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BRIGHTEST CLUSTER GALAXIES (BCGS)

 Most massive galaxies observed in the Universe 

 Central galaxies of galaxy clusters (rich systems of 100 - 1000 galaxies) 

 They have undergone many mergers (~20 mergers per BCG in TNG-300) 

 Stellar mass: 109 - 1013 M☉

BCGs are the final product of hierarchical merging

Crédits : ESA/Hubble, NASA, Rivera-Thorsen et al.
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BLACK HOLES 

Black holes grow at the same time as their host galaxies

Marleau et al. +13 

SMBH in the Hubble Sequence 9

Figure 8. Bulge (left) and disk stellar mass (right) versus black hole mass obtained using the bolometric luminosity for our infrared
sample of 5,717 galaxies not classified as bulgeless (black dots). The bulge-dominated galaxies only ((B/T )r ! 0.5) are highlighted as red
crosses in the left figure and the disk-dominated galaxies only ((B/T )r < 0.5) are highlighted as blue crosses in the right figure. As in
Figure 7, the data points and bisector linear regression fit to the data (dashed line) are plotted for Lbol/LEdd = 0.1. Also shown are the
fit for Lbol/LEdd = 1.0 (dotted line) and for Lbol/LEdd = 0.01 (solid line). For comparison, we also plot the observed scatter of 0.3 dex
of the empirical relation of Häring & Rix (2004) (grey shaded region).

supermassive black holes in galaxies at lower redshifts, but
merely that black holes become on average less active. This
property, which is well known (e.g. Fan 2006), can be seen
for instance in the photometric redshift distribution of the
SDSS quasars and their WISE counterparts, as depicted in
Figure 2 of Wu et al. (2012). Although here, by contrast,
we stress that we are witnessing this effect in both the type
1 and type 2 AGN galaxy populations.

4.3 Stellar Mass Estimates

Finally, we turn our attention to the relationship between
the stellar and black hole masses for our infrared selected
sample of galaxies with AGN. Following the description in
Section 3.3 above, we obtained the stellar masses of 6,247
galaxies in this sample from Mendel et al. (2012). As de-
scribed in Section 3.3, the selection of sources with stellar
masses from Mendel et al. (2012) implied that we preferen-
tially selected obscured (type 2) AGN. In a similar fashion
to our X-ray/radio sample, we used the Sérsic profile to-
tal stellar mass estimates for our 530 bulgeless galaxies and
the de Vaucouleurs + exponential profile total, bulge and
disk stellar mass estimates for the remainder of our sample.
The distribution of total stellar masses is shown in Figure 6
(left). For clarity, the sizes of the statistical samples used in
our analysis are summarized in Table 4.

Table 4. Sizes of Statistical Samples

Sample No. Galaxies No. Bulgeless

S11 catalogue: 1,123,718 155,040

S11 + 0.05 < z < 0.25: 946,299 110,913

WISE catalogue: 3.27072 ×108 N/A

WISE + W1 − W2 ! 0.57a : 51,048,962 N/A
WISEcol + SDSS: 6,969,533 N/A
WISEcol + SDSS + S11: 15,991 1,450

WISEcol + SDSS + S11 + M12: 6,247 530
CSC-SDSS catalogue: 8,997 N/A

CSC-SDSS + NVSS: 34 N/A
CSC-SDSS + S11: 688 26

CSC-SDSS + NVSS + S11: 10 1
CSC-SDSS + NVSS + S11 + M12: 8 1

ahereafter WISEcol.

4.4 Black Hole Mass Estimates from the

Bolometric Luminosity

Black hole masses were estimated using the bolometric lu-
minosity of the galaxies. Bolometric luminosities (taken
to be the 100 micron to 10 keV integrated luminosity
Richards et al. 2006) are typically obtained using correc-
tions to the mid-infrared bands where the AGN emission
dominates. We used the 12 (W3) and 22 micron (W4) k-
corrected flux densities from WISE to compute the bolo-
metric luminosities of our WISE color-selected AGN and
applied the bolometric corrections Lbol ≃ 8 × L12µm (W3)
and Lbol ≃ 10 × L22µm (W4) from Richards et al. (2006),
which are not strongly dependent on AGN luminosity (see
their Figure 12). Given the bolometric luminosity, making
the assumption that accretion is at the Eddington limit

c⃝ 0000 RAS, MNRAS 000, 000–000

M⊙

BCG
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OFF-CENTERED BLACK HOLES 

BHs are not necessarily located exactly at the bottom of the galaxy potential

Shen et al. +19

M⊙

Figure 7. from A New Sample of (Wandering) Massive Black Holes in Dwarf Galaxies from High-resolution Radio Observations
null 2020 APJ 888 36 doi:10.3847/1538-4357/ab4999
http://dx.doi.org/10.3847/1538-4357/ab4999
© 2020. The American Astronomical Society. All rights reserved.

Figure 1. from Varstrometry for Off-nucleus and Dual Sub-Kpc AGN (VODKA): How Well Centered Are Low-z AGN?
null 2019 APJL 885 L4 doi:10.3847/2041-8213/ab4b54
http://dx.doi.org/10.3847/2041-8213/ab4b54
© 2019. The American Astronomical Society. All rights reserved.

 Presence of a binary system 
 Recoil of merging BHs 
 Interactions/mergers with other galaxies 
 Infall of DM subhalos

Sundararajan et al. +10
Merritt et al. +05; Volonteri et al +05; Loeb +07; Komossa +12

Bellovary et al. +18,+19,+21; Pfister et al.+19
Boldrini et al. +20 Reines et al. +19

Scenarios:

5

Optical centre

Radio source

Offset

Galaxy

AGN observations in dwarf galaxies
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MOTIVATIONS-CHALLENGES 

Need of a new approach to study BH dynamics at sub-kpc scale

M⊙

Chu et al. +21

 Offsets between the BCG and the cluster X-ray centers in 
dynamically disturbed clusters

 Dynamical friction: complex problem at sub-kpc scale 

 Repositioning methods: periodically or continuously 
‘teleporting’ black holes towards the center of the galaxy 
potential

In large volume cosmological simulations In observations

e.g. Reines et al. +20; Pesce et al +21

e.g. Davé et al. +19; Bassini et al. +20, Bahé et al. +22
Offset between tens to hundreds of kpc



7

Crédits : Nature, PAndAS data

A main driver for such BH displacements in BCGs?

What is the impact of mergers in BCGs on  
their central supermassive black hole?

Crédits : Illustris TNG

MOTIVATIONS-CHALLENGES 



METHODOLOGY

8

z = 0 z = 2

Retrieve the merger history of the 370 BCG since z = 21
Barnes et al. +18

Cosmological 
simulation 

Illustris TNG-300

Dylan Nelson et al. Page 8 of 30

DM  Density [log Msun kpcƈ2]
5.0 6.8 8.5

Gas Velocity [km/s]
100 550 1000

Stellar  Density [log Msun kpcƈ2]
2.0 4.2 6.4

Temperature [log K]
4.3 5.8 7.2

Gas  Density [log Msun kpcƈ2]
4.3 5.8 7.3

Shock Mach Number
0.0 1.5 3.0

Gas Metallicity [log Zsun]
-2.5 -1.2 -0.4

X-ray  Lbol  [log erg sƈ1 kpcƈ2]
29.0 33.2 37.5

Magnetic Field  [log ƙG]
-9.0 -4.0 0.5

Figure 3 Overview of the variety of physical information accessible in the di↵erent matter components of the TNG simulations. From
top to bottom: dark matter density, gas density, gas velocity field, stellar mass density, gas temperature, gas-phase metallicity, shock
mach number, magnetic field strength, and x-ray luminosity. Each panel shows the same ⇠ 110⇥ 14⇥ 37 Mpc volume of TNG100-1
at z = 0.

Crédits : Illustris-TNG

Merger and BCG histories by Illustris TNG-300, satellite and BH dynamics by galpy
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Retrieve the merger history of the 370 BCG since z = 21
Cosmological 

simulation 
Illustris TNG-300

Merger and BCG histories by Illustris TNG-300, satellite and BH dynamics by galpy

Barnes et al. +18

Compute the orbit of the satellites in the BCG potential2

BCG potential = Hernquist profile + Plummer profile
(DM) (stars)

Chandrasekhar dynamical friction
+

Dylan Nelson et al. Page 8 of 30
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Figure 3 Overview of the variety of physical information accessible in the di↵erent matter components of the TNG simulations. From
top to bottom: dark matter density, gas density, gas velocity field, stellar mass density, gas temperature, gas-phase metallicity, shock
mach number, magnetic field strength, and x-ray luminosity. Each panel shows the same ⇠ 110⇥ 14⇥ 37 Mpc volume of TNG100-1
at z = 0.

Crédits : Illustris-TNG
Orbital  

integration 
methods 

via  

Bovy +15
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Retrieve the merger history of the 370 BCG since z = 21
Cosmological 

simulation 
Illustris TNG-300

Merger and BCG histories by Illustris TNG-300, satellite and BH dynamics by galpy

Barnes et al. +18

Compute the orbit of the satellites in the BCG potential2

Identify all satellites which can potentially affect central 
SMBHs3

 Radial merger 

 Massive enough satellites

d ≤ rsat
hm

Msat
tot ≥ MBCG

int (d)

Dylan Nelson et al. Page 8 of 30
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Figure 3 Overview of the variety of physical information accessible in the di↵erent matter components of the TNG simulations. From
top to bottom: dark matter density, gas density, gas velocity field, stellar mass density, gas temperature, gas-phase metallicity, shock
mach number, magnetic field strength, and x-ray luminosity. Each panel shows the same ⇠ 110⇥ 14⇥ 37 Mpc volume of TNG100-1
at z = 0.

O!-centered
SMBH

rhm*BCG

t=Td

t=0

M*BCG(rBH(Td))

Crédits : Illustris-TNG
Orbital  

integration 
methods 

via  

Bovy +15

Read et al +06; Goerdt et al. +10

Chu, Boldrini and Silk +23
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Retrieve the merger history of the 370 BCG since z = 21
Cosmological 

simulation 
Illustris TNG-300

Merger and BCG histories by Illustris TNG-300, satellite and BH dynamics by galpy

Barnes et al. +18

Compute the orbit of the satellites in the BCG potential2

Identify all satellites which can potentially affect central 
SMBHs3

Compute the orbit of SMBHs in BCG potential through 
several mergers4

Dylan Nelson et al. Page 8 of 30
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O!-centered
SMBH

rhm*BCG

t=Td

t=0

M*BCG(rBH(Td))

Crédits : Illustris-TNG
Orbital  

integration 
methods 

via  

Bovy +15

vfirst 
kick  =

(1 + ηϵ2)
(1 + η)

vSMBH
c vsub

kick  =
(1 + ηϵ)
(1 + η)

vSMBH
N

Satellite-BH velocity ratio

Satellite-BCG mass ratio Naab et al +19 Chu, Boldrini and Silk +23
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Retrieve the merger history of the 370 BCG since z = 21
Cosmological 

simulation 
Illustris TNG-300

Merger and BCG histories by Illustris TNG-300, satellite and BH dynamics by galpy

Barnes et al. +18

Orbital  
integration 

methods 
via  

Compute the orbit of the satellites in the BCG potential2

Identify all satellites which can potentially affect central 
SMBHs3

Compute the orbit of SMBHs in BCG potential through 
several mergers4

 Advantages: accurate orbital resolution (~pc), no repositioning, 20 CPU hrs run and 
applied in post-treatment of simulations

Bovy +15

Crédits : Illustris-TNG

Chu, Boldrini and Silk +23
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 17 mergers since 𝑧 = 2 but only 4 mergers have satisfied our criteria, off-centered by 10 kpc at z=0

First kick

z=2 z=1 z=0

Last kick

Maximum kick

Td

Chu, Boldrini and Silk +23
Example of a BH kick
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 3% (229/6628) mergers have affected the central SMBH 

 46% (70/370) SMBHs kicked away from the center at least once 

since z = 2

    BHs are mainly kicked by satellites which have stellar masses Msat
* > MBCG

* /100

Chu, Boldrini and Silk +23Efficient mechanism to off-center SMBHs?
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 60% of SMBHs off-centered at r > 100 pc at z = 0 

Offset range: 2 pc - 200 kpc

SMBH offsets are common in BCGs

Chu, Boldrini and Silk +23
Where are located SMBHs at z=0?
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 60% of SMBHs spent more than 6 Gyr at r > 100 pc

SMBHs in BCGs spend more than half of their lifetimes off-centered

Chu, Boldrini and Silk +23
How much time BHs are off-centered?



RESULTS - IMPLICATIONS
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SMBH is kicked out from the central region of BCG

 Lower counts of BH-BH mergers 

Accretion less efficient: gas clumps mostly condensed in the centre 

 Black hole growth halted  

 Black hole feedback inefficient  

Credits: DESY

Barausse et al. +20; Bahé et al. +21

Heckman et al. +14; Boldrini et al.  +20

Smith et al.  +18

The displacement of BH has significant consequences on its growth and feedback

Bahé et al. +22



PUBLIC DATA & CODE
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Data and codes are public on GitHub and on my website



FUTUR WORKS
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 Advantage: Applying to other cosmological simulations. 

 Improvement: Modelling a complex potential that accounts for 

satellites and mergers (new function available in galpy) 

 Extension: Applying this to the population of wandering black holes 

and providing predictions for LISA 

 Other application: Similar approach to add globular clusters in post-

processing of simulations (CNES project with P. Di Matteo) 

,ǙͮܪƣǙܪƴǍǙƜǶǍƎǩܪƝǍǶǬǳƧǩǬܪƳǙǩǒۙ

/ǒ
Ǝƴ
ƧܪƝ
ǩƧ
ƣƽ
ǳǬ۔
Cܪ
Ɗǯ
ǲǥ
ƣښ

Credits : Nature

Credits : LISA

Credits : galpy
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 70% of SMBHs experienced their first kick before z = 1 

Most important merger after z = 1 

65% of clusters have their last merger after z=1

SMBHs are likely to be still off-centered at z = 0

Chu, Boldrini and Silk +23



ABSENCE OF MASS LOSS
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RESULTS - IMPLICATIONS
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SMBH is kicked out from the central region of BCG

 Lower counts of BH-BH mergers 

Accretion less efficient: gas clumps mostly condensed in the centre 

 Black hole growth halted  

 Black hole feedback inefficient  

 BH feedback and DM profile ? Horizon-AGN and NIHAO-AGN 
simulations showed that BH feedback can very slightly flatten the DM profile 
of BCGs 

Credits: DESY

Barausse et al. +20; Bahé et al. +21

Heckman et al. +14; Boldrini et al.  +20

Smith et al.  +18

The displacement of BH has significant consequences on its growth and feedback

Bahé et al. +22

Peirani et al. +17,+19; Macciò et al. +20
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 17 mergers since 𝑧 = 2 but only 4 mergers have satisfied our criteria, off-centered by 10 kpc at z=0

First kick

z=2 z=1 z=0

Last kick

Maximum kick

Td

Chu, Boldrini and Silk +23
Example of a BH kick


