.

For early types, this steepening has previously been noted by den Brok et al. (2014)

and by Sánchez-Janssen et al. (2019a). At the same time, Scott and Graham (2013)

exclude these more massive objects as apparent nuclear stellar disks with larger

effective radii rather than NSCs. Despite the fact that, given our inclusive definition

of NSCs, these objects remain in our sample, we nonetheless maintain a shallow

slope even at higher masses when including all objects in the fit. On the other hand,

if we restrict ourselves to the smaller subsample of objects with more accurate NSC

mass measurements (plotted as stars), we do indeed find a steeper slope, as also

found by Georgiev et al. (2016). More specifically, fitting just these galaxies which

primarily contain massive NSCs in late-type galaxies, we get a nearly linear

relationship:

log MNSC ¼ 0:92 log
MH

109M�

� �
þ 6:13 ð2Þ

with bootstrapping uncertainties of � 0.18 dex on both quantities. This line is

shown as a dot-dashed line in the left panel of Fig. 12. Hints of this linear mass-

scaling relationship are also seen in the full sample of galaxies in the right panel,

where the early-type galaxies have a bump above the best-fit relation above 109 M�,
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while the late-type galaxies show a modest flattening at the highest mass end. We

note that the lower mass fraction in the highest mass early-type bin in the right panel

is due to our inclusion of galaxies from the Lauer et al. (2005) sample, which have

not been included in previous scaling relation work (i.e., Scott and Graham 2013;

Sánchez-Janssen et al. 2019a). Surprisingly, these objects seem to follow the trend

found for low-mass early-types, rather than continue the upturn found by Sánchez-

Janssen et al. (2019a).

6.2 Other correlations between NSCs and their hosts

Throughout this review, we have already touched on several links between NSCs

and their hosts (apart from their mass-scaling relations discussed above) which we

now summarize. In Sect. 4, we showed that there is a clear dependence of the

nucleation fraction on galaxy stellar mass. At low masses, this dependence seems to

be independent of galaxy type, rising steadily up to � 109 M� where the occupation

fraction peaks. Moreover, the mass-scaling relation discussed in the previous

subsection also seems to depend on galaxy stellar mass but not on galaxy type.

The stellar populations of NSCs (Sect. 5.4) also are linked to their host galaxy

masses, at least in early-type galaxies. Specifically, at low masses, NSC metallicities

have a wide range and are often lower than those of their hosts (Fig. 9), while at

high masses, they are always higher. A comparison of the integrated colors of early-

type NSCs vs. their hosts shows a trend consistent with this change in metallicity:

Turner et al. (2012) and Sánchez-Janssen et al. (2019a) find that their lowest mass

galaxies have NSCs that are typically bluer than their hosts (suggesting that the

NSCs are more metal-poor than their hosts), while many higher mass galaxies have

NSCs that are redder (consistent with higher NSC metallicities). The metallicities of

older stars in late-type galaxies are very difficult to constrain (Kacharov et al. 2018),

and existing late-type spectroscopic measurements are all for galaxies with

MH [ 109 M�. Therefore, it remains unknown if a similar trend towards low-

metallicity NSCs exists in late-type galaxies, although the colors of NSCs in these

galaxies do seem to be typical of metal-poor GCs (Georgiev et al. 2009).

While the occupation fraction and mass scaling of NSCs in early-type and late-

type galaxies are remarkably similar, there are some NSC properties that seem to

differ between the two galaxy types. Most obviously, spectroscopic studies suggest

that the ages and metallicities of stars in NSCs are correlated with those of their host

galaxies (Rossa et al. 2006; Kacharov et al. 2018), and young \ 100 Myr

populations are ubiquitous only in late-type spirals (Walcher et al. 2006). The

size–mass relation also appears to differ, with NSCs in early-type galaxies being

larger at a given NSC mass (and galaxy stellar mass) than late-type NSCs (Georgiev

et al. 2016). This observation may be related to the young stars in these NSCs being

centrally concentrated (Carson et al. 2015). Another possible consequence of the

presence of young stars is the large ellipticity of some young clusters (Fig. 5), which

may be due to disky distributions of young stars (Seth et al. 2006; Carson et al.

2015).
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We will return to these observations to help constrain formation models of NSCs

in the next section.

7 Scenarios for the formation and growth of nuclear star clusters

In this section, we will attempt to address the questions raised in Sect. 1, namely

when and how NSCs form, and whether the answer depends on the properties of

their host galaxy. We emphasize that the mechanisms for the initial NSC formation

and their subsequent growth do not necessarily have to be the same.

7.1 Initial formation of NSCs

A high-level question which we would like to address first is whether NSCs initially

form before, together with, or after their hosts. Since they lie deepest in the potential

well of galaxies where gas densities are likely to be highest, seed NSCs could be

among the earliest structures to form in a galaxy. In this scenario, one would expect

that at least some NSC stars are both older and more metal-poor than the stars in the

surrounding galaxy.

In principle, it is easier to observationally constrain the metallicity of individual

stars, rather than their age. Individual metal-poor stars have been identified at the

center of the two nearest NSCs: the Sgr dSph NSC (M 54) contains a dominant old

metal-poor population (Mucciarelli et al. 2017; Alfaro-Cuello et al. 2019), while in

the Milky Way NSC, a small number of stars with [Fe/H]\� 1 are found (Do et al.

2015; Ryde et al. 2016; Rich et al. 2017). In fact, the Milky Way is the only case

where we can ascertain that such a population exists alongside a dominant

population of younger and more metal-rich stars.

In the general case of more distant NSCs, however, one has to rely on integrated

light measurements, which makes it nearly impossible to constrain the metal-poor

population (Seth et al. 2010; Kacharov et al. 2018). The exception is when the

metal-poor population dominates the light of the NSC, as it does in some low-mass

early-type galaxies (see Fig. 9 and Sect. 5.4). The fact that these NSCs are

dominated by stars that are more metal poor than those of the stellar body of their

host galaxy implies that NSC stars must have either formed in situ before the stars

that surround them, or they formed elsewhere from less enriched gas, and then

inspiraled to the nucleus (see next subsection for details). Such early formation of

dense clusters in dark matter halos has a rich theoretical history, focused primarily

on the goal of forming globular cluster-like objects (see recent review by Renaud

2018). One particularly interesting scenario that may be relevant for NSCs is the

proposal by Cen (2001) that during reionization, shocks could compress gas in the

inner regions of dark matter halos, thus forming clusters with masses as high as

106 M�.

Ongoing efforts to model globular cluster formation in cosmological simulations

(e.g., Li and Gnedin 2019; Ma et al. 2019; Lahén et al. 2019) have the potential to

address the important question of how quickly galaxies acquire their NSCs,

especially if they include the effects of dynamical friction. However, given the
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current lack of strong observational constraints and theoretical work on the initial

formation of NSCs, we now turn our focus to understanding their subsequent

growth.

7.2 Globular cluster infall and merging

Soon after the breakthrough observation of the M 31 NSC by Light et al. (1974), the

first formation scenario for NSCs was offered by Tremaine et al. (1975). They

suggested that the compact nuclear structures in M 31 and similar galaxies will

inevitably be formed when globular clusters are ‘dragged’ into the nucleus by

dynamical friction created as they orbit through the stellar body of their host galaxy.

The strength of this dynamical friction depends linearly on the mass of the cluster,

and thus, the most massive clusters are the most likely to inspiral into and form the

NSC. The strength of the dynamical friction also depends inversely on the velocity

(/ 1=v2) of the stars in the host galaxy. This scenario has received much attention

over the years, both observationally and theoretically.

On the observational side, it has been pointed out that the radial profiles of GC

systems in early-type galaxies seem to indicate a deficit of massive GCs in the inner

parts of many galaxies (Lotz et al. 2001; Capuzzo-Dolcetta and Mastrobuono-

Battisti 2009), potentially indicating that dynamical friction has driven them into the

nucleus. Additional evidence comes from the recent observation that in low-mass

early-types, the nucleation fraction closely tracks the fraction of galaxies that host

(non-nuclear) globular clusters (Sánchez-Janssen et al. 2019a). In addition, the

previous work has shown that the specific frequency of globular clusters (the

number of globular clusters per unit galaxy luminosity) is substantially higher in

nucleated early-type dwarfs than in their non-nucleated counterparts (Miller and

Lotz 2007; Lim et al. 2018).

An additional interesting finding is that in early-type galaxies, the total

luminosity/mass in globular clusters and in NSCs seems to be nearly equal. This

was first noted by Côté et al. (2006) who found that the typical NSC-to-galaxy

luminosity ratio in their sample of Virgo early-type galaxies (0.3%) was nearly

identical to the GC system-to-galaxy mass ratio calculated by McLaughlin (1999).

Taking this a step further, den Brok et al. (2014) showed that the typical GC system

luminosity derived from previous work is within a factor of � 2 of the NSC

luminosity for their large sample of Coma galaxies with masses between roughly

107 and 109 M�. The persistence of this mass fraction similarity between GCs and

NSCs over a wide range of galaxy masses is something existing infall models which

have yet to explain.

The presence of metal-poor stars in low-mass early-type galaxy nuclei discussed

in Sect. 5.4, Fig. 9, and, in the previous subsection, may also support the dynamical

friction scenario, as it provides a natural way to bring more metal-poor stellar

populations to the center of the galaxy. The massive star clusters that can inspiral to

NSCs appear to be more efficiently produced at low metallicities (Pfeffer et al.

2018). Therefore, NSCs more metal-poor than their surrounding hosts are likely an

expectation of dynamical friction-driven infall models. However, we caution that
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the surviving globular cluster population can be quite different from the population

of clusters that formed and fell into the NSC (or were subsequently destroyed) (e.g.,

Lamers et al. 2017). We also note here that although we use the term globular

clusters in this discussion, the infalling clusters can also be younger massive clusters

(e.g., Agarwal and Milosavljević 2011).

A large number of simulations and semi-analytic models have quantified the

efficiency of dynamical friction over a wide range of starting conditions for the GC

systems and their host galaxies. The general picture that has emerged is the

following. Provided that early star formation in the host galaxy produces a sufficient

number of high-mass (MH J105 M�) clusters, dynamical friction, indeed, provides

a plausible mechanism to form an NSC on time scales much shorter than a Hubble

time (e.g., Capuzzo-Dolcetta 1993; Oh and Lin 2000; Lotz et al. 2001; Agarwal and

Milosavljević 2011; Neumayer et al. 2011).

Detailed N-body simulations of the dynamical friction-induced merger process in

galactic nuclei, first performed by Capuzzo-Dolcetta and Miocchi (2008a, b), have

shown consistency with some properties of observed NSCs. For instance, Hartmann

et al. (2011) found they could match the density and shape of some local, well-

resolved NSCs in late-type galaxies with merging star cluster simulations, but that

matching the kinematics of the clusters likely requires roughly half of the NSC mass

to stem from accreted gas and subsequent in situ star formation. In a similar vein,

Antonini et al. (2012) successfully reproduced the density profile of the Milky Way

NSC from the accretion of globular clusters, but also concluded that the observed

luminosity function requires younger stars and, therefore, suggested that only about

half of the NSC mass can originate from globular cluster inspirals. The rotation of

NSCs was investigated by Tsatsi et al. (2017), who found that their models could

match the observed flattening (Schödel et al. 2014a) and rotation signature

(Feldmeier et al. 2014) of the Milky Way NSC (Figs. 10, 11).

Another class of simulations are semi-analytic models that follow the evolution

of GC systems with dynamical friction to track the growth of their NSCs. These

models are able to produce some of the properties of both the present-day NSCs and

the ‘left over’ GC systems (Antonini 2013; Gnedin et al. 2014). Antonini et al.

(2012) and Antonini (2013) find a size–luminosity (or mass) relation of reff / M0:5
NSC

for a small number of mergers, similar to the one derived by Côté et al. (2006) for

early-type NSCs, but a little steeper than the size–mass relationship of reff / M0:35
NSC

found by Georgiev et al. (2016). Figure 7 shows the size–mass relations for NSCs,

with the upper dashed line indicating the power-law reff / M0:5
NSC. At the low-mass

end, it is clear that the observations indicate a shallower relation than this, while at

the high-mass end, the relation seems to be a good match to the data. The

simulations of Gnedin et al. (2014) find that the fraction of galaxy mass contained

within the NSC scales as MNSC=MH / M�0:5
H

or, alternatively, MNSC / M0:5
H

. In

Sect. 6.1 and Fig. 12, we find a very good match to this mass-scaling prediction for

the full sample of both early- and late-type galaxies. We note, however, that while

the power-law slope matches, the normalization which we find is about an order of

magnitude lower than the 0.25% of mass suggested by Gnedin et al. (2014) for

galaxies with MH ¼ 1011 M�.
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One additional interesting body of work on dynamical friction-induced cluster

inspiral relates to the Fornax dSph galaxy, which has five bright globular clusters,

but is not nucleated. The galaxy is dark matter dominated, and Goerdt et al. (2006)

find that if the galaxy possessed an NFW halo (with a central dark matter cusp), the

globular clusters should sink to the center over a timescale between 1.5 and 5 Gyr.

They interpret this as evidence for a flattened (cored) dark matter halo, which would

lengthen the timescale for cluster inspiral. This issue remains an area of active

research (e.g., Arca-Sedda and Capuzzo-Dolcetta 2017; Boldrini et al. 2019;

Meadows et al. 2019), and highlights the possibility that the properties of NSCs and

star cluster populations in the lowest mass galaxies may be able to contribute to our

understanding of dark matter halos. This is especially true if these studies can be

expanded from a single galaxy to large samples of low-mass NSCs and GCs that

span a wide range in galaxy mass.

To summarize, the infall of massive stellar clusters into the galaxy nucleus is an

expected (and perhaps unavoidable) process that has likely contributed a significant

amount of stellar mass to present-day NSCs. However, the cluster infall scenario

alone cannot easily explain the presence of young stars in many NSCs (see

Sect. 5.4), which is why additional mechanisms are needed to fully describe NSC

evolution.

Fig. 10 Examples for rotating NSCs: top: spiral galaxies Milky Way (left, Feldmeier et al. 2014) and
NGC 4244 (right, Seth et al. 2008b). Bottom: early-type galaxies NGC 404 (left, Seth et al. 2010) and
FCC 47 (right, Lyubenova and Tsatsi 2019). In all panels, the effective radius of the NSC is marked with
a white circle
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Fig. 11 Many NSCs are rapidly rotating. This plot shows the strength of rotation ðv=rÞreff
vs. the

ellipticity � both estimated at the half-light radius for NSCs (colored by Hubble type of their host galaxy;
from Seth et al. 2008b, 2010; Feldmeier et al. 2014; Nguyen et al. 2018; Lyubenova and Tsatsi 2019) and
GCs (open circles from Bianchini et al. 2013; Kamann et al. 2018). The dashed line shows the expected
trend for an edge-on isotropic, oblate rotator (Cappellari 2016); many of the more rapidly rotating NSCs
fall close to this trend. Both the Milky Way and NGC4244 are, indeed, seen edge-on; lower inclinations
move objects to the left of the line (and then down). Note that the plotted NSCs sit at the center of the
potential well of a galaxy, and should not necessarily be compared to entire galaxies

Fig. 12 The masses of nuclear star clusters correlate with galaxy masses, but higher mass galaxies have a
lower fraction of their mass in their NSC. Left: Galaxy and NSC masses for galaxies in which both
quantities are available. The compilation of dynamical and spectroscopically modeled NSC masses from
Erwin and Gadotti (2012) is shown with stars, while all other masses are derived from colors using stellar
population models with a Chabrier or Kroupa IMF (Georgiev et al. 2016; Spengler et al. 2017; Ordenes-
Briceño et al. 2018; Sánchez-Janssen et al. 2019a). Galaxies have been divided by their Hubble types into
early and late types. Right: the mass fraction of galaxies in NSCs as a function of galaxy mass, using the
data from the left panel. The line indicates the median galaxy within each mass bin, while shaded regions
show the 25th and 75th percentiles of the distribution
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7.3 In situ star formation

To explain the presence of young stellar populations in many NSCs in late-type

hosts, in situ star formation is usually invoked, which occurs when gas reaches the

central few pc and triggers an intense burst of star formation. This mechanism is

potentially repetitive, driven by the mechanical feedback from supernovae and

strong stellar winds which ‘blows out’ the gas and temporarily halts star formation

until the turbulent energy has been dissipated, and the gas re-assembles in the

nucleus on timescales of � 108 years (Loose et al. 1982). One complication in

separating this scenario from the cluster inspiral scenario is that young stars can also

inspiral to the NSC if they form sufficiently close to the center (e.g., Gerhard 2001;

Agarwal and Milosavljević 2011; Neumayer et al. 2011).

In this section, we re-analyze the evidence for young stellar populations in NSCs

from Sect. 5.4, with a focus on arguments for in situ star formation. The Milky Way

NSC has a population of very young stars with ages between 3 and 8 Myr at radii\
0.5 pc (see Sect. 5.6). The presence of such young stellar ages argues in favor of

in situ formation rather than the inspiral of a young cluster, because the latter should

leave detectable remnants at larger radii which are not found (Paumard et al. 2006;

Lu et al. 2009; Feldmeier-Krause et al. 2015). A similar concentration of young

stars is seen in many other nearby NSCs including M 31 (Bender et al. 2005;

Georgiev and Böker 2014; Carson et al. 2015), as well as in some of the closest

early-type galaxies (Nguyen et al. 2017, 2019). These younger populations are often

flattened and rotating, as expected if they formed from gas accreted into the nucleus

(Seth et al. 2006, 2008b; Carson et al. 2015; Nguyen et al. 2019, see also

Sect. 5.5]). Integrated spectroscopy of NSCs in [ 109 M� late-type spirals shows

that they all contain stellar populations younger than 108 years (Walcher et al. 2006;

Seth et al. 2006; Kacharov et al. 2018). The mass of these young populations is of

order 105 M�, sufficient to explain the total mass of the NSC if they had formed

through similar formation episodes repeated every � 100 Myr over a Hubble time

(Walcher et al. 2006; Seth et al. 2006). The presence of emission lines also

indicates the presence of very young stars (\10 Myr) in some NSCs (Walcher et al.

2006; Seth et al. 2008a). Overall, there is strong evidence that in situ star formation

occurs frequently in NSCs, and is likely the dominant growth mechanism for NSCs

in late-type galaxies.

The starbursting blue compact dwarf Henize 2–10 is a special case, which we

mention to demonstrate that young cluster accretion can occur in some cases. In this

galaxy, no NSC is currently visible, despite evidence for a central BH (Reines et al.

2011, 2016, although see Hebbar et al. 2019). However, there are several young

and massive star clusters within the central � 100 pc that, due to dynamical friction,

will likely inspiral and merge to form an NSC on timescales of a few hundred Myr

(Nguyen et al. 2014; Arca-Sedda et al. 2015). However, based on the evidence

presented above, this case appears to be somewhat atypical, with truly centralized

star formation being the more common mode of building NSCs. This triggers the

question of how to transport the necessary amounts of gas from larger radii to the

central few pc.
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It has long been accepted that interactions between gas-rich galaxies, a.k.a. ‘wet

mergers’, will inevitably lead to a central gas concentration in the merger remnant

(Mihos and Hernquist 1994). The ensuing localized star formation will leave behind

‘‘a sharp break in the surface density profile at a few percent of the effective radius’’

which matches well the extent of NSCs in early-type hosts (Côté et al. 2007). More

recent work by Hopkins and Quataert (2010a, b) simulates mergers at high

resolution to determine the amount of star formation in the nucleus (and the black

hole accretion), and finds that they can form objects similar to the asymmetric disk

in M 31. However, the fact that NSCs are also found in most ‘pure’ disk galaxies

which have never experienced any substantive interactions argues that even without

mergers, gas can reach the nuclear regions of galaxies. In fact, there are various

secular mechanisms that cause gas to accumulate in the galaxy nucleus:

– bar-driven gas infall: gas responding to a non-axisymmetric potential (e.g.,

produced by a stellar bar) will move inwards, and will ultimately reach the

central few pc (e.g., Shlosman et al. 1990). This can occur both via regular flows

in the so-called ‘nuclear spirals’ (e.g., Maciejewski 2004; Kim and Elmegreen

2017) or through angular momentum loss in star formation rings caused by

dynamical resonances (e.g., Hunt et al. 2008). One clear example of bar-driven

gas infall is in the late-type spiral NGC 6946, where Schinnerer et al.

(2006, 2007) find 1:6 � 107 M� of molecular gas within a radius of 30 pc.

Star formation in this gas will likely lead to the formation (or growth) of a

massive NSC. This suggests that NSC formation may still be ongoing in the

local universe (Emsellem et al. 2015).

– dissipative nucleation: a similar process occurring at high redshift that involves

clumpy star formation in nuclear spirals, and the ensuing infall and merging of

such clumps, has been proposed by Bekki et al. (2006) and Bekki (2007) to

explain the nucleation of spheroidal galaxies that are now devoid of gas. They

suggest that the low nucleation rate in the least massive galaxies (see Fig. 3) is a

natural consequence of the fact that feedback from stellar winds and supernovae

will more easily expel the gas before it reaches the nucleus.

– tidal compression: Emsellem and van de Ven (2008) show that for galaxies

without a pre-existing NSC and a reasonably flat density profile (i.e., with Sérsic

index n.3:5), the tidal forces acting on the gas become compressive within

about 0.1% of the galaxy’s effective radius, which typically corresponds to a few

pc. They point out that NSC formation via this mechanism would naturally

explain the observed scaling between the mass of the NSC and that of the host

spheroid.

– magneto-rotational instability: Milosavljević (2004) suggests that a differentially

rotating disk of neutral gas subjected to a weak magnetic field will develop the

so-called magneto-rotational instability, which causes radial gas transport

towards the nucleus. Using conditions typical for those in late-type spiral

galaxies such as M 33, they conclude that the expected gas inflow rates are

sufficient to produce a 106 M� NSC within about a Gyr.
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Overall, it is clear that gas infall into the central few pc and the ensuing nuclear star

formation are a natural and expected process, which almost certainly contributes to

the growth of NSCs in gas-rich galaxies.

Numerically simulating in situ NSC star formation in a galactic or even

cosmological context is challenging, although some initial work has been done

(Hopkins and Quataert 2010a, b; Guillard et al. 2016; Brown et al. 2018). In a more

specific context, Aharon and Perets (2015) have tried to simulate whether the Milky

Way NSC can be built from successive generations of star formation, and show that

they can potentially explain the varying density profiles of different stellar

populations. Using a different approach, Guillard et al. (2016) perform galaxy-scale

simulations to investigate a ‘hybrid’ wet-merger formation scenario, which

combines cluster infall with in situ star formation in a gas-rich dwarf. If NSCs

form at high redshift, they would inevitably be embedded in a gas-rich system. They

conclude that star formation triggered by infalling gas-rich clusters dominates the

mass of the resulting NSC, and considerably increases its density. The NSCs built in

this way would fall near the high-mass end of the size–mass relation.

The work of Brown et al. (2018) is the only study to focus on in situ star

formation using cosmological simulations. While these simulations run only to

z� 1:5, they examine the effect of varying star formation efficiencies on the size,

flattening, and rotation of the resulting cluster. They also examine the metallicity

and abundances of stars formed, with the goal comparing it to the ‘stripped NSC’

candidate x Cen (discussed further in Sect. 9). The extended star formation

histories of these NSCs result in metallicity spreads of comparable to that in

observed NSCs and the most massive globular clusters.

To summarize, there is strong evidence for in situ star formation happening in

NSCs, and theoretical work shows that there are many ways for gas to reach the

inner few parsec, both through merger activity and secular processes. However,

setting up theoretical work suitable to compare to observations remains challenging.

Hopefully, with increasing computational power and resolution, NSC formation can

be more directly studied in galaxy-scale and cosmological simulations.

7.4 NSC formation: different galaxies and different mechanisms

The evidence reviewed above suggests that NSCs grow through both globular

cluster inspiral and in situ formation. In this section, we tackle the question of which

mechanism dominates the growth of NSCs in different types of hosts.

Apart from the aforementioned work of Hartmann et al. (2011) and Antonini

et al. (2012) who argue that both formation mechanisms are required to replicate

observations of specific NSCs, the only theoretical effort to tackle this problem has

been the semi-analytic model of Antonini et al. (2015). This model includes

prescriptions for both cluster infall and in situ formation, as well as a model for how

central black holes influence NSC growth. They successfully predict the mass and

high occupation of NSCs in galaxies at � 109 M�, and also the decline in

occupation fractions at the highest masses due to the influence of black holes on the

NSCs. Their model suggests that over most galaxy masses, � 40% of the stars form
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in situ formation for both early and late types except for a higher fraction in the very

highest mass early types (MHJ1011 M�). Due to discreteness issues, their model

fails to predict the drop in occupation fraction towards lower galaxies, (see Fig. 3).

In addition, the model predicts a broadening and flattening in the galaxy mass—

NSC mass correlation at high galaxy masses due to the ejection of NSC stars in

massive black hole binary mergers. While a broadening does seem to occur at high

masses (Fig. 12), if anything the mass-scaling relation appears to steepen rather than

flattening (see discussion in Sect. 6.1).

Evidence for a transition at MH � 109 M�: We have presented several pieces of

evidence in this review that there appears to be a change in the growth mechanism

of NSCs at galaxy masses of � 109 M�. We propose that at lower masses, NSCs

grow primarily by globular cluster accretion, while at high masses, in situ formation

becomes dominant. Based on Fig. 12 and Eq. 1, the NSC mass that corresponds to

the transition at MH � 109 M� is MNSC � 3 � 106 M�. This transition is likely

stochastic—i.e., some lower mass galaxies may experience a significant growth

through in situ star formation. This suggestion has been initially discussed by Turner

et al. (2012) and Sánchez-Janssen et al. (2019a), but the evidence collected here

supports it more strongly. The evidence for the scenario is strongest for early-type

galaxies, but is consistent with the evidence in late-type galaxies, as well. We

enumerate the evidence in support of the scenario below, and then consider the

challenges.

1. The first piece of evidence comes from the spectroscopic metallicities of early-

type galaxies, as shown in Fig. 9. It is clear in this figure that below 109 M�,

about half of NSCs are more metal-poor than their surrounding hosts. This

provides strong evidence for the importance of globular cluster accretion in this

mass regime. At higher masses, most NSCs are more metal-rich than their

NSCs, suggesting in situ star formation from gas enriched within the galaxy

(Brown et al. 2018).

2. There is strong evidence for in situ star formation in late-type galaxies above

109 M� (Sect. 7.3); however, there is a lack of comparable data on lower mass

late-type galaxies. If these lower mass galaxies also transition to having NSCs

dominated by globular cluster inspiral, we would expect these NSCs to be old

and metal-poor; this possibility is hinted at in the colors of NSCs in Georgiev

et al. (2009).

3. The occupation fraction of NSCs (Fig. 3) increases at low masses as M
1=4
H

,

exactly tracking the occupation fraction of non-nuclear globular clusters in

early-type galaxies up until � 109 M�, where NSCs are nearly ubiquitous in all

galaxies (Sánchez-Janssen et al. 2019a). Note that the NSC occupation fraction

of early-type galaxies quickly declines above this mass, probably due to

disruption or prevention from central black holes (Bekki and Graham 2010;

Antonini et al. 2015).

4. The NSCs in the highest mass early-type galaxies are significantly flattened

(Fig. 5; Spengler et al. 2017), similar to the disks of young stars seen in late-

123

Nuclear star clusters Page 39 of 75 4



type NSCs (Seth et al. 2006) suggesting that their NSCs are grown (in the past)

through in situ star formation.

5. At low masses, the scaling of NSC mass with galaxy mass is exactly in line with

the predictions of globular cluster inspiral (Sect. 7.2; Gnedin et al. 2014;

Sánchez-Janssen et al. 2019a). The mass function of NSCs shows some sign of

steepening at the highest mass end (Sect. 6.1), as might be expected if a new

source of growth (i.e., situ) becomes important.

6. There appears to be a break in the NSC size–mass relation (Fig. 7) at

MNSC � 3 � 106 M�, as might be expected if the growth mechanism was

changing at this NSC mass.

While there is no strong evidence contradicting our proposal, there are several

issues that may not be consistent with it. First of all, related to the last point raised,

in Sect. 7.2, we noted that the slope of the mass–radius at the low-mass end is

basically flat, and, thus, does not agree with the predictions from cluster merging

simulations despite the other evidence that cluster merging dominates NSC growth

at these masses. Second, it provides no clear guide as to why the NSC occupation

fraction (at least for lower mass NSCs) appears to vary with environment (Sect. 4).

Third, there is a lack of data in low-mass late-type galaxies that could support a

transition in the dominant formation mechanism; the evidence all comes from the

early types. We return to this lack of data and what further evidence could be

collected to test this scenario in Sect. 11.

This proposed change of NSC growth mechanism at � 109 M� also brings up the

question of what is causing this change. If this change really occurs, some

mechanism must prevent lower mass galaxies from effectively channeling or

retaining gas in their nuclei. This could, therefore, be related to a change in the

ability to form bars or to stellar feedback preventing formation in the nucleus. As

discussed further in the next section, we have strong evidence for central black holes

only for galaxies above � 109 M�, while below this mass, there are almost no clear

detections. Therefore, it is possible that the change in NSC growth mechanisms at

� 109 M� is related to the presence of massive black holes. However, it is also

possible that black hole growth is driven by the same gas reaching the center that

forms the NSC through in situ formation.

8 Nuclear star clusters and massive black holes

Nuclear star clusters dominate the centers of galaxies with stellar masses in the

range � 108 to 1010 M� (see Fig. 3). Above this mass range, one invariably finds

supermassive black holes (SMBHs) occupying the centers of massive galaxies (see

recent review by Kormendy and Ho 2013). Interestingly, the masses of both SMBHs

and NSCs follow a tight relation with the masses of their host galaxies (Wehner and

Harris 2006; Rossa et al. 2006; Ferrarese et al. 2006a). This has led to speculations

that NSCs take over the role of SMBHs in low-mass galaxies, leading to the term of

‘central massive object’ (CMO) to combine both incarnations of a seemingly similar
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product of galaxy evolution (Ferrarese et al. 2006a; Wehner and Harris 2006; Côté

et al. 2006).

However, there are a number of cases where nuclear star clusters and massive

black holes are found to co-exist (Filippenko and Ho 2003; Seth et al. 2008a;

Graham and Spitler 2009; Neumayer and Walcher 2012; Nguyen et al. 2019). These

include some of the earliest detected black holes, like M 31, M 32, NGC 3115, and

the Milky Way (Tonry 1984, 1987; Dressler and Richstone 1988; Richstone et al.

1990; Bacon et al. 1994; Kormendy and Richstone 1992; van der Marel et al. 1994).

The best-studied example by far is our own galaxy, where an SMBH with a mass of

4 � 106 M� resides in an NSC with � 3 � 107 M� (Genzel et al. 2010; Schödel

et al. 2014b; Feldmeier-Krause et al. 2017b, see also Sect. 5.6). A few more

examples are well studied, and accurate masses for both the NSC and the BH are

available. These findings indicate that NSCs are not an alternative incarnation of

SMBHs, and refute the notion that NSCs replace massive black holes as the central

massive object in low-mass galaxies. Instead, they suggest that the build-up of

NSCs and the growth of massive black holes are closely related.

8.1 Evidence for massive black holes within NSCs

Most NSCs are readily observed in the images of nearby galaxies (see Fig. 1). The

detection of supermassive black holes, on the other hand, is generally much harder,

because it involves indirect detection techniques such as the characterisation of

radiation from the black hole accretion disk, or kinematic measurements and

dynamical modelling of the motion of gas or stars in the immediate vicinity of the

black hole. This task is challenging even for the nearest galactic nuclei, and

becomes ever more difficult with increasing distance and decreasing black hole

mass.

In the closest example, the Milky Way, it is interesting to note that the NSC had

been known (Becklin and Neugebauer 1968) before the SMBH was discovered

(Balick and Brown 1974). The combined mass of both entities was measured using

gas (Lacy et al. 1980, 1982) and stellar kinematics (Rieke and Rieke 1988; McGinn

et al. 1989). However, it took more than 3 decades of hard work and vast

technological improvement in observing facilities and instrumentation to achieve

the high spatial resolution and wide-field coverage necessary to disentangle the

relative masses of the SMBH and the NSC (see Genzel et al. 2010; Schödel et al.

2014b, for a recent review).

Other nearby examples for black hole detections within NSCs are M 31 (Bacon

et al. 1994; Bender et al. 2005) and M 32 (Verolme et al. 2002; Nguyen et al.

2018). In contrast, M 33 hosts a well-studied NSC (Kormendy and McClure 1993;

Kormendy et al. 2010), but shows no sign of a massive back hole (Gebhardt et al.

2001). The absence of a black hole in M 33 has led to the assumption that low-mass

spiral galaxies without a bulge do not host massive black holes. This notion was

turned upside down with the detection of an active black hole in the NSC of a bulge-

less galaxy with a very similar stellar mass to M 33, NGC 4395 (Filippenko and Ho

2003). The mass of the black hole in NGC 4395 has been consistently measured to
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be � 4 � 105 M� using reverberation mapping as well as gas dynamical modelling

(Peterson et al. 2005; den Brok et al. 2015), which, for a long time, constituted the

lowest mass central black hole detection.5

The advancement of high spatial resolution observing techniques such as

adaptive optics (Davies and Kasper 2012) has been fundamental in pushing the

detection of massive black holes down to even lower masses. Low-mass black holes

(\106 M�) dominate the dynamics only within a very small volume (typically

within \1 pc), and one needs to spatially resolve this region to detect the effect of

the black hole on its surroundings. In principle, the high stellar densities within

NSCs are conducive to the dynamical detection of low-mass black holes, as they

ensure an abundance of stellar orbits very close to the (putative) black hole, which,

in turn, helps to reveal its dynamical signature (i.e., enhanced rotational signal and

rise in the velocity dispersion). To separate the gravitational effect of the NSC from

that of the black hole, accurate high-resolution mass models for the NSC are

essential. Combining stellar population analysis with dynamical modelling has

thereby enabled black hole mass detections below � 105 M� in NSCs (Nguyen

et al. 2019). Recent work on a volume limited sample of five 109–1010 M� early-

type galaxies has shown that all have evidence for central black holes (Nguyen et al.

2017, 2018, 2019), providing strong evidence that at this mass range where NSC

occupation peaks, many co-exist with massive black holes. While Nguyen et al.

(2017) published only an upper limit on the black hole mass in NGC404, there is

evidence for a massive black hole from AGN signatures (Seth et al. 2010; Nguyen

et al. 2017, and references therein), and the recent ALMA observations of Davis

et al. (2020) confirm this with a consistent stellar and gas dynamical detection of a

massive black hole with MBH ¼ 5:5þ4:1
�3:8 � 105 M� .

In addition to dynamical constraints, the accretion signal in active galactic nuclei

reveals the presence of central massive black holes in NSCs (Filippenko and Ho

2003; Seth et al. 2008a). Tailored surveys in the X-rays (Gallo et al. 2010; Mezcua

et al. 2016, 2018), as well as studies of large samples in the optical (Reines et al.

2013; Baldassare et al. 2018) and infrared (Satyapal et al. 2008, 2009) have

revealed a sizeable number of black holes in low-mass galaxies, although the

fraction of galaxies with detected black holes at the low-mass end is quite small (see

also Moran et al. 2014). An analysis of the X-ray detections in early-type galaxies

suggests a high fraction of galaxies with black holes in galaxies with masses as low

as � 109 M� (Miller et al. 2015) in agreement with the dynamical results discussed

above. In addition, AGN studies show similar detection fractions in early- and late-

type nucleated galaxies (Foord et al. 2017; Birchall et al. 2020). Accretion

observations have also revealed evidence for BHs below 105 M� (Baldassare et al.

2015; Chilingarian et al. 2018). Tidal disruption events have also started to uncover

populations of lower mass galaxies; half of hosts have stellar masses below 1010 M�
(Law-Smith et al. 2017), and 75% have dispersions below 100 km/s (Wevers et al.

2017). Comparison of the galaxy demographics for observed tidal disruption events

5 Note that a recent study by Woo et al. (2019) claims an even lower mass of � 104 M� for the massive

black hole in NGC 4395.
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has the promise of unveiling the occupation fraction of black holes in low-mass

galaxies (e.g., Stone and Metzger 2016; van Velzen 2018). Currently, there is little

evidence for central massive black holes in galaxies below MH � 109 M�, although

a handful of candidates do exist (e.g., Maksym et al. 2014; Wevers et al. 2019;

Reines et al. 2019).

Black holes of even lower masses (crossing into the realm of intermediate-mass

BHs) have been claimed to exist at the centers of the likely stripped NSCs G1

(Gebhardt et al. 2002), x Cen (Noyola et al. 2010), and M 54 (Ibata et al. 2009;

Baumgardt 2017). These dynamical detections are still debated (e.g., van der Marel

and Anderson 2010; Miller-Jones et al. 2012; Tremou et al. 2018; Baumgardt et al.

2019), and further work at even higher spatial resolution is needed to reliably

confirm or reject intermediate-mass black holes in these objects. The recent review

by Greene et al. (2019) provides an in-depth discussion of the reliability of globular

cluster black hole measurements, as well as a table of low-mass black hole

candidates and their overlap with NSCs.

8.2 Co-existence of NSCs and massive black holes

As outlined in the last section, NSCs and massive black holes are found to co-exist

in many galaxies, especially in the host galaxy mass range 109–1010 M�. Towards

higher host galaxy masses, NSCs are less common, and their demise in galaxies of

masses above � 1011 M� (see Fig. 3) might be related to the presence and the

dynamical interaction with the massive black hole (Antonini et al. 2015).

If the growth of the massive black hole and the NSC are, indeed, interrelated,

their mass ratio might be an interesting metric to study. Several authors have

investigated this quantity (Graham and Spitler 2009; Seth et al. 2008a; Neumayer

and Walcher 2012; Georgiev et al. 2016; Nguyen et al. 2018), and we present an

extensive compilation in Fig. 13 and Table 3, which suggests that the mass fraction

MBH=MNSC increases with host galaxy mass. However, the scatter in this ratio at a

given galaxy mass is still up to three orders of magnitude. This likely reflects the

fact that the growth history of both NSC and BH is very stochastic.

The host galaxy mass at which BHs start to dominate (the ratio MBH=MNSC

becomes [ 1) is a few times 1010 M�, corresponding to a host galaxy velocity

dispersion of [ 100 km/s. Nayakshin et al. (2009) find that the changeover from

NSCs to SMBHs occurs when the dynamical time is about equal to the Salpeter

time, i.e., the time over which the black hole mass doubles. In other words, low-

dispersion galaxies with dynamical times shorter than the Salpeter time cannot grow

their central massive black holes quickly enough to affect the gas infall, and this gas

accumulates at the center and will form NSCs. These galaxies might still host

massive black holes, but they would be underweight with respect to their host

galaxy mass. An alternative approach to explaining the dividing line between NSC-

and SMBH-dominated galactic nuclei was given by Stone et al. (2017) who show

that the low-mass end of the SMBH mass function can be explained by collisions of

stellar mass black holes and subsequent runaway tidal capture and tidal disruption
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events in NSCs. We will discuss the formation channel of massive black holes in the

next section.

8.3 Massive black hole formation and growth within NSCs

The formation of SMBHs remains a mystery, and is, therefore, a topic of vast

current interest. Several recent reviews summarise the different proposed formation

channels (Volonteri 2010, 2012; Mezcua 2017; Greene et al. 2019; Inayoshi et al.

2019). Here, we focus on one of the proposed channels, namely the formation and

runaway collisions of black holes within dense (nuclear) star clusters. The idea for

the formation of an (intermediate mass) black hole within a dense stellar cluster has

been discussed for a long time (Begelman and Rees 1978; Quinlan and Shapiro

1987; Ebisuzaki et al. 2001; Miller and Hamilton 2002; Portegies Zwart and

McMillan 2002; Portegies Zwart et al. 2004; Gürkan et al. 2004; Freitag et al.

2006a, b). The most massive and dense NSCs have high enough velocity dispersions

that binary heating cannot prevent core collapse, and this can result in the formation

of massive black holes (Miller and Davies 2012). However, lower mass NSCs

(typically in lower mass galaxies) fall below this threshold.

Antonini et al. (2019) point out that in a star cluster with a sufficiently large

escape velocity, black holes that are produced by black hole mergers can be

retained, merge again, and grow to larger masses. This means that runaway

collisions are favoured in the most massive clusters, as they can retain black holes

against the gravitational recoil kicks produced during the merger of two black holes

(Holley-Bockelmann et al. 2008). While NSCs are the densest stellar systems

Fig. 13 The ratio of the masses of the central massive black hole and the NSC plotted against their host
galaxy stellar mass (left) and against the NSC dynamical mass (right). The data plotted are compiled in
Table 3. The dashed line indicates equal mass NSCs and black holes in galaxies, while objects above the
line have more massive black holes than NSCs. Coloring breaks the galaxies into early-type (red), late-
type (blue), and UCDs/stripped galaxy nuclei (purple; plotted only in the right-hand plot). Upper and
lower limits result from objects with upper limits on black hole masses and NSC masses, respectively.
This plot builds on compilations presented in several previous works (Seth et al. 2008a; Graham and
Spitler 2009; Neumayer and Walcher 2012; Georgiev et al. 2016; Nguyen et al. 2018)

123

4 Page 44 of 75 N. Neumayer et al.



Table 3 Data and references for Fig. 13

(1) (2) (3) (4) (5) (6) (7) (8)

Galaxy Type log(MBH) Ref. log(MNSCÞ Ref. log(MgalÞ Ref.

Objects with NSCs and BH masses

Milky Way Late 6.62 1, 2 7.40 34 10.78 42

M 31 Late 8.15 3 7.69 35 10.95 43

NGC 205 Early 3.83 4 6.30 5 9.03 5

M 32 Early 6.40 5 7.22 5 9.03 5

NGC 404 Early 5.58 6 7.08 36 8.86 44

NGC 5102 Early 5.96 4 7.87 5 9.84 5

NGC 5206 Early 5.80 4 7.18 5 9.40 5

NGC 4395 Late 5.60 7, 8 6.30 8 8.90 45

M 60-UCD1 UCD 7.32 9 8.08 9 – –

M 59cO UCD 6.76 10 7.92 10 – –

VUCD3 UCD 6.64 10 7.82 10 – –

M 59-UCD3 UCD 6.62 11 8.27 11 – –

FUCD3 UCD 6.52 12 7.92 12 – –

NGC 4578 Early 7.54 13 7.72 37 10.48 46

NGC 1023 Early 7.64 14 6.64 38 10.63 45

NGC 3115 Early 8.96 15 7.18 38 10.87 38

NGC 3384 Early 7.20 16 7.34 38 10.46 45

NGC 4026 Early 8.26 17 6.75 38 10.36 18

NGC 4697 Early 8.23 16 7.44 38 10.63 45

IC 1459 Early 9.39 18 7.69 39 11.40 18

NGC 4552 Early 8.70 16 6.96 39 11.42 18

NGC 4558/VCC1146 Early 8.30 19 8.02 40 10.03 46

Objects with NSC masses and BH upper limits

M 33 Late \3:18 20 6.30 38 9.48 47

NGC 4474/VCC 1242 Early \6:18 13 8.0 40 10.19 46

NGC 4551/VCC 1630 Early \6:90 13 7.64 40 10.26 46

NGC 300 Late \5:00 21 6.02 41 9.44 5

NGC 428 Late \4:84 21 6.51 41 9.91 5

NGC 1042 Late \6:47 21 6.51 41 9.18 5

NGC 1493 Late \5:90 21 6.38 41 9.63 5

NGC 2139 Late \5:60 21 5.92 41 10.30 5

NGC 3423 Late \5:85 21 6.53 41 9.82 5

NGC 7418 Late \6:95 21 7.78 41 10.08 5

NGC 7424 Late \5:60 21 6.09 41 10.15 5

NGC 7793 Late \5:90 21 6.89 41 9.66 5

VCC 1254 Early \6:95 22 7.04 38 9.60 38

NGC 3621 Late \6:50 23 7.00 23 10.18 48

IC 342 Late \5:50 24 7.1 24 11.15 49

NGC 2778 Early \8:70 19 7.36 39 10.50 46

NGC 4379/VCC 784 Early \8:55 19 7.68 40 10.27 46
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known in the local universe, even denser clusters may have existed at high redshift,

with central subclusters driven to even higher densities through gas dissipational

processes (Davies et al. 2011; Leigh et al. 2014). These would be even more

susceptible to the early formation of massive black holes.

The subsequent growth of the massive black hole can be sustained through

different channels. As mentioned in Sects. 5.4 and 7.3, many NSCs experience

periodic bursts of star formation (Walcher et al. 2006; Carson et al. 2015; Kacharov

et al. 2018). It is likely that the same gas that is feeding star formation also feeds the

black hole. In that sense, the presence of an NSC may, in fact, enhance the growth

rate of the central black hole (Naiman et al. 2015). This notion is supported by the

Table 3 continued

(1) (2) (3) (4) (5) (6) (7) (8)

Galaxy Type log(MBH) Ref. log(MNSCÞ Ref. log(MgalÞ Ref.

NGC 4387/VCC 828 Early \7:59 19 7.54 40 10.18 46

NGC 4474/VCC 1242 Early \7:68 19 8.00 40 10.19 46

NGC 4612/VCC 1883 Early \8:11 19 6.95 40 10.27 46

NGC 4623/VCC 1913 Early \8:20 19 8.11 37 10.17 46

Objects with BH masses and NSC upper limits

NGC 4486 Early 9.80 25 \8:30 21 11.78 21

NGC 4374 Early 9.18 26 \7:80 21 11.56 21

NGC 1332 Early 9.18 27 \7:14 21 11.69 5

NGC 3031 Late 7.90 28 \6:85 21 10.80 50

NGC 4261 Early 8.70 29 \6:32 21 11.56 21

NGC 4649 Early 9.32 16 \6:30 21 11.69 21

NGC 3998 Early 8.38 30 \5:92 21 10.66 51

NGC 2787 Early 7.85 31 \6:28 21 10.14 51

NGC 3379 Early 8.08 32 \4:15 21 10.83 21

NGC 4342 Early 8.55 33 \6:40 21 11.11 21

NGC 4291 Early 8.51 16 \6:70 21 10.80 21

(1), (2): Galaxy name and morphological type. (3), (4): logarithm of black hole mass and assoc. literature

reference. (5), (6): logarithm of NSC mass and reference. (7), (8): logarithm of galaxy stellar mass and

reference

References—(1) Gravity Collaboration et al. (2019), (2) Do et al. (2019), (3) Bender et al. (2005), (4)

Nguyen et al. (2019), (5) Nguyen et al. (2018), (6) Davis et al. in prep., (7) Peterson et al. (2005), (8) den

Brok et al. (2015), (9) Seth et al. (2014), (10) Ahn et al. (2017), (11) Ahn et al. (2018), (12) Afanasiev

et al. (2018), (13) Krajnović et al. (2018), (14) Bower et al. (2001), (15) Emsellem et al. (1999), (16)

Gebhardt et al. (2003), (17) Gültekin et al. (2009), (18) Saglia et al. (2016), (19) Pechetti et al. (2017),

(20) Gebhardt et al. (2001), (21) Neumayer and Walcher (2012), (22) Geha et al. (2002), (23) Barth et al.

(2009), (24) Böker et al. (1999), (25) Gebhardt et al. (2011), (26) Bower et al. (1998), (27) Rusli et al.

(2011), (28) Devereux et al. (2003), (29) Ferrarese et al. (1996), (30) de Francesco et al. (2006), (31)

Sarzi et al. (2001), (32) Shapiro et al. (2006), (33) Cretton and van den Bosch (1999), (34) Schödel et al.

(2014a), (35) Peng (2002), (36) Nguyen et al. (2017), (37) Côté et al. (2006), (38) Graham and Spitler

(2009), (39) Lauer et al. (2005), (40) Spengler et al. (2017), (41) Walcher et al. (2005), (42) Bland-

Hawthorn and Gerhard (2016), (43) Williams et al. (2017), (44) Seth et al. (2010), (45) Reines and

Volonteri (2015), (46) Cappellari et al. (2013), (47) McConnachie (2012), (48) derived from Jarrett et al.

(2003), (49) Karachentsev et al. (2013), (50) Querejeta et al. (2015), (51) derived from Jarrett et al.

(2000)
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simulations of Hopkins and Quataert (2010a) who find that nuclear star formation is

more tightly coupled to the growth of central black holes than the global star

formation rate.

As discussed in the previous subsection, another growth channel for the central

massive black hole is via the tidal disruption and capture of stars coming close to the

central black hole (e.g., Strubbe and Quataert 2009). This is especially true for lower

mass black holes (\2 � 106 M�), which may acquire the majority of mass through

tidal capture (Milosavljević et al. 2006). However, in the lowest mass galaxies

(below r� 35 km/s), NSCs are not dense enough to fuel black hole growth by

runaway tidal capture of NSC stars (Miller and Davies 2012; Stone et al. 2017).

This may be related to the lack of massive central black holes in the lowest mass

galaxies.

9 Stripped down: connecting nuclear star clusters, globular clusters,
and ultra-compact dwarf galaxies

Given the hierarchical nature of galaxy formation, smaller galaxies often fall into

larger galaxies, and are tidally disrupted in the process. The gravitationally self-

bound NSCs in these galaxies are likely to survive this disruption process (Bassino

et al. 1994; Bekki et al. 2003; Pfeffer and Baumgardt 2013) and will continue their

lives orbiting in the halo of the larger galaxy. This process is currently ongoing in

the Sgr dSph galaxy, whose NSC was first discovered as the globular cluster M 54.

In this section, we discuss the evidence for stripped NSCs, both outside our Milky

Way and hidden amongst the Milky Way’s globular cluster system. These stripped

NSCs can be important for: (1) understanding the formation and evolution of NSCs,

(2) preserving a record of a galaxy’s accretion history, and (3) obtaining a census of

massive black holes.

9.1 Extragalactic evidence for stripped NSCs: ultra-compact dwarfs

Outside the Milky Way, evidence for the survival of nuclei after tidal disruption is

found in the existence of ultra-compact dwarfs (UCDs), a class of objects that

constitutes the brightest compact stellar systems (Hilker et al. 1999; Drinkwater

et al. 2000). In the size–mass plane, no clear boundary exists between ‘‘ordinary’’

massive globular clusters and UCDs, while NSCs and UCDs appear in overlapping

regions (see Fig. 7; Norris et al. 2014). Identifying which UCDs are stripped NSCs

is, therefore, a complicated task, a difficulty that is enhanced by our current lack of

understanding of the globular cluster formation process. Stripped NSCs have been

identified through the presence of (1) an extended SFH, (2) a massive black hole, or

(3) a significant halo or stream of tidal material. None of these signatures are

expected for ordinary globular clusters.6 However, not all stripped NSCs are

expected to have these signatures, and obtaining a census of all stripped NSCs,

6 Throughout this section, we will refer to ordinary globular clusters as massive clusters that were not

once NSCs.
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therefore, is challenging. In what follows, we summarize the observational evidence

for (some) UCDs being stripped NSCs.

The extended SFH of many NSCs has been discussed in Sect. 5.4. For tidally

stripped systems, in addition to the extended SFH in M 54, a clearly extended SFH

has been found in NGC4546-UCD1 (Norris et al. 2015). In several other UCDs, a

younger age or higher metallicity than typical GCs is inferred from single stellar

population modeling, suggesting that they also are stripped NSCs (Janz et al. 2016).

As discussed in Sect. 8, BHs with masses that are a significant fraction of their

NSC mass are common in massive NSCs. In UCDs, detection of these black holes

can provide strong evidence for stripping. Mieske et al. (2013) proposed that the

inflated dynamical mass estimates seen in many UCDs could be explained with

black holes of order 10% of the total UCD mass. Adaptive optic observations have

now found evidence for BHs with mass fractions of 2–18% in all five UCDs

searched with luminosities above 107 L� (Seth et al. 2014; Ahn et al. 2017, 2018;

Afanasiev et al. 2018). By applying the well-known scaling relations between BH

and host galaxy, the BH masses can provide additional insight into the UCD

progenitor galaxies. On the other hand, in less luminous systems, BHs have been

more elusive (e.g., Gebhardt et al. 2005; Voggel et al. 2018) despite the dynamical

BH detections in some lower luminosity NSCs (Nguyen et al. 2018, 2019). With the

evidence of inflated dynamical mass estimates being an indicator of BHs, the

fraction of UCDs with dynamical evidence for the presence of a massive BH from

integrated spectroscopy has recently been reanalyzed, showing a rise from � 20%

at 106 L� to � 70% at the highest luminosities (Voggel et al. 2019).

Simulations by Pfeffer and Baumgardt (2013) suggest that NSC properties are

mostly unchanged during tidal stripping, but that a remnant halo (or stream) of stars

from the stripped galaxy may surround these NSCs for an extended period of time.

Such halos have, indeed, been detected in a number of cases, ranging from sources

embedded in tidal streams (Jennings et al. 2015; Voggel et al. 2016) to extended

halos and multiple component fits being required to model the surface brightness

profiles of UCDs (e.g., Martini and Ho 2004; Evstigneeva et al. 2008; Chilingarian

and Mamon 2008; Strader et al. 2013; Liu et al. 2015; Ahn et al. 2017).

9.2 Abundance of stripped NSCs

Overall, there are multiple lines of evidence, suggesting that many massive UCDs

are in fact stripped NSCs. Two related questions to this are (1) what fraction of the

UCD population are stripped NSCs, and (2) what is the relative number of ‘‘present-

day’’ NSCs (i.e., that still occupy their host nucleus) to the number of ‘former’

NSCs from stripped galaxies. Tackling these questions from the theoretical side

using semi-analytic methods based on the Millenium-II simulations, Pfeffer et al.

(2014, 2016) suggest that stripped NSCs can account for all UCDs observed in the

Virgo and Fornax cluster above a mass of � 2 � 107 M�, while only a small

fraction of lower mass UCDs are likely to be stripped NSCs. However, accurately

tracking the fate of infalling subhalos within N-body simulations has shown to be
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challenging (e.g., van den Bosch et al. 2018), suggesting that there is a significant

uncertainty in predicting which satellites are disrupted and which are not.

From the observational side, Ferrarese et al. (2016) show that, assuming that all

UCDs in Virgo are stripped NSCs, the number of stripped NSCs outnumbers the

number of the present-day NSCs by a factor of � 3. Taking into account only those

UCDs with dynamical evidence for massive black holes, Voggel et al. (2019)

estimates that the ratio of stripped NSCs to the present-day NSCs in nearby galaxy

clusters is � 1. Furthermore, they show that this ratio depends on the luminosity of

the NSCs/UCDs (and, therefore, the stellar masses of the host galaxies), in the sense

that stripped NSCs are more abundant at lower luminosity. Given that some stripped

NSCs may lack massive black holes, the true ratio of stripped NSCs to the present-

day NSCs in clusters likely falls between one and three.

The ratio of stripped to the present-day NSCs may also be dependent on the

galaxy environment, with the Milky Way providing a useful test bed for predictions

in lower mass halos. Pfeffer et al. (2014) suggest that 1–3 stripped NSCs may be

hidden amongst the globular cluster population. Using a different approach to

simulate the formation of massive clusters based on a suite of ‘‘zoomed-in’’ SPH

simulations, Kruijssen et al. (2019) suggest � 6 stripped NSCs in the Milky Way.

We examine the observational evidence for stripped NSCs in the Milky Way in the

next subsection.

9.3 Stripped NSCs amongst Milky Way globular clusters

The brightest, most massive globular clusters in the Milky Way, x Cen has long

been suspected to be a former NSC (e.g., Bekki and Freeman 2003), due to its large

spread in metallicity (e.g., Norris et al. 1996; Johnson and Pilachowski 2010), and

possibly also an age spread of several Gyr (Hilker et al. 2004; Villanova et al.

2014). However, this age spread is difficult to interpret, due to the fact that the

abundance spreads seen in many stars can also affect their age estimates (e.g.,

Marino et al. 2012). However, x Cen’s status as a stripped NSC has recently been

significantly strengthened through the identification of material that may be

associated with its progenitor galaxy (Majewski et al. 2012; Ibata et al. 2019). As

discussed in Sect. 5.4, M 54, the NSC of the Sgr dwarf galaxy, shares many

similarities with x Cen, suggesting that there are at least two very strong candidates

for (partially) stripped NSCs amongst the Milky Way’s globular clusters.

Moreover, the complex stellar population of x Cen and M 54 are becoming less

and less unique as the Milky Way’s GC system is being studied in more detail, with

metallicity spreads now found in at least nine clusters (Marino et al. 2015; Da Costa

2016). An overlapping set of clusters show color–magnitude and color–color

diagrams similar to that of x Cen, also suggesting metallicity spreads (Type II

clusters in Milone et al. 2017). If these globular clusters are, indeed, all stripped

NSCs, it would suggest � 10 stripped NSCs, exceeding the model predictions of

Pfeffer et al. (2014) and Kruijssen et al. (2019).

Despite the wealth of information available for Milky Way globular clusters,

identifying these objects as stripped NSCs remains challenging. This is at least in

part due to the range of likely formation mechanisms for NSCs. It is feasible to
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produce a stripped NSC with no spread in age or metallicity (e.g., a single cluster

inspiraling to the nucleus or single star formation event), a spread in metallicity, but

not age (e.g., dynamical friction inspiral of two ancient globular clusters with

different metallicities), or a spread in both (e.g., inspiral of globular cluster(s) fol-

lowed by in situ star formation events). Note that only in the latter case do the stellar

populations of a stripped NSC provide clear evidence of its origin, and thus, an

improved understanding of age spreads in globular clusters (including their complex

chemical variations) seems like the next step required to obtain at least a lower limit

on the number of stripped NSCs in the Milky Way.

10 The unique astrophysics of very dense stellar systems

The extreme stellar densities of NSCs ([ 106 M�=pc3; Sect. 5.3), and their

coincidence with massive black holes (Sect. 8) make NSCs an interesting

laboratory. In the following section, we briefly highlight some of the work done

on the unique dynamics of NSCs, as well as the consequences of these dynamics for

unusual stellar populations, tidal disruption events, and compact binary systems that

may emit gravitational waves.

10.1 Stellar dynamical evolution of NSCs

Due to their higher masses and larger sizes, the dynamical evolution of NSCs is

slower than the evolution of typical globular clusters. Half-mass relaxation times are

many gigayears, with the larger, more massive NSCs like the one in the Milky Way

having [ 10 Gyr relaxation time at the half mass radius (e.g., Merritt 2009;

Panamarev et al. 2019). The unique location of NSCs at the centers of galaxies

means that, in addition to their internal dynamical evolution, they can be

dynamically heated by both their surrounding galaxy and the massive black holes

at their centers. Merritt (2009) suggests that two regimes exist: (1) lower mass

galaxies have compact enough clusters to core collapse despite the energy input

from the surrounding galaxies, while (2) in higher mass galaxies, a little dynamical

evolution seems to be occurring due to their long relaxation times. Dynamical

heating from binaries can also be important in NSCs that lack massive black holes

(e.g., Antonini et al. 2019).

The presence of a central massive black hole within an NSC should lead to the

formation of a cusp surrounding the massive black hole with a density slope of

q / r�c with c ¼ 7=4 in single-mass models (Bahcall and Wolf 1976). The presence

or absence of this Bahcall–Wolf cusp in NSCs, especially the Milky Way NSC, is

debated in both the theoretical (e.g., Merritt 2010; Vasiliev 2017) and observational

literature (e.g., Buchholz et al. 2009; Schödel et al. 2014a; Gallego-Cano et al.

2018). The current theoretical literature (Vasiliev 2017; Baumgardt et al. 2018;

Panamarev et al. 2019) suggests that the mass segregation of stellar mass black

holes towards the center leads to a steep cusp (c[ 1:5) in their distribution, while

the stellar distribution remains somewhat flatter. This seems to be consistent with
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more recent observations that include fainter stars and unresolved light at the center

(Gallego-Cano et al. 2018; Schödel et al. 2018).

10.2 Nuclear star formation and stellar collisions

As discussed in Sect. 5, the NSCs in the Milky Way, M 31, and many other galaxies

seem to have concentrated young stellar populations at their centers. The presence

of young stars is challenging to explain, as infalling young star clusters would

disrupt at larger radii than they are observed (e.g., Gerhard 2001; Fujii et al. 2009).

This suggests that in situ star formation is taking place, despite the disruptive tidal

shear forces present at these small radii (e.g., Levin and Beloborodov 2003; Mapelli

et al. 2012). Another possibility for the formation of the apparently young (� 200

Myr) stars in M 31 and the very young stars in M 33 is that they are collision-

induced blue stragglers that form due to the high stellar density (Kormendy and

McClure 1993; Demarque and Virani 2007; Leigh et al. 2016).

In addition to the presence of a young stellar component very close to the SMBH,

another puzzling phenomenon is the apparent absence of red giant branch (RGB)

stars near the center of the Milky Way (e.g., Do et al. 2009). This has been

hypothesized to be a result of stellar collisions (Davies et al. 1998; Dale et al.

2009), although it is unclear whether the stellar/black hole density is high enough to

effectively destroy the stars (Leigh et al. 2016). Other possible explanations are that

the lack of RGB stars was caused by the destruction of these stars as they passed

through a star-forming disk such as the one that created the young stars (Amaro-

Seoane and Chen 2014; Kieffer and Bogdanović 2016; Amaro-Seoane et al. 2020),

or that the central region of the Milky Way NSC has not yet had enough time to

form a cusp (Merritt 2010; Antonini 2014).

10.3 Tidal disruption events and SMBH growth

Tidal disruption events (TDEs) are a natural consequence of having a dense NSC

surrounding a massive black hole. A TDE occurs when a star approaches, the

SMBH to within less than its tidal radius.7 The star is then pulled apart by the tidal

forces imparted by the BH; part of its material is ejected away, while part is accreted

onto the SMBH (e.g., Rees 1988).

The observation of TDEs is a rapidly growing field with detections at optical,

UV, and X-ray wavelengths (see Auchettl et al. 2017, for a recent compilation of

events). These TDEs are occurring in relatively low-mass galaxies, with nearly half

of them having stellar masses between 109 and 1010 M� (Wevers et al. 2019), a

mass range in which NSCs are ubiquitous. An important aspect of understanding the

observed targets is predictions of TDE rates in galaxies, which strongly depend on

the density of stars within the sphere of influence of the black hole (e.g., Stone and

Metzger 2016). Therefore, the density profiles of NSCs are important for

understanding the demographics of TDEs and the underlying black hole population

7 Approximately given by rt ¼ ðM=mÞ1=3 � r , where M is the mass of the SMBH, m is the mass of the

star, and r is the stellar radius.
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in galaxies. The formation mechanism of NSCs may also affect TDE rates, as

merging of clusters or infall of gas could enhance TDE rates (Aharon et al. 2016;

Lezhnin and Vasiliev 2016; Arca-Sedda and Capuzzo-Dolcetta 2017). Furthermore,

as noted in Sect. 8, the NSC can be an important source of mass growth for black

holes over time (Stone et al. 2017). A better understanding of NSC formation and

density profiles is needed to quantify the TDE-induced BH growth throughout

cosmic history, and to constrain the expected TDE detection rates for future time-

resolved survey telescopes such as the Large Synoptic Survey Telescope (LSST).

10.4 NSCs as gravitational-wave emitters

The recent detection of gravitational-wave (GW) emission from merging stellar

mass black holes (Abbott et al. 2016, 2019) has highlighted the role of galactic

nuclei as potential sources for GW emission. Given their high stellar densities and

escape velocities, NSCs are prime candidates for hosting dynamically created

compact object mergers that can result in detectable LIGO sources. Stellar mass BH

binary mergers appear to be more efficiently produced in more massive clusters and

in younger clusters, thus favoring production in NSCs (e.g., Askar et al. 2018). The

high mass of NSCs means that there is a higher expected retention of stellar mass

BHs after supernova kicks (Miller and Lauburg 2009). Furthermore, stellar mass

BHs also can experience successive mergers in NSCs, since a merged BH can be

retained despite gravitational-wave recoil during the merger (e.g., Antonini et al.

2019). In NSCs lacking a central massive BH, stellar mass BHs will mass segregate

to the center of the cluster and then can form binaries and harden through three-

body interactions (e.g., Antonini and Rasio 2016; Choksi et al. 2019). The presence

of a massive BH also enables stellar mass BH binaries to harden through Kozai–

Lidov interactions with the massive BH (e.g., Antonini and Perets 2012; Zhang

et al. 2019; Bub and Petrovich 2020), or via gas torques and/or hardening

encounters with single stars in AGN disks (McKernan et al. 2018; Leigh et al.

2018). The presence of gas can even facilitate the formation of compact object

mergers via dissipative effects (Secunda et al. 2019). In addition to stellar mass BH

binary mergers, NSCs can also be a possible site of triple mergers of BHs and

neutron stars (Fragione et al. 2019).

Lower frequency GW events will be detected in the future with LISA, and many

of the events expected to be detected will be in NSCs (Amaro-Seoane et al. 2017).

For instance, extreme mass-ratio inspirals (EMRIs) occur when a compact stellar

remnant (BH or neutron star) falls into a massive BH (e.g., Hopman and Alexander

2006; Merritt et al. 2011). Similar to the TDE rates, the formation scenarios of

NSCs and their subsequent dynamical evolution can significantly impact EMRI

rates (Aharon and Perets 2016). Current rate estimates suggest that LISA should be

able to detect multiple EMRIs at any given time (Emami and Loeb 2019). NSCs

also likely play a role in the ‘‘final-parsec’’ problem that needs to be overcome for

massive BH binaries to merge (e.g., Vasiliev et al. 2015; Khan et al. 2020). Overall,

it is clear that the density profiles, morphology, and kinematics of NSCs play an

important role in many types of GW events.
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11 Summary, open issues, and outlook

The hundreds of papers which we have discussed here have elevated our

understanding of NSCs from merely bright points of light at the centers of nearby

galaxies to the extremely dense and complex stellar systems which we now know

them to be.

Still, in the process of writing this review, we have found a number of topics

where our present knowledge is lacking. Perhaps, the most pressing need is for

theoretical work on NSC formation. This includes simulations of NSC formation in

the cosmological context, especially in the early universe. The simulations targeting

the formation of the first stars and black holes (e.g., Wise et al. 2019), and the

formation of globular clusters in the early Universe (e.g., Li et al. 2017; Ma et al.

2019) should provide us with valuable insight on the early epochs of NSC

formation, and whether seed clusters or central black holes play a significant role in

promoting the formation of NSCs. Also, theoretical work is urgently needed to

understand the data that suggest a transition in the dominant growth mechanism at

galaxy masses of � 109 M�. Are there mechanisms that can prevent gas from

reaching the center of galaxies in low-mass galaxies, or is there a barrier to globular

cluster accretion in higher mass galaxies?

Observationally, our knowledge of NSCs in lower mass late-type galaxies is

woefully lacking. The impressive results from large samples of NSCs in low-mass

early types (den Brok et al. 2014; Ordenes-Briceño et al. 2018; Sánchez-Janssen

et al. 2019a) clearly highlight the importance for obtaining comparable (i.e., large

and homogenously selected) samples also for lower mass late-type galaxies. These

data should also help test the environmental dependence of NSC formation.

Furthermore, understanding the stellar populations of these NSCs, and determining

if they more closely resemble those in low-mass early types or higher mass late-

types would also help us to understand NSC formation more generally. The

availability of robust mass measurements (see Fig. 7) is limited primarily to NSCs

in higher mass galaxies. More NSC mass measurements at both the high- and low-

mass extreme would be of clear interest for understanding NSC scaling relations,

enabling us to understand whether they steepen at the high mass end. Also, density

measurements in galaxies across the mass spectrum are a key input for

understanding tidal disruption event rates, which depend strongly on the NSC

density profiles. Finally, we note the lack of data on the resolved kinematics of

NSCs (Fig. 11), especially for late-type galaxies, which would provide important

insights into the formation history of their NSCs.

Future facilities promise to greatly improve our understanding of NSCs. With the

launch of JWST, a better census of NSCs in higher mass galaxies will be possible

through high-resolution mid-infrared observations of dusty galaxy cores. Also, the

identification of faint AGN enabled by JWST will aid in understanding the

frequency of black hole/NSC co-existence in lower mass galaxies (e.g., Dumont

et al. 2019). LSST will also play an important role in characterizing the population

of black holes in low-mass galaxies through statistics on tidal disruption events, and

variability of AGN (e.g., Baldassare et al. 2018). Finally, NSCs will likely be prime
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targets for adaptive optics observations on the 30-m class telescopes (Gullieuszik

et al. 2014), enabling the characterization of their internal kinematics, stellar

population variations, and central massive black holes.
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Agarwal M, Milosavljević M (2011) Nuclear star clusters from clustered star formation. ApJ 729(1):35.

https://doi.org/10.1088/0004-637X/729/1/35. arXiv:1008.2986

Aharon D, Perets HB (2015) Formation and evolution of nuclear star clusters with in situ star formation:

nuclear cores and age segregation. ApJ 799(2):185. https://doi.org/10.1088/0004-637X/799/2/185.

arXiv:1409.5121

123

4 Page 54 of 75 N. Neumayer et al.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevLett.116.061102
http://arxiv.org/abs/1602.03837
https://doi.org/10.3847/2041-8213/ab3800
http://arxiv.org/abs/1811.12940
https://doi.org/10.1093/mnras/sty913
http://arxiv.org/abs/1804.02938
https://doi.org/10.1088/0004-637X/729/1/35
http://arxiv.org/abs/1008.2986
https://doi.org/10.1088/0004-637X/799/2/185
http://arxiv.org/abs/1409.5121


Aharon D, Perets HB (2016) The impact of mass segregation and star formation on the rates of

gravitational-wave sources from extreme mass ratio inspirals. ApJ 830(1):L1. https://doi.org/10.

3847/2041-8205/830/1/L1. arXiv:1609.01715

Aharon D, Mastrobuono Battisti A, Perets HB (2016) The history of tidal disruption events in galactic

nuclei. ApJ 823:137. https://doi.org/10.3847/0004-637X/823/2/137. arXiv:1507.08287

Ahn CP, Seth AC, den Brok M, Strader J, Baumgardt H, van den Bosch R, Chilingarian I, Frank M,

Hilker M, McDermid R, Mieske S, Romanowsky AJ, Spitler L, Brodie J, Neumayer N, Walsh JL

(2017) Detection of supermassive black holes in two virgo ultracompact dwarf galaxies. ApJ

839(2):72. https://doi.org/10.3847/1538-4357/aa6972. arXiv:1703.09221
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Ferrarese L, Côté P, Sánchez-Janssen R, Roediger J, McConnachie AW, Durrell PR, MacArthur LA,

Blakeslee JP, Duc PA, Boissier S, Boselli A, Courteau S, Cuillandre JC, Emsellem E, Gwyn SDJ,
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populations and star formation histories of the nuclear star clusters in six nearby galaxies. MNRAS

480(2):1973–1998. https://doi.org/10.1093/mnras/sty1985. arXiv:1807.08765

Kamann S, Husser TO, Dreizler S, Emsellem E, Weilbacher PM, Martens S, Bacon R, den Brok M,
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Satyapal S, Böker T, Mcalpine W, Gliozzi M, Abel NP, Heckman T (2009) The incidence of active

galactic nuclei in pure disk galaxies: the Spitzer view. ApJ 704(1):439–452. https://doi.org/10.1088/

0004-637X/704/1/439. arXiv:0908.1820

Scarlata C, Stiavelli M, Hughes MA, Axon D, Alonso-Herrero A, Atkinson J, Batcheldor D, Binney J,

Capetti A, Carollo CM, Dressel L, Gerssen J, Macchetto D, Maciejewski W, Marconi A, Merrifield

M, Ruiz M, Sparks W, Tsvetanov Z, van der Marel RP (2004) Nuclear properties of a sample of

nearby spiral galaxies from Hubble Space Telescope STIS imaging. AJ 128:1124–1137. https://doi.

org/10.1086/423036. arXiv:astro-ph/0408435

Schiavon RP (2007) Population synthesis in the blue. IV. Accurate model predictions for lick indices and

UBV colors in single stellar populations. ApJS 171(1):146–205. https://doi.org/10.1086/511753.

arXiv:astro-ph/0611464
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Schödel R, Feldmeier A, Kunneriath D, Stolovy S, Neumayer N, Amaro-Seoane P, Nishiyama S (2014a)

Surface brightness profile of the Milky Way’s nuclear star cluster. A&A 566:A47. https://doi.org/10.

1051/0004-6361/201423481. arXiv:1403.6657
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