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Holm 15A: Brightest Cluster 
Galaxy of Abell 85



Cusps & Cores: Centers of ETGs
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● Total brightness galaxy

Less massive ETGs 

Steep power-law 
surface brightness 
‘cusps’

Massive ETGs 

Shallow central 
Surface brightness 
‘cores’
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Cores grow linearly with BHs 
-> Holm 15A expected to host 
UMBH with MBH ~ 1011 M

☉

Holm 15A 

~ 2 mag fainter than any 
Core with dynamical 
study 
Largest known Core: 
(4.57 ± 0.06) kpc 
López-Cruz et. al 2014, ApJ 795, 31 

Thomas et al. 2016, Nature 532, 340 

Holm 15A: Huge, Ultra-Diffuse Core



Without Black Holes  
-> Cuspy Remnant

With Black Holes  
-> Cored Remnant

presented with a dotted line in the bottom panel of Figure 5.
The decline of β ceases immediately if the SMBHs are merged
by hand, confirming that the hard, shrinking SMBH binaries
cause the decline of the central velocity anisotropy.
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even though the distribution f (vå) of the ejection velocities is
very broad (Valtonen & Karttunen 2006; Merritt 2013). The

Figure 4. Stellar surface density in the merger simulations at the phase of the coalescence of the central density cusps in 20 kpc (top two rows) and 2 kpc (bottom two
rows) frames covering 42 Myr of evolution from left to right. The first and third rows show the simulation γ-3/2-BH-0 without SMBHs, while rows two and four
present the simulation γ-3/2-BH-6 with the most massive SMBHs. In the run without SMBHs, the central surface density remains high after the formation of a single
nucleus, although some stars are ejected in outward-moving shells. In the run γ-1.5-BH-6, the central stellar cusps merge somewhat earlier due to the additional
dynamical friction caused by the massive SMBHs. The positions of the SMBHs are indicated by circles in the bottom row. During the cusp coalescence, the central
surface density is significantly reduced on a timescale of the order of 10 Myr seen in the bottom panel moving from t=252 to 266 Myr. A significant fraction of the
stars are ejected from the central region, creating a central low-density core (see Figure 2).

9

The Astrophysical Journal, 864:113 (20pp), 2018 September 10 Rantala et al.

presented with a dotted line in the bottom panel of Figure 5.
The decline of β ceases immediately if the SMBHs are merged
by hand, confirming that the hard, shrinking SMBH binaries
cause the decline of the central velocity anisotropy.

A star that experiences a strong interaction with the SMBH
binary is typically ejected with a velocity vå comparable to the

circular orbital velocity of the binary,

v V
GM
a

2
, 17bin

•
1 2

� ~ = ⎜ ⎟⎛
⎝

⎞
⎠ ( )

even though the distribution f (vå) of the ejection velocities is
very broad (Valtonen & Karttunen 2006; Merritt 2013). The

Figure 4. Stellar surface density in the merger simulations at the phase of the coalescence of the central density cusps in 20 kpc (top two rows) and 2 kpc (bottom two
rows) frames covering 42 Myr of evolution from left to right. The first and third rows show the simulation γ-3/2-BH-0 without SMBHs, while rows two and four
present the simulation γ-3/2-BH-6 with the most massive SMBHs. In the run without SMBHs, the central surface density remains high after the formation of a single
nucleus, although some stars are ejected in outward-moving shells. In the run γ-1.5-BH-6, the central stellar cusps merge somewhat earlier due to the additional
dynamical friction caused by the massive SMBHs. The positions of the SMBHs are indicated by circles in the bottom row. During the cusp coalescence, the central
surface density is significantly reduced on a timescale of the order of 10 Myr seen in the bottom panel moving from t=252 to 266 Myr. A significant fraction of the
stars are ejected from the central region, creating a central low-density core (see Figure 2).

9

The Astrophysical Journal, 864:113 (20pp), 2018 September 10 Rantala et al.

presented with a dotted line in the bottom panel of Figure 5.
The decline of β ceases immediately if the SMBHs are merged
by hand, confirming that the hard, shrinking SMBH binaries
cause the decline of the central velocity anisotropy.

A star that experiences a strong interaction with the SMBH
binary is typically ejected with a velocity vå comparable to the

circular orbital velocity of the binary,

v V
GM
a

2
, 17bin

•
1 2

� ~ = ⎜ ⎟⎛
⎝

⎞
⎠ ( )

even though the distribution f (vå) of the ejection velocities is
very broad (Valtonen & Karttunen 2006; Merritt 2013). The

Figure 4. Stellar surface density in the merger simulations at the phase of the coalescence of the central density cusps in 20 kpc (top two rows) and 2 kpc (bottom two
rows) frames covering 42 Myr of evolution from left to right. The first and third rows show the simulation γ-3/2-BH-0 without SMBHs, while rows two and four
present the simulation γ-3/2-BH-6 with the most massive SMBHs. In the run without SMBHs, the central surface density remains high after the formation of a single
nucleus, although some stars are ejected in outward-moving shells. In the run γ-1.5-BH-6, the central stellar cusps merge somewhat earlier due to the additional
dynamical friction caused by the massive SMBHs. The positions of the SMBHs are indicated by circles in the bottom row. During the cusp coalescence, the central
surface density is significantly reduced on a timescale of the order of 10 Myr seen in the bottom panel moving from t=252 to 266 Myr. A significant fraction of the
stars are ejected from the central region, creating a central low-density core (see Figure 2).

9

The Astrophysical Journal, 864:113 (20pp), 2018 September 10 Rantala et al.

presented with a dotted line in the bottom panel of Figure 5.
The decline of β ceases immediately if the SMBHs are merged
by hand, confirming that the hard, shrinking SMBH binaries
cause the decline of the central velocity anisotropy.

A star that experiences a strong interaction with the SMBH
binary is typically ejected with a velocity vå comparable to the

circular orbital velocity of the binary,

v V
GM
a

2
, 17bin

•
1 2

� ~ = ⎜ ⎟⎛
⎝

⎞
⎠ ( )

even though the distribution f (vå) of the ejection velocities is
very broad (Valtonen & Karttunen 2006; Merritt 2013). The

Figure 4. Stellar surface density in the merger simulations at the phase of the coalescence of the central density cusps in 20 kpc (top two rows) and 2 kpc (bottom two
rows) frames covering 42 Myr of evolution from left to right. The first and third rows show the simulation γ-3/2-BH-0 without SMBHs, while rows two and four
present the simulation γ-3/2-BH-6 with the most massive SMBHs. In the run without SMBHs, the central surface density remains high after the formation of a single
nucleus, although some stars are ejected in outward-moving shells. In the run γ-1.5-BH-6, the central stellar cusps merge somewhat earlier due to the additional
dynamical friction caused by the massive SMBHs. The positions of the SMBHs are indicated by circles in the bottom row. During the cusp coalescence, the central
surface density is significantly reduced on a timescale of the order of 10 Myr seen in the bottom panel moving from t=252 to 266 Myr. A significant fraction of the
stars are ejected from the central region, creating a central low-density core (see Figure 2).

9

The Astrophysical Journal, 864:113 (20pp), 2018 September 10 Rantala et al.

presented with a dotted line in the bottom panel of Figure 5.
The decline of β ceases immediately if the SMBHs are merged
by hand, confirming that the hard, shrinking SMBH binaries
cause the decline of the central velocity anisotropy.

A star that experiences a strong interaction with the SMBH
binary is typically ejected with a velocity vå comparable to the

circular orbital velocity of the binary,

v V
GM
a

2
, 17bin

•
1 2

� ~ = ⎜ ⎟⎛
⎝

⎞
⎠ ( )

even though the distribution f (vå) of the ejection velocities is
very broad (Valtonen & Karttunen 2006; Merritt 2013). The

Figure 4. Stellar surface density in the merger simulations at the phase of the coalescence of the central density cusps in 20 kpc (top two rows) and 2 kpc (bottom two
rows) frames covering 42 Myr of evolution from left to right. The first and third rows show the simulation γ-3/2-BH-0 without SMBHs, while rows two and four
present the simulation γ-3/2-BH-6 with the most massive SMBHs. In the run without SMBHs, the central surface density remains high after the formation of a single
nucleus, although some stars are ejected in outward-moving shells. In the run γ-1.5-BH-6, the central stellar cusps merge somewhat earlier due to the additional
dynamical friction caused by the massive SMBHs. The positions of the SMBHs are indicated by circles in the bottom row. During the cusp coalescence, the central
surface density is significantly reduced on a timescale of the order of 10 Myr seen in the bottom panel moving from t=252 to 266 Myr. A significant fraction of the
stars are ejected from the central region, creating a central low-density core (see Figure 2).

9

The Astrophysical Journal, 864:113 (20pp), 2018 September 10 Rantala et al.

presented with a dotted line in the bottom panel of Figure 5.
The decline of β ceases immediately if the SMBHs are merged
by hand, confirming that the hard, shrinking SMBH binaries
cause the decline of the central velocity anisotropy.

A star that experiences a strong interaction with the SMBH
binary is typically ejected with a velocity vå comparable to the

circular orbital velocity of the binary,

v V
GM
a

2
, 17bin

•
1 2

� ~ = ⎜ ⎟⎛
⎝

⎞
⎠ ( )

even though the distribution f (vå) of the ejection velocities is
very broad (Valtonen & Karttunen 2006; Merritt 2013). The

Figure 4. Stellar surface density in the merger simulations at the phase of the coalescence of the central density cusps in 20 kpc (top two rows) and 2 kpc (bottom two
rows) frames covering 42 Myr of evolution from left to right. The first and third rows show the simulation γ-3/2-BH-0 without SMBHs, while rows two and four
present the simulation γ-3/2-BH-6 with the most massive SMBHs. In the run without SMBHs, the central surface density remains high after the formation of a single
nucleus, although some stars are ejected in outward-moving shells. In the run γ-1.5-BH-6, the central stellar cusps merge somewhat earlier due to the additional
dynamical friction caused by the massive SMBHs. The positions of the SMBHs are indicated by circles in the bottom row. During the cusp coalescence, the central
surface density is significantly reduced on a timescale of the order of 10 Myr seen in the bottom panel moving from t=252 to 266 Myr. A significant fraction of the
stars are ejected from the central region, creating a central low-density core (see Figure 2).

9

The Astrophysical Journal, 864:113 (20pp), 2018 September 10 Rantala et al.

Merging SMBHs ejecting central stars via gravitational slingshots  
e.g. Begelman et al. 1980, Nature 287, 307; Milosavljević & Merritt, 2001, ApJ, 563, 34; Trujillo et al. 2004, AJ, 127, 1917

N-body Merger Simulations  
Rantala et al. 2018, ApJ, 864, 113; Rantala et al. 2019, ApJ, 872, 113

Core Scouring

Cuspy + Cuspy dissipationless Merger:

NGC 4621: Cuspy ETG

NGC 720: Cored ETG



MUSE wide-field Spectroscopy
 60 x 60 arcsec2 ≜ 60 x 60 kpc 2 at z = 0.055 

 Sphere-of-influence of BH:  M(r < rSOI) ≡ MBH 

 Min. expected BH ~ 5 x 109 M☉,  SOI with 2 x rSOI = 4’’  

-> Our PSF = 0.72’’ FWHM -> can resolve BH by factor > 5  
Resolution sufficient for robust BH detection!   
Rusli et. al 2013a, AJ, 146, 45 



 Schwarzschild Dynamical Modeling  
Previously used for M87 Black Hole: 
Gebhardt & Thomas 2009, ApJ, 700, 1690:  MBH = (6.4 ± 0.50) x 109 M☉        

Event Horizon 2019 (ApJ 875, L4):               MBH = (6.5 ± 0.80) x 109 M☉   

Gravitational Potential ɸ + 10.000+ stellar orbits  

 Orbits constrained to reproduce observed Photometry  

 ɸ -> defined by set of 5 Parameters which we optimise for:  

MBH, ϒ*  +Generalised NFW DM-Halo, defined by rs, Ɣ, ρ10  
                                     (Zhao 1996,  MNRAS, 278, 488) 
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i-band photometry: 
M.Kluge et al. in prep.

updated version Thomas et al. (2004), MNRAS, 353, 391



Detecting BH-Binary Core Scouring 

Our Models, unlike Jeans-Models, 
Allow velocity anisotropy variation  

->Dynamical imprint of merger history! 

SINFONI BH Survey:  Saglia et al. 2016, ApJ, 818, 47 
Dynamics: Thomas et al. 2014, ApJ ,782, 39
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Stars on radial orbits 
three-body with BHs: 
Gravitational slingshots

Tangential orbits 
angular momentum: 
Don’t interact with BHs 

=> Tangential bias in cores, β < 0 !! 



● Most massive dynamically determined Black Hole so far: 

● Holm15A: MBH = (4.0 ± 0.8) x 1010 M☉ (Mehrgan et al. 2019 soon in submission) 

● NGC 4889: MBH = (2.1 ± 0.99) x 1010 M☉ (McConnell et al. 2012, ApJ, 765, 179) 

● NGC 1600: MBH = (1.7 ± 0.15) x 1010 M☉ (Thomas et al. 2016, Nature, 532, 340) 

● ...

Results



Results

assembly Holm 15A 
different 
from  dominant growth 
processes of less 
massive ETGs/BHs/
Cores 

● Most massive dynamically determined Black Hole so far: 

● Holm15A: MBH = (4.0 ± 0.8) x 1010 M☉ (Mehrgan et al. 2019 soon in submission) 

● NGC 4889: MBH = (2.1 ± 0.99) x 1010 M☉ (McConnell et al. 2012, ApJ, 765, 179) 

● NGC 1600: MBH = (1.7 ± 0.15) x 1010 M☉ (Thomas et al. 2016, Nature, 532, 340) 

● ...

1011 1012

MBu [M�]
200 250 350

� [km/s]

108

109

1010

1011

M
B

H
[M

�
]

Saglia et al. (2016)
Holm15A

10 102 103

Core size r� [pc]

109

1010

1011

M
B

H
[M

�
]

Thomas et al. (2016)



1 5 10
r [kpc]

22

20

18

16

µ
i
[m

ag
/a

rc
se

c2
]

Core scouring simulations
Rantala et al. (2018, 19)
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Cuspy + Cuspy = 1st gen Cored 
2 x (MBH = 8.5 x 109 M☉) 
~ NGC 1600 

Holm15A is too smooth and 
exponential-like compared to 
known shallow power-law cores?! 

Holm15A has less 
tangential bias in 
core…
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Repeated binary 
BH core-scouring 
dilutes tangential 
bias in cores! 

Closer to Holm15A



Holm 15A at center of cool core! 

•  no counter rotating core  

•  hosts AGN (LINER) 

AGN outflow simulations                                          
Martizzi et al. 2012, MNAS, 422, 3081: 

=> Irreversibly transfer energy to stars & DM 

 equal stellar & DM density in core?? 

 Many cores: stellar mass 1.5-2 x Kroupa IMF 
         e.g. Thomas et al. 2011, MNRAS, 415, 545;  Spinello et al. 2011, MNRAS, 416, 3000; 
         Cappellari et al. 2012, Nature, 484, 485 

 Holm 15A ~ 1.6 x Kroupa! DM tracing stars?

Baryon physics in clusters of galaxies 3087

Figure 4. Evolution of the density profiles in the AGN-OFF run from z = 5 to 0. Left: dark matter. Right: stars. In all panels the grey shaded area represents
the spatial resolution.

Figure 5. Evolution of the density profiles in the AGN-ON run from z = 5 to 0. Left: dark matter. Right: stars. In all panels the grey shaded area represents
the spatial resolution.

Unfortunately, it seems to be challenging to produce an extended
flat core like the one observed in our AGN-ON model only through
repeated dry minor mergers.

Alternative mechanisms to produce cores in dark matter profiles
involve purely gravitational processes related to SMBHs. In the con-
text of a !CDM cosmology, where massive structures form through
the hierarchical mergers of less massive structures, the formation of
SMBH binaries is an expected result. At the centre of collapsed ob-
jects SMBHs form binary pairs whose orbits decay as they transfer
their orbital energy to collisionless matter via three-body interac-
tions: the result is that collisionless matter can be expelled from
the central regions via the gravitational slingshot effect and a core
is formed. This process is usually referred to as SMBH scouring
(Milosavljević & Merritt 2003) and it is expected to remove approx-

imately two to four times the mass of the SMBH formed after the
binary completely decays (Merritt, Mikkola & Szell 2007). SMBH
scouring is important on spatial scales from 100 to 1 pc; thus, it can-
not be resolved in our simulations which has 1 kpc force softening.
At the softening length the mass is completely dominated by dark
matter and stars so that SMBH binaries cannot form.

Despite the fact that SMBH scouring is not resolved in our sim-
ulations, they are able to resolve another process able to produce
cores, namely SMBHs sinking to the very central region due to
dynamical friction during mergers. The efficiency of this process
has been extensively studied by Goerdt et al. (2010) and their re-
sults show that the orbital energy transferred from the SMBHs to
collisionless matter contributes to the formation of cores. The effi-
ciency of this process is not as high as in the SMBH scouring, but

C⃝ 2012 The Authors, MNRAS 422, 3081–3091
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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Alternative: AGN Feedback?
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Conclusions & Outlook

 Abell 85 BCG, Holm15A  hosts UMB with MBH = (4.0 ± 0.80) x 1010 M☉  

 2nd gen. BH merger:   exponential light profile & orbits        & scaling & g 

 AGN feedback:            exponential light profile & (orbits??) & (scaling??) ( 

 Found ~30 rare Holm15A-like exponential (n < 1.5) BCGs  

… all ultra-faint cores!  

  Might hold the key to understanding different core formation channels


