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INTRODUCTION: THE FIRST BLACK HOLES 

THE CODE: GEMS (Growth of Early Massive Seeds)
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M• ⇠ 104�5 M�

M• ⇠ 100M�
M• ⇠ 109 M�

z ⇠ 15 z = 7
�t ⇠ 500Myr ULAS J1120+0641

z =	7.085

Observations of               SMBHs <	1 Gyr after the Big Bang
How did they grow up so rapidly?

(assuming Eddington-limited accretion)
MASSIVE BLACK 

HOLE SEED

POP III SEED

The Billion (Dollars) Problem

INTRODUCTION



Making a DCBH
Host halo & environment:

• Large inflow rates

• Atomic-cooling halo

• Strong Lyman-Werner
(11.2	eV – 13.6	eV) flux

• Metal-free gas

Main proposed mechanisms:

• Collisions in a Pop III 
cluster

• Direct Collapse Black Hole
(DCBH)

• Gravitationally unstable
disk in low-metallicity halo

• Direct Collapse Black Hole
(DCBH)

INTRODUCTION

Making a Massive Seed



Our Approach: 
Analytical + Numerical

INTRODUCTION

Key Questions

THE SPECTRUM OF THE FIRST BLACK HOLES
• What are the emission characteristics of DCBHs?
• Dependence of the DCBH emission on accretion physics.
• How is the spectrum emerging from highly-obscured galaxies?

THE DETECTION OF THE FIRST BLACK HOLES
• Are they observable by current and/or future observatories?
• Survey strategies to find them: the role of HST and JWST



Physical Framework: Numerical Framework:

M•(t0)

GEMS code
(Growth of Early Massive Seeds):

• Spherical symmetry

• Solves Euler’s equations

• Solves Radiation Transfer

• Cooling terms: atomic

• Opacity terms: Thomson (main) 

and electronic transitions

(Pacucci & Ferrara, 2014)

Tvir ⇠ 104 K R ⇠ RB

We do not model the seed formation

CODE

How to Study DCBHs?



Ingredients to compute the emerging spectrum:
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• Gas density spatial profile (core radius 1	pc)

• Assume an AGN-like input spectrum from accretion

• Bolometric luminosity of the source

• Gas temperature spatial profile

(Yue et al., 2013)

CODE

Computing the Spectrum
Slice of the spatial domain



Zero metallicity

SPECTRUM The Spectrum of a DCBH
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6a.pdf
DCBH seeds

(Natarajan et al., 2016)

SPECTRUM

Detecting DCBHs with JWST

Standard, Z=0
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DCBH seeds
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SPECTRUM

Detecting DCBHs with JWST

Standard, Z=0

Standard, low Z
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DCBH seeds
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SPECTRUM

Detecting DCBHs with JWST

Standard, Z=0

Standard, low Z

Dusty, oldEELG

Standard
SF galaxy



The JWST will be the key observatory
to unravel the obscured population of black holes

(Pacucci et al., 2015)

SPECTRUM

Elusive Black Holes



DCBH candidate at z	=	6.06

SURVEYS

SINGLE SOURCES
Pop III stars DCBH

The case of CR7 (LAE at z=6.6)
(e.g. Sobral et al., 2015):

• No metal lines
• Strong Lya and He II lines

(but see Shibuya et al., 2017)

Photometric selection and 
background fluctuations (IR/X)

Two DCBH candidates in 
GOODS-S at z>6

(Pacucci et al., 2016)

DETECTION

Status of Black Hole Seeds Searches



Is this source a galaxy
or a black hole?

CANDELS GOODS Field

DETECTION

Photometric Searches 
of the First Black Holes



(Pacucci et al., 2016)

Selection for H<28

DETECTION

Photometry of DCBHs



(Pacucci et al., 2016)

Selection for H<28

DETECTION

X-ray Detected Objects in GOODS-S



(Pacucci et al., 2016)

Selection for H<28

DETECTION

DCBH Candidates in GOODS-S

DCBH candidates

DCBH candidate at z	=	6.06



DCBH candidate at z	=	6.06

SURVEYS

SINGLE SOURCES
Pop III stars DCBH

The case of CR7 (LAE at z=6.6)
(e.g. Sobral et al., 2015):

• No metal lines
• Strong Lya and He II lines

(but see Shibuya et al., 2017)

Photometric selection and 
background fluctuations (IR/X)

Two DCBH candidates in 
GOODS-S at z>6

(Pacucci et al., 2016)

DETECTION

Status of Black Hole Seeds Searches



(Pacucci et al., 2017)

The photometry of CR7 can be fitted by our DCBH model.
Zero metallicity model 

DETECTION

The Nature of CR7: a Persisting Puzzle



(Pacucci et al., 2017)

The photometry of CR7 can be fitted by our DCBH model.
Low metallicity model (see also Agarwal et al., 2017)

DETECTION

The Nature of CR7: a Persisting Puzzle



Predictions
• Predicted variability of CR7: 0.15-0.2	mag in rest-frame UV
• Short (one month) and long (one year) term rest-frame variability

UV variability would favor 
the black hole interpretation.

Observations
• Deep F110W and F160W exposures of CR7
• Observations separated by 300 days (40 days rest-frame)

Cycle 24 HST observation
PI: Xiaohui Fan

DETECTION

CR7: a Variability Study with HST



Deep fields/variability Photometric selection

Hi-Res spectra
Detection of the
first black holes

HST

JWST

DETECTION

HST/JWST Synergy



Conclusions

OBSERVABILITY OF THE FIRST BLACK HOLES
• DCBHs emit in infrared and X-ray
• Elusive black holes only observable in the infrared
• Two DCBH candidates detected in a GOODS-S (HST + Chandra)
• Photometry of CR7 compatible with a DCBH model
• DCBH selection criteria for JWST have been developed
• JWST: principal observatory to search for the first black holes

FUTURE PROSPECTS
• Study of the variability of CR7 with HST
• Search for more DCBH candidates in e.g. Stripe 82, GOODS-N
• High-resolution spectra of the first black holes with JWST
• Strong synergy between HST and JWST in this search



BACKUP SLIDES



(Pacucci et al., 2016)

DETECTION

These sources are extremely red!



(Natarajan et al., 2016)

Pop III seed
Standard accretion model

DCBH seed
Standard accretion model

SPECTRUM

Pop III seed vs. DCBH seed



Standard Accretion: Slim Disk Accretion:
0.01ṀEdd < Ṁ < ṀEdd Ṁ > ṀEdd

L / Ṁ L / ln(Ṁ)

Accretion Models:   L = L(Ṁ)



Take-Away Points

SPECTRUM:
• Typical DCBHs detectable by the JWST
• Highly-obscured DCBHs: weaker constraints on high-z mass density
• Highly-obscured DCBHs: possibly undetectable in the X-rays but

visible in the optical/infrared

DETECTING DCBHs:
• ?



Detecting Direct Collapse Black Holes

Electromagnetic waves
Spectroscopy Photometry

CR7 2 objects in
CANDELS/GOODS-S



CR7: Black Hole or Early Stars?

Pop III stars DCBH

(Sobral et al., 2015)



CR7: the DCBH Hypothesis

Hypothesis: 
CR7 is a DCBH

Main features of CR7 (Sobral et al., 2015):
• z=6.6
• No metal lines
• Strong Lya and He II lines
• Strong Lyman-Werner flux

(Pallottini et al., 2015)

Pallottini, Ferrara, Pacucci et al., 2015:
Agarwal et al., 2015; 
Hartwig et al., 2015;
Bowler et al. 2016,

and others

180	ks observation	



The Quest for Black Hole Seeds

CANDELS GOODS Field

Is this source a galaxy
or a black hole?



High-z GOODS-S Objects

(Pacucci et al., 2016)



The First DCBH Candidates

Credit: X-ray: NASA/CXC/Scuola Normale Superiore/Pacucci, F. et al, 
Optical: NASA/STScI; Illustration: NASA/CXC/M.Weiss



Massive Black Holes Family Portrait

(Marziani & Sulentic,
2012)

Wu et al. (2015)

Mortlock et al. (2011)



“A Brief History of Time”
TIME

Now (13.7 Gyr)

Peak of QSO
activity (2 Gyr)

First SMBHs 
(1 Gyr)

The seeds of the first SMBHs were formed here



Black Holes and Reionization
TIME

Reionization is complete by 

Sources of
ionizing 
photons

Expanding
bubble

z ⇠ 6



Black Holes and Galaxy Formation

(Reines et al., 2015)



Standard accretion:

Slim-disk accretion:

Most of the gas 
reservoir is ejected

Time scale:

Most of the gas 
reservoir is accreted

Time scale:

⇠ 10Myr

⇠ 100Myr

(Pacucci & Ferrara, 2014; Pacucci, Volonteri & Ferrara, 2015)

M•(t) = M•(0) exp

 
D

˙M
˙MEdd

t

tSal

!
The Growth of the First Black Holes



Structure of the Accretion Flow

Transition Radius:

(Pacucci, Volonteri & Ferrara, 2015)

OUTFLOWS

RT = RT (M•)



Bimodal Evolution of the Black Hole Seeds

(Pacucci, Volonteri & Ferrara, 2015)



Take-Away Points

GROWTH:
• Standard accretion: intermittent, most of gas lost in outflows
• Slim-disk accretion: super-Eddington, continuous, most of gas

accreted, short timescales
• Growth is more rapid for larger black hole masses

SPECTRUM:
• ?

DETECTING DCBHs:
• ?



The Effect of DCBHs on Reionization

Growing DCBH seeds negligibly contribute to reionization

�X & 8Gpc

Rz=9
H ⇠ 165Mpc

Mean Free Path
of X-ray photons:

Hubble radius
at high redshift:

(Pacucci et al., 2015)



Growth Rapidity and Black Hole Mass 

(Park et al., 2015)

RAPID
GROWTH Growth is faster 

for larger 
black hole masses

Pacucci et al., 2014;
Pacucci et al., 2015;
Inayoshi et al., 2015; 

Park et al., 2015



Pre-selection criterium: mag	H	<	27

(Giallongo et al. 2015)

(corresponding to selecting sources on the basis of their detected rest-frame UV luminosity)

Faint AGN candidates in GOODS-S



Photometry of DCBHs

(Pacucci et al., 2016)



DCBH prototype

AGN prototype

Galaxy prototype

GOODS-S sources with
mag	H	<	28

AGNs or DCBHs?



SED fitting (Bruzual & Charlot, 2003)

Comparing SEDs



ID 33160

ID 33160 (z=6.06)

Observations:
• mag	H	=	25.9(2)	+/- 0.2
• Log(Lx)	=	43.65	+/- 0.12
• z =	6.06

Our current prediction:
• mag	H	=	25.9(4)
• Log(Lx)	=	43.49
• DCBH	mass: 4⇥ 106 M�

Predicting Observables



Gravitational Waves from DCBHs

Simulation of GW emission from a collapsing and rotating SMS



Gravitational Waves from DCBHs

DCBH



First black holes
(DCBHs):

• BH-only emission
• No stellar emission
• No metals

Galaxies:

• Stellar emission

Early AGNs:

• BH emission
• Stellar emission

Classes of objects at high-z (z>6)



Selection criterium: mag	H	<	28

Data by Andrea Grazian (OAR-INAF)

GOODS-S Infrared Colors

COLOR-COLOR DIAGRAM

(Pacucci et al., 2016)



The SED of a DCBH

SED fitting (Bruzual & Charlot, 2003)



Colors of Other z>6 Objects



High Redshift (z>6)
In this period DCBHs are formed.

• No stellar emission: pure DCBH radiation.
• Optical depths in host halos are large.

Low Redshift (z<6)
Evolution acts via star formation and feedback.
• Stars are formed: DCBH spectrum approaches 

the spectrum of galaxies.

• Feedback reduces the optical depth: DCBH 
spectrum approaches the spectrum of AGNs.

The High-z Criterion - Interpretation



A source may start as a DCBH here…

Hypothesis: Evolution of Colors

…	but	then	evolution changes	
its	colors	with	time!		


