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“Maximum” SMBH Masses

Masses estimated from: Fan+ (2006); Willott+ (2010); Mortlock+ (2011);  Wu+ (2015)

Must start early!

Accretion rate must 
keep up w/ Eddington
most of the time

Obvious alternatives: 
(1) merge many BHs 
(2) grow faster

e-folding (Edd) time:
M/(dM/dt) =  4 (ε/0.1) 107yr 

Age of universe (z=6-7)
(0.8 – 1) x 109 yr



Seed Fluctuations on Small Scales

Wayne Hu www  

CMB LSS Dark Age

extrapolation
by a factor of
about 100 in
linear scale 

mass function
of DM halos
directly tested
in simulations at
z=30; M=106 M

e.g. Lukic et al. (2007)
Reed et al.  (2007)

No SMBHs in mx<keV WDM (Barkana, ZH, Ostriker 2001, Pacucci+2014)



3D Simulation of a Primordial Gas Cloud

Abel et al. (2002), Bromm et al. (2002), Yoshida, Omukai & Hernquist (2008), …

Cosmological mini-halo:  
Mhalo ≈ 3×105 M

zcoll ≈ 20

Protostar(s) in core:
T ≈ few×100 K
n ≈ 1021 cm-3

M* ≈ 0.1 -1 M

Greif et al. (2012, 2014)



Upper limit on stellar mass
• Gas infall at sound speed: cs≈ 1-2 km/s dictated by H2

• Mass accretion rate: Macc ≈ cs
3/G = few × 10-3 M⊙ yr-1

• Star’s mass: M≈ Macc×tKH ≈ Macc ×105 yr = few × 102M⊙

• Result: massive stars and stellar-mass BH remnants

• Final stellar masses can be reduced by:
- fragmentation (O(10) clumps Greif et al. 2013, Regan et al. 2014)

- radiation of protostar (43 M⊙ Hosokawa et al. 2012, 

Very likely that ~100 M PopIII stars appear early (z~20-30) 

promptly leaving behind a stellar-mass BH [with no metals]

McKee & Tan 2008)



Remnants of Massive Stars 
Heger et al. 2003 (for single, non-rotating stars)

10M 25M 40M 140M 260M
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Growing Supermassive BHs
• STELLAR SEEDS

uninterrupted near-Eddington accretion onto ~10-100 M seeds
- near-continuous gas supply 
- avoid radiative feedback depressing accretion rate
- avoid ejection from halos and loosing BHs 

• DIRECT COLLAPSE (A.K.A. “HEAVY SEEDS”)
rapid formation of 105-106 M BHs at z>10 by direct  collapse   
of gas or via intermediary (supermassive star, ultra-dense cluster)

- gas must be driven in rapidly (deep potential) 
- transfer angular momentum outward
- must avoid H2 cooling and fragmentation

• HYPER-EDDINGTON ACCRETION
rapid gas collapse, but onto a pre-existing stellar-mass BH



Growing SMBHs by Accretion + Mergers
z~6

z~30

CDM merger
tree

“Mini-halos”
Mhalo ~105 M

vesc ~ few km/s

Mbh= few × 109 M

Mhalo = several × 1012 M

“Merger trees”:     Haiman & Loeb (2001); Haiman (2004); Yoo & Miralda-Escude
(2004); Sesana et al. (2004); Bromley et al. (2004); Volonteri & Rees (2006), Shapiro
(2005); Tanaka & ZH (2009), Volonteri & Natarajan (2010), Tanaka, Perna & ZH 2012... 
Hydro simulations: Li et al. (2007); Pelupessy et al. (2007); Micic et al. (2007, 2011)
Sijacki et al. (2009) , Bellovary et al. (2011), di Matteo et al. (2012), …



Growing SMBHs by Accretion + Mergers
Dark matter halo merger trees from z=6 to z>45

108M⊙≤ Mhalo ≤ 1013M⊙ (Mres =3×104 M⊙; N~105 trees; Veff~5 Gpc3)

Q1: Fraction of minihalos forming stellar BH seeds ?
- “fseed “ depends on fragmentation, IMF, feedback
- fseed~ O(1) … 

Q2: Time-averaged mass accretion rate ?
- “fduty” depends on feedback (incl. progenitor star), Eddington/Bondi limits
- 0 ≤ fduty ≤ 1.0 … ?    In practice cannot be less than ~10-3

Q3: What happens to the BHs when the halos merge?  
- coalescence of BHs depends on dynamical friction and gas drag 
- BHs can be lot to gravitational recoil: vkick depends on spins, orbits
- kicked BH’s trajectory: escape, or damped oscillation (gas drag)       

Tanaka, Perna & Haiman (2012)



Making the ~109 M◉ SMBHs

MBH [M]

ρBH [MMpc-3]

age of universe (Gyr)

redshift

109M BHs from unusually massive (102M ) runaway early seeds
(z>20) that avoided ejection at  merger:  asymmetric  mass ratio q<0.01
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Eliminating unwanted ~106 M◉ BHs

• Internal feedback:  
- MBH limited in each halo by MBH – σ relation

• No BH seeds after PopIIIPopII ?

- Requires sharp cut at z~25  and low fseed ~ 10-3

(mutually exclusive…)

• External radiation backgrounds:    

- stars and their BH remnants build early IR/UV/X-ray
- affect H2 chemistry,  heat IGM

these backgrounds regulate early star formation history

(e.g. Ricarte & Natarajan 2018)

(Tanaka & Haiman 2009)

(without suppressing most massive ones)

(Tanaka et al. 2012)



MBH [M]

ρBH [MMpc-3]

age of universe (Gyr)

redshift

Local 
SMBH 
Mass 
density: 
ρtot ≈
4×105 

MMpc-3

Self-regulation by X-ray “Global Warming”

Total BH mass density remains below 10% of its present-day value

NB: recent low Planck τ is independent evidence for suppression
(Visbal, Haiman & Bryan 2016)
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Alternative: Rapid Gas Collapse
• 105-6 M⊙ BH by z=10-12: can grow to~109 M⊙ by z=6 at ~Eddington rate

• REQUIRED MASS ACCRETION RATES
- must exceed Eddington rate 10-6 (ε/0.1)-1 (MBH/40 M)  M yr-1

- but need  ~0.1-1 M yr-1 to accrete ~104-5M in KH time of 105 yr
- necessarily ‘hyper-Eddington’

• A PROMISING SITE: “ATOMIC COOLING HALOS”
- assume no H2:   gas remains hot  Tgas ≈ Tvir ≈ 104 K
- isothermal collapse by Lyα cooling: rapid inflow Macc ≈ cs

3 /G  ≈ 0.1-1 M⊙ yr-1

• THIS CAN LEAD TO A ~105 M⊙ BLACK HOLE IN MANY WAYS 
- Hyper-Eddington accretion onto pre-existing stellar BH – radiation trapped

(Volonteri & Rees 2005; Inayoshi, ZH & Ostriker 2016)

- Gas collapses directly into a ~105 M⊙ supermassive star or quasistar
(Begelman et al 2006; Hosokawa et al. 2012, 2015; Haemmerlé et al. 2018 )

- Gas fragments into ultra-dense 104-5M⊙ star cluster (via trace metals/dust) 
IMBH by core collapse (Omukai, Schneider & ZH 2008; Devecchi & Volonteri 2009, Regan+ 2014)



Diagnosing models

- Needed to grow to   ~109 M⊙ by z=6 at ~Eddington rate

- Maximum mass via a supermassive star
[via general relativistic instability]

- Maximum mass via hyper-Eddington accretion onto low-mass BH 
[Bondi radius moves to low-density region outside halo core]

- Maximum mass via runaway collisions in ultra-dense star cluster
[fragmentation must occur at very high density]

- Maximum mass of DM-powered (“dark”) stars
[most of baryons in largest minihalos]

Common feature of ‘heavy seeds’
M ~ 105 M⊙ at z=10-12



Lynx sensitivity



LISA sensitivity
(Accepted LISA proposal) 



High-z BH mass functions – global feedback

z=6: matches
QSO abundance

z=10: few ✕ 103  quasars
in 400 amin2 Lynx 
deep field



High-z BH luminosity function – M-σ cap

z=10: few ✕ 103  quasars
in 400 amin2 Lynx 
deep field

Ricarte & Natarajan (2018)

Lynx should detect a ~thousand ~105 M☉ BHs at z~10

stellar vs. heavy seeds



Diagnosing models
• Difficult via the high-z luminosity function alone

degeneracies between poorly known parameters
shape and normalization of high-z LF will constrain a combinations 
of parameters (e.g. seeding + radiative efficiency + duty cycle).   

 Combine with LISA data
two models that have the same LF due to degeneracy
should generally produce different LISA rate (Lippai, Frei, ZH 2009)
Shown by Bayesian selection between model pairs (Sesana+2011)

 Combine with IR data
“catch” BHs near threshold, before they grow well 
above ~105 M and “forget” their origin.

Models differ widely below this mass: “heavy seeds”are born 
in tiny halos (“obese BHs”; Natarajan+2018) and remain 
outliers for extended periods (≳ 100 Myr Visbal & ZH 2018 )



LISA event rate: M-σ model
Tanaka & Haiman (2009) 104 M☉ < (1+z)Mbh < 107 M☉
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• Internal feedback
regulates BH mass
set to maintain
extrapolated 
M-σ relation

• Growth driven by
mergers: 
slow accretion,
tracks halo growth
on Hubble time

• Many ejections 
can exceed half ρBH



LISA event rate: stellar vs heavy seeds

“pessimistic”     

Ricarte & Natarajan (2018)

“optimistic”     
LISA should detect a 10-100  ~103-5 M☉ BHs at z~10









Diagnosing models

• Will be difficult via luminosity function alone
degeneracies between parameters
trade off lower growth rate with more seeds, etc.

• Combine with LISA data
two models that have the same LF due to degeneracy
should generally produce different LISA rate

• Combine with IR data
“catch” BHs near threshold, before they grow well 
above ~105 M and “forget” their origin.

Models differ widely below this mass: “heavy seeds” are born 
in tiny halos (“obese BHs”; Natarajan+2018) and remain 
outliers for extended periods (≳ 100 Myr Visbal & ZH 2018 )



Do heavy seeds remain in “tiny” hosts?
• place heavy seeds in z~10 hosts in N-body sim
• follow merger history of ~8000 hosts for ~100 Myr
• check BH / halo mass ratio at Mbh = few ⨉ 106 M

☉
(Lynx)

• a few seeds do fall into large halos with Mhalo > 1010 M
☉

• but these remain in resolvable subhalos (few kpc offset)

 JWST will see faint or no host, or large galaxy offset by ~1”

Visbal & ZH 2018



Proposal

• Lynx 
detects X-ray point source (~105-6 Mblack holes at z~10-12)

• JWST
looks for host in the IR 

-- stellar seed:
finds  spatially coincident “large” M* ~109 M galaxy
similar to local Mbh -M*  relation   

-- heavy seed:
finds nothing, faint M* ~107 M galaxy, or spatially
offset (by ~1”) M* ~108-9 M galaxy 



Conclusions

1.    Growing z>6  SMBHs with ~109M⊙ possible in two competing scenarios:

(i) stellar seeds grow at Eddington rate without interruption,   or

(ii) rapid  collapse produces heavier seeds (~105-6M⊙ )  

2.    Distinguishing modes based on LF alone is hard 

degeneracy between model parameters (occupation fraction, growth rate)

3.    Best hope is to study ~105-6M⊙ SMBHs 
“direct collapse” BHs are born strong outliers in BH mass vs halo mass 

4.   Lynx and LISA highly synergistic: 

Lynx probes growth by accretion:  ~1000 faint quasars to ~105 M⊙ at z=10

LISA probes growth by mergers:   up to ~100 merger events from z=6-12



Conclusion

Build both!

Even better: 
fly them together!

 X-ray chirp from 
z=1-2 mergers



Le Fin



Bright Quasars at z>6
• Rare (“5σ”) objects: 

10 found in SDSS at z>6
20 in CFHQS + few others

• Record: z = 7.08  (t=0.77 Gyr, UKIDDS)

• Tip of the iceberg (?):
Space density  ~1 Gpc-3

• Mass estimates

Mbh = Lobs /LEdd ≈ 109-10 M (Eddington luminosity)
Mhalo ≈ 1012-13 M (match space density)

Willott et al. 2010 

Mortlock et al. 2011 



• Short answer:  NO.    Several×109 M masses are here to stay.

• Empirical measurement of L/Ledd
from CIV and MgII line widths,
calibrated by reverberation mapping
(Vestergaard 2004; Kurk et al. 2007
Jiang et al. 2009)

Can we be fooled?

• Strong beaming?  No.            (Haiman & Cen 2002; Willott et al. 2003)

• Gravitational lensing?  No.   (Keeton,  Kuhlen & Haiman 2004)



X-rays from Mini-Quasars
• Multi-color disk 

+ corona
• Emission peaks 
at 1-5 keV

• No significant
IR or UV

• X-rays heat IGM
(by fast photo electrons):

1. increase Jeans
mass in IGM

2.  decrease central
density in halos

Ricotti & Ostriker (2004)
Madau et al. (2004)



A global controversy



201 responses in a week!



Prompt formation of a ~105 M SMBH ?

• H2 or metal cooling
- if H2 forms in atomic cooling halo, gas cools to several 100 K
- gas infall rate drops back close to ~10-3 M yr-1 (e.g. Shang, Haiman, Bryan 2010)
- worse if there are metals

• Radiation feedback
- when radiation of accreting BH is included, accretion episodic
- low duty cycle, average rate becomes sub-Eddington

(e.g. Milosavljevic et al. 2009, Park & Ricotti 2011-2013)

• Fragmentation
- gas may form self-gravitating disk, fragment on 100AU scales
- dense star cluster, rather than single supermassive star (Regan et al. 2014)

• Angular momentum barrier
- form a disk instead of a massive central BH
- transfer angular momentum via global instability (e.g. Schlosman & Begelman)
- cancel due to erratic BH wobble (Alexander & Natarajan 2015)

- Potential Obstacles -



Gas stays near 104K – never forms enough H2 to cool further

3D proto-galaxy simulation with JUV=103

Fernandez, Bryan, Haiman & Li (2014)

density Temperature

Mach numberΔ- v.

Enzo - atomic cooling halos with Mhalo ≈ 108 M zcoll ≈ 14



Mass of Central Object
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Mass of Central Object

102 M⊙ Pop III star  

105 M⊙ supermassive star/BH

Abel et al.; Bromm et al.; Yoshida et al.
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Kelvin-Helmoltz time

(Macc ~ 1 M⊙ yr-1)



rapid collapse of warm atomic gas
• In-fall proceeds at sound speed cs≈ 10 km/s
• Mass accretion rate Macc∝ cs

3  ~ 1 M⊙ yr-1

• Fragmentation is not seen in simulations
• Central object has mass M ≈ 105M⊙

(cf. M ≈ 102 M⊙ with H2, when cs≈ 1-2 km/s)

- BUT –

• Worry 1: is such large UV flux possible ?
• Worry 2: metals present and cool the gas?
• Worry 3: fragments ultimately ?
• Worry 4: radiation suppresses in-fall rate?



Synchronized pairs of atomic cooling halos
Dijkstra et al. (2008); Visbal, Haiman & Bryan (2014)

- dynamical time in core of atomic cooling halo  tdyn ~  10 Myr
- require that halo is illuminated by J>Jcrit during this time

- flux can be provided by neighboring halo at a distance 
d=0.5kpc with f* ~ 1-20% if stars are 20-5 M

- same neighbor would photoevaporate the target halo’s progenitor
in ~20 Myr  two halos must be synchronized to Δtsync ~ 10 Myr

- orbital separation r>0.2 kpc to avoid ram pressure stripping



(Sub)halo pairs N-body simulations

2 suitable pairs found 

• forming within 10 Myr <  Δtform < 20 Myr
• staying within 0.2 kpc < Δr < 0.5 (for 10+ Myr )

- Five Gadget-2 runs      (7683 particles,    L=15 cMpc)
- Halos and subhalos are identified with ROCKSTAR

Behroozi et al. (2013)



Synchronized pairs to z=6 quasar BHs

- 105 M z=10-12 seed can grow to 109 M at Eddington by z~6

- Abundance of z>6  SMBHs with Mbh ~109 M is n ~ 1 cGpc-3

- Need only ~1 candidate per 60  N-body boxes  ( “overdid it”)

- Extrapolate w/analytic model:  enough pairs with much
tighter synchronization (Δtsync ~0.2 Myr)

- This can help to avoid external metal pollution: 105 M BH
forms (or gets past point of no return) before stars in neighbor 
produce SNe and metals reach host halo of the seed SMBH

Visbal, Haiman & Bryan (2014)
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