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1. Galactic nuclei 



Nuclei of galaxies 
= 

super massive black holes +  
nuclear star clusters



see also Haering & Rix (2004), Tremaine et al. (2002), Ferrarese & Merritt (2000), Magorrian et al. (1998) ...

(Super)Massive Black Holes

Gueltekin et al. (2009)
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Nuclear star clusters

Animation Credit: NASA, Z. Levay and G. Bacon (STScI)

http://www.nasa.gov/
http://www.stsci.edu/
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Nuclear Star Clusters (NSCs)

NSCs detected unambiguously in 50%-75% of spiral,  
spheroids (“dwarf ellipticals”), and S0 galaxies. 
Actual rate of occurrence may be close to 100%. 

NSCs absent in elliptical galaxies that are products 
of major mergers. 

see also, e.g.,  Phillips+ 1996; Carollo+ 1998; Matthews+ 1999; Böker+ 2002, 
2004; Balcells+ 2003; Ferrarese+ 2006; Kormendy+ 2009



Nuclear star clusters
• Half-light radii: 2-5 pc, similar to globular clusters

• Masses: 106 - 107 M⊙

• Complex star formation histories: Frequent and 
repetitive star formation, most recent generation often 
younger than 108 yr

• NSCs obey similar scaling relationships with 
properties of host galaxies as do massive black holes

see, e.g., review by  T. Böker (2008)



Nuclear star clusters

Norris et al. (2014)



The MW NSC in context

Seth et al. (2008), Feldmeier et al. (2014), Schödel et al. (2014)



2. Dynamics near a 
MBH



Dynamical relaxation near 
a MBH

BH radius of influence: rh 

-GM●/rh = ϕ(rh), with ϕ(rh) potential without BH

Singular isothermal distribution: ρ★=σ2/2πGr2 ⇒ rh = GM●/σ2

Stellar mass inside rh is 𝒪(M●).

At r ≪ rh, N★M★/M● ≪ 1

For r ≫ rg, dynamics are Newtonian over timescales ≫ P = 2π √(a3/GM●)

Parameters: 
• Q = M●/⟪M★⟫, ⟪M2★⟫1/2 

• N★(r) = Nh (r/rh)3-α with n(r)~r-α   



Dynamical relaxation near 
a MBH

Non-resonant (NR) relaxation, two-body relaxation 

For mass spectrum M2★n★ → ⟨M2★⟩n★

⟨M2★⟩ ≥ ⟨M★⟩2 ⇒ faster relaxation for system with realistic mass 

spectrum. Presence of massive perturbers (GMC, IMBHs) will greatly 
accelerate relaxation

Nuclei with MBH ≲ a few 107 M⊙ that evolve in isolation, will be 
dynamically relaxed (Bar-Or et al. 2013; Alexander 2017).



Dynamical relaxation near 
a MBH

r ≪rh → stars move on fixed ellipses around MBH
Approximation by “mass wires”

Residual torques ⇒ rapid angular momentum relaxation: 

Scalar Resonant Relaxation (SRR)
TSRR ≪ TNR  



Figure 3, Alexander (2017)

Presence of massive stars will significantly shorten TNR 
(Preto & Amaro-Seoane 2010).



Figure 3, Alexander (2017)
Evolution in J much faster than in E for J < Jc = √(GM●/a) 

Dynamical relaxation near 
a MBH



Formation of a stellar cusp
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Formation of a stellar cusp

Preto & Amaro-Seoane (2010)

t/Trlx = 0, 0.05, 0.1, 0.2, 0.25

Cusp formation in relaxed cluster around MBH solid 
prediction of theoretical stellar dynamics 
(Bahcall-Wolf cusp) 
(e.g. Lightman&Shapiro, 1977; Bahcall & Wolf 1976, 1977; Freitag+ 2006; Hopman & Alexander 
2006, and others)

ρ(r) ∝ r−γ 1.5 ≤ γ ≤ 2

TNR is a conservative assumption for cusp formation 
time scale. Under realistic conditions, a stellar cusp 
should form within a few Gyr.



For example: M32
Lauer et al. (1998)

• Nearby dwarf elliptical
• No dust, no recent star formation
• No NSC
• BH of a few 106 M⊙

• Consistent with r-1.5 cusp

HST WFPC2, F814W
~23”×23” (~90pc×90pc)



3. GW sources in 
galactic nuclei



Figure 1, Antonini & Rasio (2016)

Natal kick vs escape velocities

Retention fraction of 
BHs in NSC much 
larger than in globular 
clusters



Dynamical friction

Equ. (3), Antonini & Rasio (2016); see Binney & Tremaine (1987)

BHs will segregate to centres of NSCs
(see also Morris 1993)



Figure 2, Antonini & Rasio (2016)



Channels to grow binary BHs dynamically

1.Three-body encounters during core-collapse
2. Exchange interactions with stellar binaries
3. GW bremsstrahlung
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Channels to grow binary BHs dynamically

1.Three-body encounters during core-collapse
2. Exchange interactions with stellar binaries
3. GW bremsstrahlung

Only mechanism (3) will be effective in NSCs that contain 
a BH (no core collapse, very few hard binaries).

BH binaries in NSC more likely to merge during Hubble time 
than in lower mass globular clusters.

Merger products likely to be retained in massive NSCs.
Repeated mergers possible.



“…NSCs are a natural environment for BH mergers that 
are observable by aLIGO detectors.” 

Figure 5, Antonini & Rasio (2016)



Retention of BHs after GW kick

Figure 3, Antonini & Rasio (2016)

Massive NSCs are natural breeding grounds for 
high-mass BH mergers



Figure 8, Antonini & Rasio (2016)

Fraction of galaxies containing an NSC but no MBH as a function of galaxy mass.



Figure 8, Antonini & Rasio (2016)

Fraction of galaxies containing an NSC but no MBH as a function of galaxy mass.

Milky Way



Effect of a central MBH

Neumayer & Walcher (2012)



Effect of a central MBH

Neumayer & Walcher (2012)

Many NSCs will contain a MBH.



Effect of a central MBH
Suppression of core-colapse
Formation of Bahcall-Wolf cusp
No hard binaries; 3-body interactions will lead to 
evaporation of binaries

BH density ≳ stellar density at r ≲ 0.1rh
(Hopman & Alexander 2006; Gualandris & Merritt 2012) 

see Antonini & Rasio (2016)



Effect of a central MBH
Mergers may be induced by KL or GW bremsstrahlung

KL requires steady supply of binaries (star formation, 
cluster inspiral)

GW capture highly improbable (~0.01 Gpc-3 yr-1, Tsang 
2013) 

Merger rate of BHs in NSC with MBH highly uncertain. 
Detailed modelling necessary.

see Antonini & Rasio (2016)



Effect of a central MBH
Mergers may be induced by KL or GW bremsstrahlung

KL requires steady supply of binaries (star formation, 
cluster inspiral)

GW capture highly improbable (~0.01 Gpc-3 yr-1, Tsang 
2013) 

Merger rate of BHs in NSC with MBH highly uncertain. 
Detailed modelling necessary.

see Antonini & Rasio (2016)

But: Now we can observe EMRIs!



Summary: BH mergers in NSCs

(1)  NSCs produce BH-binary mergers at a realistic rate of »1.5 Gpc-3 yr-1.  

(2)  BHs in NSCs can experience a number of mergers and grow to masses up to a 
few hundred solar masses. Although rare, such high mass BH mergers at low 
redshifts are unique to NSCs, because these are the only clusters with sufficiently 
high escape velocities such that they can retain a large fraction of their merging 
BHs

(3) Depending on natal kicks, BH merger rate from NSCs is similar to or could 
even dominate over (massive) BH mergers from globular clusters or isolated 
binary evolution.

see Antonini & Rasio (2016)



EMRIs

Amaro-Seoane (2007)



4. The centre of 
the Milky Way



Motivation
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High-resolution view of a nearby 
nucleus

Credit: ESO

NGC 300: D = 2 Mpc
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High-resolution view of a nearby 
nucleus

Credit: ESO

NGC 300: D = 2 Mpc

Bland-Hawthorn et al. (2005)

HST/WFPC2 (F814W)
(Boeker et al., 2002)

250 pc
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The Galactic Centre: A Unique Laboratory

250 pc

Same FOV

11.65" ×11.65"

Andromeda: HST/WFPC2 UBI

45 pc

Lauer et al. (1998)



The Galactic Centre: A Unique Laboratory

250 pc

Same FOV

11.65" ×11.65"

Milky Way: HST/WFC3 NIR

0.45 pc

Andromeda: HST/WFPC2 UBI

45 pc

Lauer et al. (1998)



Spitzer IRAC Survey 
Stolovy et al. 2006;  Kunneriath, Schödel et al. (2014)

Overview of the GC

Spitzer/IRAC Channel 2: 
4.5 μm, re-binned to 16” 
and median-smoothed



4.5 μm extinction map
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Spitzer IRAC Survey 
Stolovy et al. 2006;  Kunneriath, Schödel et al. (2014)

Overview of the GC

Spitzer/IRAC Channel 2: 
4.5 μm, re-binned to 16” 
and median-smoothed

Nuclear Stellar Disk (NSD)
(~1.4×109 M⊙, ~230 pc; Launhardt et al. 2002)

Nuclear Star Cluster (NSC)
Sagittarius A*



Observational Challenges

Source: Wikipedia
Created by Uwe Kils (iceberg) and User:Wiska 

http://commons.wikimedia.org/wiki/User:Uwe_kils
http://commons.wikimedia.org/wiki/User:Wiska_Bodo


Observational Challenges

Source: Wikipedia
Created by Uwe Kils (iceberg) and User:Wiska 

Strong and highly variable interstellar 
extinction combined with extreme source 
crowding make observations of the GC very 
challenging.

We can currently detect only ~5-10% of the 
stars.

Current detection limit for MS stars at GC 
is ~ 2 M⊙  

Main tracers for structure: red clump stars
Main tracers for star formation: O/B stars, 
WR stars, AGB stars

http://commons.wikimedia.org/wiki/User:Uwe_kils
http://commons.wikimedia.org/wiki/User:Wiska_Bodo


The problem of surveying our own galaxy may be 
likened to the problem of drawing a map of New York 
City on the basis of observations made from the 
intersection of 125th Street and Park Avenue. 
Although it would be clear to an observer at this spot 
that the city is a big one, any statement as to its 
extent and layout would clearly be impossible. London 
would offer an even better analogy, for the 
neighborhood is not only congested but foggy.

C. H. Payne-Gaposchkin



Fritz et al. (2011)

Interstellar  Extinction

see also: Nishiyama et al. (2006, 2008,2009); 
Schödel et al. (2010)
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Fritz et al. (2011)

Interstellar  Extinction
red: DSS-2J: VVV (ESO/VISTA/Vircam) H: VVV (ESO/VISTA/Vircam) 

+

see also: Nishiyama et al. (2006, 2008,2009); 
Schödel et al. (2010)
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see also: Nishiyama et al. (2006, 2008,2009); 
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Fritz et al. (2011)

Interstellar  Extinction
red: DSS-2J: VVV (ESO/VISTA/Vircam) H: VVV (ESO/VISTA/Vircam) K: VVV (ESO/VISTA/Vircam) 3.6 μm: Spitzer

+

see also: Nishiyama et al. (2006, 2008,2009); 
Schödel et al. (2010)



Fritz et al. (2011)

Interstellar  Extinction
red: DSS-2J: VVV (ESO/VISTA/Vircam) H: VVV (ESO/VISTA/Vircam) K: VVV (ESO/VISTA/Vircam) 3.6 μm: Spitzer

+

Observations only possible in 
infrared.

Stellar colors dominated by 
extinction.

see also: Nishiyama et al. (2006, 2008,2009); 
Schödel et al. (2010)



HAWK-I, H-band

Crowding

~12.5”/1 pc



HAWK-I, H-bandHST/WFC3, F153M
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HAWK-I, H-bandHST/WFC3, F153MNACO, H-band

Crowding

~12.5”/1 pc
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Nuclear Star Cluster (NSC)

250 pc



raw extinction-corrected

Schödel, et al. 2014; Feldmeier et al. 2014; 
Fritz et al. 2016; Gallego-Cano et al. (in prep.)

Nuclear Star Cluster and MBH

• Centred on Sgr A*

• Flattened along Galactic Plane

• Half light radius = 4.2 ± 0.4 pc 

• Mass 2.5 ± 0.4 × 107 M⊙ 

• MMBH = 4 × 106 M⊙

Spitzer/IRAC, 4.5 µm,
extinction-corrected

40 pc
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raw extinction-corrected

Schödel, et al. 2014; Feldmeier et al. 2014; 
Fritz et al. 2016; Gallego-Cano et al. (in prep.)

Nuclear Star Cluster and MBH

• Centred on Sgr A*

• Flattened along Galactic Plane

• Half light radius = 4.2 ± 0.4 pc 

• Mass 2.5 ± 0.4 × 107 M⊙ 

• MMBH = 4 × 106 M⊙

Spitzer/IRAC, 4.5 µm,
extinction-corrected

40 pc

12.5”/0.5 pc
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Sept 2010
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NACO/VLT, Ks
Sept 2010
AO + holography
60 mas FWHM

S0-2: Ks≈14

SgrA*
Ks≈15-18
Variable

S0-38: Ks≈17

Meyer, Ghez, Schödel et al. (2012)
S02 (16 yr) + S0-102 (P=11.5yr)



NACO/VLT, Ks
Sept 2010
AO + holography
60 mas FWHM

S0-2: Ks≈14

SgrA*
Ks≈15-18
Variable

S0-38: Ks≈17
Boehle, Ghez, Schödel et al. (2016)
S02 (16 yr) + S0-38 (P=19yr)



NACO/VLT, Ks
Sept 2010
AO + holography
60 mas FWHM

S0-2: Ks≈14

SgrA*
Ks≈15-18
Variable

S0-38: Ks≈17
Boehle, Ghez, Schödel et al. (2016)
S02 (16 yr) + S0-38 (P=19yr)

MSgrA* = 4.02 ± 0.16fit ± 0.04frame x 106 M⊙

DSgrA* = 7.86 ± 0.14fit ± 0.04frame kpc
Boehle et al. (2016)





MSgrA* = 4.28 ± 0.10stat ± 0.21sys x 106 M⊙

DSgrA* = 8.32 ± 0.07stat ± 0.14sys kpc
Gillessen et al. (2017)



Velocity dispersion at the Galactic Center
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Velocity dispersion at the Galactic Center

σ~r-0.5

Sgr A* would hardly be detectable if
it were located in another galaxy.

~106 M⊙ of extended 
(stellar) mass within R< 1pc
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Star formation at the GC

Bartko et al. (2010)

~200 massive, young stars within 
0.5 pc of Sgr A* 

⇒ star burst of ~1.5×104 M⊙ 

occurred ~6 Myr ago.

Repeated star formation can 
replenish binary BH population

Probably top-heavy initial mass 
function (IMF) → stellar BH factory



Schemtic of the GC

Alexander (2011, 2017)



5. The stellar cusp 
around Sagittarius A*



A MBH surrounded by a cluster



•  Cusp formation in relaxed cluster solid prediction of stellar 
dynamics (e.g., Lightman&Shapiro, 1977; Bahcall & Wolf 1976, 1977; 
Freitag+ 2006; Hopman & Alexander 2006): ρ(r) ∝ r-y with 1.5 ≤ γ ≲ 2 
(increasing γ for larger stellar masses) 

•  Difficult to study in extragalactic systems. 

•  Galactic centre (GC) is unique test case

Implications:  Collisions, tidal disruptions, EMRIs….

A MBH surrounded by a cluster



Why is this relevant?

1. Do we have the theory on stellar dynamics right? 

2. Physics of stars and stellar remnants near Sgr A* and 
similar MBHs: Frequency of collisions, tidal flares, or 
Extreme Mass  Ratio Inspirals (EMRIs; e.g. Amaro-Seoane et al. 

2007), cusp of stellar mass black holes

3. What is the formation history of the NSC?



Why is this relevant?

1. Do we have the theory on stellar dynamics right? 

2. Physics of stars and stellar remnants near Sgr A* and 
similar MBHs: Frequency of collisions, tidal flares, or 
Extreme Mass  Ratio Inspirals (EMRIs; e.g. Amaro-Seoane et al. 

2007), cusp of stellar mass black holes

3. What is the formation history of the NSC?

So, is there a stellar cusp around the MBH at the GC?
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Fig. 2 of Fritz et al. (2016)

1 pc0.1 pc 10 pc

→Missing cusp problem
(Buchholz et al. 2009; Do et al. 2009; Bartko et al. 1010)

Σ∝R-0.5

prediction for cusp



Density of giants



Density of giants

Surface density of late-type 
giants,appears to be flat inside ~0.3 pc.

(Sellgren+ 1990; Genzel+ 1996; Haller+1996; Genzel+ 2003; 
Buchholz+ 2009; Do+ 2009; Bartko+ 2010; Fritz+ 2016; 
Gallego-Cano+ 2017)



The missing cusp problem
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Deficit of giants around Sgr A*

Representative for entire 
old population: absence 

of cusp 

Representative only 
for giants: “hidden” 

cusp 

Not yet formed 
(e.g., Merritt et al. 2010)

Destroyed
 (e.g., Merritt & Szell 2006)

Giants’ envelopes 
destroyed 

(e.g., Dale et al. 2009; Amaro-

Seoane & Chen 2014).

The missing cusp problem

How solid are the data and our interpretation?



Digging deeper…
1. Deep star counts
• Stack data
• Improved reduction (rebinning)
• Improved PSF fitting 
(Gallego-Cano et al. 2017)

2. Unresolved stellar light
• Improved PSF fitting
• Analysis of diffuse emission
(Schödel et al. 2017)
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Digging deeper…
1. Deep star counts
• Stack data
• Improved reduction (rebinning)
• Improved PSF fitting 
(Gallego-Cano et al. 2017)

2. Unresolved stellar light
• Improved PSF fitting
• Analysis of diffuse emission
(Schödel et al. 2017)

NACO/VLT, Ks
4 epochs (2011 - 2012)

Diffuse light from unresolved stars 
(after subtraction of detected stars 
and emission from ionised gas)
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Schödel et al. (2007)

Diffuse stellar light from 
unresolved sources: Sub-
giants and MS stars

Schoedel et al. (2018)

Gallego-Cano et al. (2018)

Tracer stars have 1-2 M⊙

Red Clump
(dominates 
pre-2018 
measurements)
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γ = -1.1-1.3 (inner 3D power-law)
Break radius ≈ 3 pc 
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Contribution from nuclear 
disk and Bar/Bulge subtracted!
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Scaled surface brightness 
from Spitzer images 
(Schödel+ 2014)Diffuse light from NACO/VLT

Fit with 3D Nuker-law: 
γ = -1.1-1.3 (inner 3D power-law)
Break radius ≈ 3 pc 

Gallego-Cano et al. (2018), Schödel et al. (2018)



Comparison with simulations

1. NBODY6
2. Repeated star formation
3. One Hubble time (not multiple trelax)
Baumgardt, Amaro-Seonae & Schödel (2018)

Agreement between 
observations and theory, finally!



Caveat
Giants mostly old.

Diffuse light ok.

Faintest detectable 
stars subject to great 
uncertainty because of 
largely unknown properties of 
star formation ~100 Myr ago.

Star formation history for 
central parsec: Pfuhl et al. 
(2011)
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… and deeper
Stacked 1.6h of 1s exposures from epoch 2012 with speckle holography technique
Exquisite calibration of PSF and fully-diffraction limited images.

Ks = 16.5-19

Ks = 15-16.5

Ks = 10-14.5

Faint stars near Sgr A*: 
Γ ≈ − 0.5 ± 0.1
As expected for 
Bahcall-Wolf cusp!

Caveat: Star 
Formation History

There is a problem 
with the giants!



1. Cusp detected at faint stellar magnitudes (~1 M⊙ stars)

2. Agreement between theory and observations (finally!)

3. Caveat: Consider star formation history when interpreting density data

4. Missing cusp is a hidden cusp

5. Missing giants problem at <0.2 pc (5”)                    

6. Stellar density at 0.1 pc: ~107 M⊙ pc-3 possibly sufficiently high to explain 
missing giants problem via star-cloud collisions (Amaro-Seoane & Chen 2014)

7. Mass segregation makes existence of stellar BH cusp very likely.

Conclusions

Gallego-Cano et al. (2018) Schödel et al. (2018), Baumgardt et al. (2018)



A cusp of stellar mass BHs

1. Stellar BHs will sink to GC because of dynamical friction

2. Massive star formation may take place frequently at the GC

3. The initial mass function (IMF) at the GC favours high-mass stars 
(at least in most recent event)

4. Several 1000s of stellar BHs expected to be present near Sgr A*



A cusp of stellar mass BHs

T.  Alexander (2017)
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A cusp of stellar mass BHs

Hailey et al. (2018)

γ = 2.4 ± 0.3



A cusp of stellar mass BHs

Hailey et al. (2018), Generozov et al. (2018)

1.Several 100 BH XRBs in central pc

2. Implies existence of ~10,000 isolated BHs

3. < 200 rotationally powered millisecond pulsars at GC

4. XRBs can be formed by tidal capture of stars



IMBHs in the GC?
1.Intermediate-mass BHs may form in stellar clusters
2.IMBHs may be seeds of MBHs
3.Will sink to the GC due to dynamical friction

Two claims for IMBHs in GC environment:
1.Maillard et al. (2004): IMBH in IRS 13E, 0.13pc from Sgr A*
2.Oka et al. (2016, 2017): IMBH in molecular cloud at ~60 pc from Sgr A*

However, see counterarguments in Schödel et al. (2005), Fritz et al. (2010), 
Tanaka (2018): No smoking gun!

Extraordinary claim requires extraordinary evidence.



6. GW events from 
GC-like nuclei



EMRIs

Existence of relaxed stellar cusp is pre-requisite
to have a sufficiently high density of BHs (neutron stars) 
near the MBH.

Recent work (Gallego-Cano et al., Schödel et al., 
Baumgardt et al. 2018; Schödel et al. in prep) gives high 
confidence in existence of such a Bahcal-Wolf cusp at the 
GC and (by Kopernican principle) at the nuclei of other 
galaxies.
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EMRI rate

Fig. 6, Alexander (2017)



Mergers of binary BHs

Probably high density of stellar BHs near Sgr A*. 

Not clear how many binary BHs.

Repeated massive star formation near Sgr A* may replenish 
binary BH population.



Mergers of binary BHs

Probably high density of stellar BHs near Sgr A*. 

Not clear how many binary BHs.

Repeated massive star formation near Sgr A* may replenish 
binary BH population.

Great uncertainty. GW observations needed!
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Not clear how many binary NSs. Higher birth kick velocity 
and lower mass may lead to less NS-NS binaries.

LMXRBs near SgrA* indicate existence of NSs, so does the 
magnetar near the GC (Rea et al. 2013).



Mergers of binary NSs
Not clear how many binary NSs. Higher birth kick velocity 
and lower mass may lead to less NS-NS binaries.

LMXRBs near SgrA* indicate existence of NSs, so does the 
magnetar near the GC (Rea et al. 2013).

e.g. Muno et al. (2005), Rea et al. (2013), Hailey et al. (2018)



Thank you!


