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SMBHs affect their host galaxies & 
the large-scale environment

• Central BH - host galaxy correlations
• MBH - s, MBH - Mbulge

• Impact SF in galaxies
• Quench SF by heating up or expelling gas
• Trigger SF by compressing cold clouds in multiphase ISM

• Sharp cutoff at the bright end of galaxy luminosity function

• Galaxy - BH coevolution (self-regulated BH growth) : cosmic SFR & AGN number
density both peaks at similar epoch (z ~ 2 - 3)

• Galaxy cluster
• Heat up the cooling-flow
• Pre-heating (entropy floor in cool-core clusters)

AGN FEEDBACK : Energy
output from central SMBHs
(fraction of  gas accretion
energy) is fed back & coupled
to the surroundings
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AGN Outflows
• Observed in many forms:

Ø radio jets & lobes, uv BAL, X-ray warm 
absorbers & UFOs, far-IR molecular gas

• Our work
è Simulate massive, powerful gas outflows in 

quasars > 12.5 Gyr ago

• Observation SDSS J1148+5251, z =  6.4
• (Maiolino+12, Cicone+15)
• [CII] emission line at 158 μm
• Detected broad wings tracing outflow

• (Willott+03) 
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!Mout > 3500Msun / yr

MBH = 3×10
9Msun

(Barai et al. 2018, MNRAS)



Intermediate-Mass Black Holes

§ Black holes are mostly observed to be
§ Stellar-mass (< 100 M¤), or 
§ Supermassive (> 106 M¤)

§ What about the population of 
Intermediate-Mass Black Holes 
(IMBHs: 100 - 106 M¤) ?
§ Started to be observed recently
§ These IMBHs should also have 

feedback
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(Marleau+2017)



Our Study - IMBH

ü Perform Cosmological Hydrodynamical Simulations 
by including IMBHs at the centers of Dwarf Galaxies

ü Test if IMBHs would grow at DG centers

ü Quantify the impact of IMBHs on DGs; esp. the 
effects on star formation at cosmic epochs z=6-4
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(Barai & de Gouveia dal Pino 
2019, MNRAS)



Modified-GADGET3 code: Sub-Resolution Physics

• GADGET3 : TreePM gravity + SPH hydro (Springel05)

• Metal-line cooling & radiative heating (Wiersma+09)

• UV photoionizing background (Haardt&Madau01)

• Star-Formation
• Effective model of multiphase ISM (Springel&Hernquist03)

• Stellar & Chemical Evolution (Tornatore+07)

• Metal (C, Ca, O, N, Ne, Mg, S, Si, Fe) from SN type-II, type-Ia, & AGB stars

• SN Feedback (Tornatore+07, Tescari+09, Barai+13)

• Kinetic feedback ( v)

• AGN accretion + feedback
• (Rasia+16, Barai+14, Barai+16)
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Modeling AGN Feedback in Galaxy Formation Simulations: 
the sub-resolution physics

• Generation of seed BH (102–103 M¤, 105 Msun) at:
• Center of galaxy (Mhalo > 106–107 M¤, 109 Msun)
• Minimum gravitational potential

• BH growth
• Accretion of gas
• Merger with other BHs

• Feedback
• Transfer of energy from BH to surrounding gas
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SMBH: Zoom-In Cosmological Hydro Simulation
IC with MUSIC (Hahn&Abel+11)

1) Perform dark-matter only run of a periodic (500 Mpc)3 cosmological volume, 
starting from z=100

2) Select massive DM halo at z=6

3) Track-back r<2R200 DM particles to z=100, & identify Lagrangian region

4) Generate Zoom-In IC, including baryons

5) Perform Zoom-In sim from z=100

14-Sep-19P. Barai, SNS-Pisa 8

(previous similar work: Costa+14)

(Barai et al. 2018, MNRAS)



BH locations & projected Gas Overdensity in 2-Mpc zoomed region
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Formation of Structures between z=10 and z=6.
Gas Overdensity in Zoomed Cosmological Simulation. 

(Barai et al. 2018, MNRAS)
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IMBH: Cosmological Hydrodynamical Simulation
IC with MUSIC (Hahn&Abel+11)

ØRun small (2 Mpc)3 boxes with periodic boundary conditions
Ø Starting from z=100
Ø Up to z=4–2 
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(Barai & de Gouveia dal Pino 
2019, MNRAS)
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Gas Density Evolution Movie



Gas Density & Temperature in 2 runs at z=4. (Red and black circles denote the virial 
radius R200 of galaxy halos. Magenta symbols indicate BHs, symbol size proportional to BH mass.) 

IMBH feedback in DGs create only weak outflow signatures
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Growth of IMBHs & SMBHs at Galaxy Centers
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Figure 2. Evolution with redshift of BH mass (top-left panel), mass accretion rate (top-right), and Eddington ratio (bottom-right),
of the most massive BH in each run. The star formation rate (total in whole simulation box) is plotted in the bottom-left panel. The
different colors discriminate the runs as labelled in the bottom-left.

Figure 3. BH mass versus stellar mass of all the galaxies within the zoomed-in volume, at three epochs z = 10, 8, 6, in the panels from
left. The plotting color distinguish results from different runs: AGNoffset - violet, AGNcone - red, AGNsphere - green. The black lines
indicate the observed BH mass versus stellar bulge mass relation of: local galaxies (Marconi & Hunt 2003) as the dashed line, and z ∼ 6
quasars (Wang et al. 2010) as the solid line.
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BH Growth Quenching Star Formation



Impact on 
SFR
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Star Formation Rate Density Evolution (IMBH sims)
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Figure 4. Total BH accretion rate density (left panel), and star formation rate density (right panel) integrated over the whole simulation
volume as a function of redshift, with the different models labelled by the colours and linestyles. For comparison in the right panel,
the brown and orange thinner curves show two models from Barai et al. (2015), which are SFRD results for more massive galaxy
formation/evolution, from larger volume cosmological simulations. The grey shaded region denotes a combination of observational SFRD
data range from Cucciati et al. (2012), and the compilations therein originally from Perez-Gonzalez et al. (2005), Schiminovich et al.
(2005), Bouwens et al. (2009), Reddy & Steidel (2009), Rodighiero et al. (2010), van der Burg, Hildebrandt & Erben (2010), Bouwens et
al. (2012).

Figure 5. Stellar mass (left panel) and total star formation rate (right panel) evolution with redshift of the galaxy hosting the most-
massive BH in each run.
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2D maps of Gas Density & Temperature
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SF & SN-
feedback 
only run         

vs.         

AGN run



2D maps of gas density & temperature at z=6: 
SMBH feedback in Quasar creates strong outflow
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Radial Profiles of 
SFR Surface Density
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(BH – Galaxy Stellar) Mass Correlation

Central BH mass versus stellar mass of all galaxies in simulations at high-z. 
Solid and dashed lines shows the observed correlation of local(z=0) and

early(z=6) galaxies.
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Figure 2. Evolution with redshift of BH mass (top-left panel), mass accretion rate (top-right), and Eddington ratio (bottom-right),
of the most massive BH in each run. The star formation rate (total in whole simulation box) is plotted in the bottom-left panel. The
different colors discriminate the runs as labelled in the bottom-left.

Figure 3. BH mass versus stellar mass of all the galaxies within the zoomed-in volume, at three epochs z = 10, 8, 6, in the panels from
left. The plotting color distinguish results from different runs: AGNoffset - violet, AGNcone - red, AGNsphere - green. The black lines
indicate the observed BH mass versus stellar bulge mass relation of: local galaxies (Marconi & Hunt 2003) as the dashed line, and z ∼ 6
quasars (Wang et al. 2010) as the solid line.
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Conclusions

• Starting from 105 Msun seeds, can grow BH to 109 Msun in a 
cosmological environment
• Need growth at Eddington accretion rate over z=9-6 (for 100s Myr)

• Massive BHs generate powerful outflows
• Outflow mass is increased (& inflow is reduced) by 20%

v Starting as 103 M¤ seeds at the centers of Dwarf Galaxies, BHs can 
grow to 106 M¤ by z=6 in a cosmological environment
ü Maximum Eddington accretion ratio = 0.9

v Star formation is quenched when central BHs have grown to few x 105 M¤

v è IMBHs at the centers of DGs can be a strong source of feedback
v è these DGs are turned passive already at high-z, with dormant 

BHs at their centers
14-Sep-19P. Barai, IAG-USP 21

(Barai et al. 2018, MNRAS)

(Barai & de Gouveia dal Pino 2019, MNRAS)


