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How fast do supermassive black holes grow?

The standard picture:

Radiation pressure 
vs. gravitation

Gravitational energy  
released by accretion disk

“Radiative Efficiency” = fraction of infalling rest mass converted to radiation 

(total mass inflow rate)

Standard efficiency ϵ ~ 0.1 e-folding growth time of ~45 Myr 
at the Eddington limit

Growth rate of the black hole

LQSO ≲ LEdd

LQSO = ϵ ·Mc2

·MBH =
1 − ϵ

ϵ
LQSO

c2



Measuring the radiative efficiency of quasars: 
“Soltan argument”

Total light ever emitted by quasars 
= 

Total supermassive black hole mass today x ϵc2

Soltan 1982

Yu & Tremaine 2002

(Time integral)
·MBH

QSO luminosity 
function

Total accreted 
BH mass

All Soltan-based estimates consistent with ϵ ~ 0.1, 
e.g. Yu & Tremaine 2002, Shankar et al. 2009, Ueda et al. 2014



The “problem”: ~billion solar mass black holes at z > 6.5

6.25      6.50      6.75      7.0 
       QSO redshift

Seed mass 
at z = 30

Observed mass z=7.54 QSO, Bañados+18

Difficult to grow earliest quasar BHs from stellar remnant seeds if ϵ ~ 0.1! 

Mazzucchelli et al. 2017

Growth history assuming ϵ = 0.1

*but ϵ ~ 0.07 or 0.08 eases most of this tension…



Where does the radiative efficiency come from?

RISCO

Accretion Disk

Material inside RISCO rapidly depleted into event horizon

Schwarzschild BH: ϵ = 0.057 Kerr BH: ϵ ~ 0.04 to 0.4

X
Real accretion disks are 

more complicated…



Where does the radiative efficiency come from?

McKinney et al. 2014
Jiang et al. 2017

Generic result: ϵ could be very low, Eddington limit may not be relevant



At these high redshifts, the universe is going through 
the epoch of reionization

…but everyone has already heard this story!



Measuring radiative efficiencies during the reionization epoch: 
the “local reionization Soltan argument”

H II H I

QSO

Rion ∝ ( ·Niontq)1/3 ∝ N1/3
ion

Nion ∝ ∫ LQSOdt

∝
ϵ

1 − ϵ
ΔMBH

Rion

Size of ionized region allows us to measure 
the total UV light ever emitted by the quasar!

Rion ∝ ( ·Niontq)1/3



Local Reionization Soltan Argument, quantified

(i.e. ϵ=0.1)

Davies, Hennawi, & Eilers, submitted

ΔMBH = 109M⊙ × ( (1 − ϵ)/ϵ
9 ) ( Nion

2.31 × 1072 )

2.3x1072 H atoms ~ Rion = 5.7 proper Mpc at z = 7 (mean density)



We have two* z > 7 QSOs which should be 
deep into the reionization epoch
*non-BAL with precise systemic redshifts

ULAS J1120+0641, z=7.085 
Mortlock et al. (2011)

ULAS J1342+0928, z=7.541 
Bañados et al. (2018)

Lbol ∼ 1047 erg s−1
MBH ∼ 109 M⊙

L/Ledd ∼ 1



Hallmark of a significantly neutral Universe: 
the hydrogen Lyα “damping wing”

No neutral gas
Intrinsic QSO Spectrum

QSO
Lyα absorption 
by IGM hydrogen



Hallmark of a significantly neutral Universe: 
the hydrogen Lyα “damping wing”

Intrinsic QSO Spectrum

QSO



Hallmark of a significantly neutral Universe: 
the hydrogen Lyα “damping wing”

Intrinsic QSO Spectrum

Resonant  
Lyα Absorption 
(spiky)

Damped 
Lyα Absorption 
(smooth)

With neutral gas

QSO



Ingredients for analysis of  
reionization-epoch quasar spectra

1. Estimate of the unabsorbed quasar spectrum

Predictive PCA model built from z~2 SDSS/BOSS quasars

FBD et al. 2018d



Mesinger et al. 2011,  
Davies & Furlanetto, in prep. 

2. Modeling of neutral hydrogen in the IGM
Hydrodynamical simulation Reionization topology

Radiative transfer

FBD et al. 2018c

3. Statistical analysis of forward-modeled mock spectra

Lukic et al. 2015



Analysis of the z > 7 quasars reveals 
strong evidence for an ongoing reionization epoch

Intrinsic  
Continuum “Best fit” model 

+ predicted scatter

Spectrum

z=7.09 quasar z=7.54 quasar



Cumulative ionizing photon output  
constrained to be far less than expected for ϵ=0.1

If the radiative efficiency is 10%…the BH could have only grown by <108 Msun!

Davies et al., submitted



Caveat: I have so far ignored UV-obscured growth
Hopkins et al. 2005

Significant growth may occur while quasar is dust-enshrouded (i.e. Type II) 
But only ~50% of luminous QSOs are obscured at z~2-3

High Lbol

No UV light 
can escape

Large column of 
obscuring material



(Amended) Local Reionization Soltan Argument

Fraction of UV light emitted by the QSO 
that escaped along our line of sight

Davies et al., submitted

ΔMBH = 109M⊙ × (1 − fobsc)−1( (1 − ϵ)/ϵ
9 ) ( Nion

2.31 × 1072 )



After marginalizing over 0%-100% obsc. & BH mass uncertainty, 
z > 7 quasars are in tension with standard efficiency of 10%

Low ϵ = rapid black hole growth! No more tension with cosmic time?

z=7.09 QSO: ϵ < 0.034 z=7.54 QSO: ϵ < 0.04795% limits:
Both QSOs : ϵ < 0.017

Davies et al., submitted



What is responsible for the deficit of ionizing photons?
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The Future with ELTs: 
SMBH growth in the z ~ 10 neutral IGM

(pretend I included metal absorption lines)



bonus



Not your typical HII region…

Cluster of  
O/B stars

~pc scale

Bounded by dense ISM gas

QSO

~Mpc scale

Effectively unbounded,  
grows until QSO shuts off



UV obscuration, efficiency, and BH mass are degenerate,  
but let’s try to marginalize

ΔMBH = MBH ± 0.4 dex scatter
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L(d |ϵ, fUV, ΔMBH) = L(d |Nion) Map 1D likelihood to 3D
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