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The growth of black holes
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Key issues in observational cosmology
The black-hole-host connection
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M87
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M31

 M ~ σ4

Tremaine+02



  

 SMBH only ~0.1% of the mass of the galaxy

Why bother about SMBHs and AGN?

 Energy released in building up SMBH ≈ 30 x binding energy of galaxy
 Growth of SMBH must influence star formation in the galaxy:

– Radiative and mechanical feedback

 Study of astrophysical black holes is driven by three rationales:
- test theories of gravitation in the strong field regime
- study astrophysical problems involving extreme physical conditions, 
relativistic MHD, and radiative effects
- they might play an important role in 
affecting the formation and evolution of
 galaxies, groups and clusters.

- virtually all galaxies with a spheroid host in their centre a SMBH

- how do they grow as a function of time and in different host galaxies?

Cen A



 

Astrophysical Black Holes

 From stellar evolution: M
BH

 ~ 1 - 10 M⊙
 From Pop III evolution (?): M

BH
 ~ 10 - 103M⊙

 Intermediate mass black holes (IMBH): M
BH

~103-105 M⊙
 Supermassive black holes (SMBH): M

BH
~106-1010 M⊙

SMBHs thought to grow by accreting gas, stars and other SMBHs, but the origin of 
the seeds is not clear.

(Volonteri 2010)



 

SMBHs as remnants of AGN
AGN are powered by accretion onto SMBHs.
Consider an AGN accreting a mass ΔM

acc
 for a time Δt

AGN 
and emitting L

AGN
:

fraction ε ΔM
acc

 is radiated away, 
(1-ε) ΔM

acc
 goes into the BH

Chemical burning: ε≈10-9

Nuclear fusion: ε≈0.007



 

Galactic disk 
plane

A
V
=30 (A

K
=3 mag) toward 

Galactic Center

Sgr A*

How to measure BH masses?
We expect SMBHs in the nuclei of quiescent (old) galaxies, as remnants of past 
AGN activity. How to find them and measure their masses?

Use kinematics of test particles (proper motions, masers, gas and stellar dynamics, 
reverberation mapping) in the nuclear region of galaxies to infer the presence of a BH:

Gas/Stars kinematics (V,σ) around BH

Gravitational potential of stars (Φ
Stars

) from galaxy surface brightness (assume L ≈ ΥM)

Find gravitational potential Φ to explain observed V,σ          Φ = Φ
Stars

+ Φ
BH

Φ
BH

 = -G M
BH

 R-1 ( R >> R
Schwarzschild

)



 

Stellar orbits around SgrA*

Genzel+03; Gillessen+09;  Genzel+10

Proper motions

Example: star S2
By fitting orbit and radial velocities: Period ~16 yr
Eccentricity ~ 0.9   Pericenter ~ 125 AU

 M
BH

 = (4.3 ±0.2 ±0.3)×106 M⊙

 D = ( 8.28 ±0.15 ±0.29 ) kpc

BUT: stellar proper motions so close to the BH 
cannot be detected even in M31!



 

M
BH

 from H
2
O megamasers

H
2
O maser emission can be used to trace single gas clouds orbiting SMBHs in 

galactic nuclei (excellent spatial resolution with VLBI)

Example: NGC 4258 
M

BH
 = (3.9±0.1) × 107 Msun

(Miyoshi+95, Herrnstein+99)

136 megamasers, only 14 BH mass 
measurements (edge-on, Keplerian disc)



 

Black Hole Sphere of Influence

 Gas clouds and stars move in the gravitational potential of a galaxy 

 To detect a BH it is imperative to spatially resolve the region where the 
BH gravitational potential dominates

 The size of the BH sphere of influence is determined by:

BH gravitational potential ~ Stellar gravitational potential
Rotational velocity around BH ~ Typical stellar velocity in galaxy

The average stellar velocity dispersion is measured on spatial scales 
where the BH does NOT dominate the gravitational potential



 

Black Hole Sphere of Influence

This corresponds to a projected angular dimension on the sky:

Need excellent spatial resolution to 
resolve the BH sphere of influence: 
Hubble Space Telescope 
(D=2m → 0.05” @ 6000 Å)
Large telescopes with AO 
(D=8m → 0.05” @ 2 μm)



 

Gas kinematics

 Use emission lines from ionized gas (T
e
 ~104 K);

 intrinsic line width due to thermal broadening
 negligible w.r.t. motions in galaxy nuclei

 observed line profile = l-o-s velocity distribution;
 fit with multiple Gaussian functions to obtain V, σ;
 measurements at different positions → V, σ maps

Line V
Line flux

NGC 3227 (Davies+06)

M87: M
BH

 = 2.4×109 M⊙

Ford+94



 

Stellar kinematics

Cen A, CO @2.3 μm
(Cappellari+09)

M31: M
BH

 ~ 107 M  (Kormendy 1988)⊙

Stellar absorption lines significantly 
broadened by e.g., magnetic fields, 
stellar rotation => 
Galaxy spectrum = convolution of 
(combination of) stellar templates 
with line-of-sight velocity 
distribution



 

Gas vs. stellar dynamics

Gas:
+ short integration times
+ Easy interpretation
- not available in all galaxies
- only if circularly rotating disk

Stars:
+ completely gravitational motions
+ available in all galaxies
- interpretation difficult (3D orbits)
- long integration times

Gas and stellar kinematical BH 
mass measurements are consistent 
in the few studied cases!
 Galactic Center (Schodel+03)

 Cen A (Marconi+06, Silge+05, 
Neumayer+07, Cappellari+09)

 M87 (Macchetto+97, Gebhardt+11)
from gas kinematics

Note: spatial scales probed are ~103 - 106 RS!



  

The cosmological evolution of SMBHs
To follow the cosmological evolution of SMBHs and their role in galaxy 
evolution, it is not possible to measure their masses as locally.

The only possibility is to follow the cosmological evolution of AGN (= 
accreting BHs):
 study the optical or the X-ray (0.5-10 keV) luminosity functions
 estimate BH masses in broad line AGN

AGN leave two remnants of their activity:

 SMBHs in galaxy nuclei

 background radiation 
= integrated emission from 
all AGN at all cosmic epochs 
which is almost devoid of 
contamination in the case of 
  X-ray background 

Galaxies

Primordial
Universe



  

Luminosity functions

The differential luminosity function ϕ(L,z) of a population of sources is

dN is the number of sources per unit volume at z with luminosity L, L+dL

To estimate the luminosity function:
 conduct a survey over a sky area Ω
 identify all the sources of the population with flux in a given
  band b Fb >Fb,lim (the sensitivity limit)
 measure their redshift z hence observed Lb,obs is known
 assume an SED for the sources, then correct to have
  intrinsic Lb in band b (K-correction).

If we count N sources in Lb, Lb+ΔLb and z+Δz, over area Ω:

dV = comoving all sky volume
ΔV = comoving volume
occupied by the N sources



  

Luminosity functions

However, a source with luminosity Lb, may be below the survey flux limit in 
part of the z, z+Δz bin.
Schmidt (1968) and Avni & Bahcall (1980): consider the maximum volume 
where object i can be detected within the redshift bin z, z+Δz

zmax,i is the redshift at which the object has flux larger than the survey 
limit, i.e.:

The luminosity function is then:



  

Luminosity functions

The expected number of objects in a given luminosity and redshift bin is

zmax(L) = maximum redshift for luminosity L
dV = comoving volume taking into account the survey area.

If bins are small enough that ϕ ~constant:

There are many more selection effects (e.g. survey completeness, 
different sensitivities in different areas). These can be included in a 
selection function p(L,z)

In general, assume
function ϕ and fit
observed counts



  

AGN Luminosity Functions
AGN luminosity functions are usually parameterized as double power law:

Compare with luminosity function 
of galaxies characterized by the 
Schechter function

The luminosity density

is dominated by sources at the knee of the luminosity function, L~L✶



  

AGN LF: cosmological evolution

The redshift evolution of the luminosity functions is usually 
parameterized in two ways (or a combination of the two)

 luminosity evolution

 density evolution

 luminosity-density evolution
(Schmidt and Green 1983)

PDE: Number of quasars changes with time.

PLE: Space density of quasars is constant. Brightness 
of individual (long-lived) quasars changes with time.



  

Quasar luminosity functions at z<2

Usually quasar LFs have been fit by 
pure luminosity evolution even if this 
may be too simple (Richards+06, 
Croom+09).

The co-moving number density of 
luminous QSOs has strong evolution: 
quasars were much more common at 
z~2-3 (quasar epoch)

Typically fit by double power-law

Number density of luminous quasars
(Mi < -27.6, Lbol > 1013 L⊙); Richards+06

Optical quasar surveys 
select blue (unobscured) 
quasars → X-rays, IR

Croom et al. 2008

Steep bright end, ≈ -3.3
Flat faint end, ≈ -1.1



  

Quasar Mass Functions

(Vestergaard et al. 2008; 
Vestergaard & Osmer 2009)

Quasar Mass Functions:
Not simple scalings of LF

SDSS: Kurk et al. 2007; Jiang et al. 2010

* Ceiling at MBH ≈ 1010 Msun

* MBH ≈ 109 Msun - even beyond space density 

drop at z ≈ 2-3



  

X-ray luminosity functions

 Hard X-rays (> 2 keV) relatively unaffected even for moderate NH 

(<1023 cm-2); X-ray surveys provide most complete census of AGN 

 Deep X-ray surveys (Chandra, XMM) 
sensitive up to NH ~1025 cm-2

 X-ray LFs have different behaviour 
than optical and luminosity-dependent 
density evolution (LDE) is required 
(eg Ueda+2003; La Franca+2005; 
Hasinger+05, Silverman+2008)
- different selection effects

X-ray advantages:
- An X-ray source is almost certainly an AGN (except at lowest fluxes)
- not biased toward blue objects but can select obscured (absorbed) AGN

Example of LDE: red line is LF
at z~0.1(Hasinger +05, 
Brandt & Hasinger 05)



  

X-ray luminosity functions

La Franca+05
Aird+10

 Important result: the discovery of downsizing of AGN sources: the 
number densities of AGN in given luminosity bins peak at different z .

 High-L AGN number density peaks at larger redshifts than low L ones.



  

AGN bolometric luminosity function

Hopkins+07: combine 
multiwavelength AGN LFs to 
derive the AGN bolometric LF. 
When selection effects (and 
obscuration) are taken into 
account, observed LFs are in 
agreement.

Hopkins+07

To compare LFs in different bands, and obtain AGN bolometric LF:
- assume a typical AGN SED
- find corrections from the observed band b to bolometric luminosity
- correct for obscured AGN

IR (15 mm)
B band
Soft X-rays
Hard X-rays



  

AGN bolometric luminosity function

Hopkins+07

Caveat: bolometric corrections 
include IR emission, therefore are
overestimated if SF contribution

Caveat: might be biased, because
● AGN SED likely depend also on AGN type
● bolometric corrections might have a very large spread



  

AGN cosmic downsizing

Ueda et al. (2003) Fiore et al. (2003)
Hasinger et al. (2005)

Also e.g. Cowie+03; Barger+05; La Franca +05; Aird +10

X-ray result: Luminosity-dependent density evolution: high-luminosity 
AGNs (i.e., quasars) peaked at higher redshifts than typical AGNs

Quasar density peaks at z~2-3
AGN density peaks at z~0.5 - 1

To get cosmic downsizing, PDE or PLE don't work, instead the number of quasar must 
change as a function of time and as a function of luminosity.  i.e., the slopes must evolve



  

AGN downsizing at all wavelengths
Radio (1.4 GHz)
Massardi+10

X-rays (2-10 keV)
Miyaji+11 Optical (g-band)

Croom+09

Brightest QSOs peak at z~2.5 

Faintest QSOs peak at z~1 (or lower)



  

Fractional Mass evolution: Downsizing

Merloni+ 2010; Lamastra et al. 2010



  

The High-z Quasar LF Bright-End Slope 

Quasar LF bright end slope flattens at high-z (Fan+01, Richards+06, Jiang+09, Willott+10)

Therefore, the distribution of intrinsic luminosities is broader at high redshift.

Jiang+09

Richards+06 (SDSS)

* Current measurements of the bright end 
slope of QLF at z>4 do not allow yet to 
constrain the number of faint high-z 
quasars and the QSO contribution to the 
re-ionization



  

The faint-end slope of the high-z quasar LF 

•  Most high-z QSO samples are shallow and 
only measure the bright end of QLF at z>3. 

•  Faint end determined by QSO fueling 
lifetimes and feedback.

Siana et al. (2008)

Bright end ≈-3.5
faint end ≈-1.9

Hopkins et al. (2006)

The faint end of the QLF at high z 
represents a critical observational 
constraint on the early formation 
history of massive black holes, their 
contribution to the reionization, and 
feedback processes affecting the 
formation of their host galaxies



  

Quasars and SMBHs at z~6

z~6 quasars constrain formation models due to their large masses and short ages. 

Eddington argument: If the luminosity of a quasar is high enough, then radiation pressure 
will prevent further gravitational infall.  

Sets an upper limit to the luminosity for a given mass, or a minimum mass for a 
given luminosity.

The luminosities of the z~6 quasars imply BH masses > 109 Msun. Assembling that much 
mass in < 1 Gyr is difficult (but not impossible; Tanaka & Haiman 2009).

Vignali et al. 2005; Shemmer et al. 2005



  

Remnants of AGN
 AGN powered by accretion onto SMBH: leave remnant SMBHs
 Sołtan’s argument (1982):  BH growth rate for an AGN with luminosity L:

 The remnant BH mass density is then obtained by integrating over   
   L and z (for all AGN at all cosmic times)

number per unit volume for AGN in L, L+dL @z

BH growth rate per unit volume for AGN in L, L+dL @z

BH mass per unit volume accreted from AGN
emitting L, L+dL during cosmic time z, z+dz



  

Remnants of AGN
 The integrated comoving energy density from quasars is

number of quasars in L, L+dL per unit volume @z

Luminosity density of AGN in L, L+dL @z

Energy density of AGN in L, L+dL radiated in z, z+dz

 Then the expected remnant mass density is simply

 Sołtan (1982) used the B-band luminosity function to get bolometric
  luminosity function; transform LB to bolometric L (eg L ~10 νBLν,B)



  

When correction for obscured AGN taken into account (hard X-ray LF):
Marconi +04: ρAGN ≃ 3.5 105 M⊙ Mpc-3 (ε≃0.1)
Shankar +08: ρAGN ≃ 4.5 105 M⊙ Mpc-3 (ε≃0.07)

Remnants of AGN

 integrated comoving energy density from quasars (Sołtan 1982; 
using B-band LF):

 with efficiency ε, the expected relic mass density is

 Local mass density is ~ 3.5-5.5 105 M⊙ pc-3 (~2 x larger)

 ... AGN are not only unobscured, blue quasars!
 ... ρBH depends strongly on efficiency ε



  

X-ray background (XRB)
 Discovered by Giacconi et al. (1962); peaks at ~30 keV.

 Spectral shape of XRB different from typical power laws of AGN X-      
ray spectra; Setti & Woltjer (1989) first showed that many absorbed AGN 
at different z could explain its shape.
 Several successful synthesis models since then (e.g. Comastri et al. 1995, 
Gilli et al 2001, Treister & Urry 2005, Gilli,  Comastri & Hasinger 2007, Treister et al. 2009)
 The XRB intensity at energy E is:

flux expected at E from source at z

ϕ is the luminosity function in band X
f(E) is the normalized spectrum of the source in band X



  

The X-ray background

However sources have different spectral shapes depending on 
obscuration, therefore for a given NH distribution

To explain the XRB, we need (Gilli et al. 2007):

 unabsorbed AGN (usually NH < 1021 cm-2): 
LF and spectral shape, usually power law with 
high energy cutoff plus reflected component
 intrinsic spectral shape of absorbed AGN, usually 
the same as that of unabsorbed AGN
● LF of absorbed AGN, usually the same as that of 
unabsorbed AGN, but with different normalization 
 i.e. the ratio absorbed/unabsorbed
 NH distribution, usually assumed constant with z

AGN spectra with
different N

H
 absorption



  

The X-ray background

 Performing the integration the background peak is not reproduced;
 however AGN detected in 0.5-10 keV are those with N

H
 < 1024 cm-2,

 missing emission is due to AGN with N
H
 > 1024 cm-2 = Compton Thick (CT) AGN

 When Compton-thick AGN are included (assuming they have the same LF as less 
obscured AGN) the peak is well reproduced.
 But ... the spectrum of a CT AGN consists only of reflected component; its 
normalization depends on f

scatt
 (scattering efficiency) that is not well known ~0.02. 

 XRB cannot constrain the fraction 
of CT AGN but only the ratio R

CT
/f

scatt

(R
CT

 = CT / unobscured)
Total

Obscured
(N

H
<1024 cm-2)

Compton-thick

Unobscured

Gilli+07



  

Compton Thick AGN

Several methods proposed to search for 
CT AGN (Ballantyne+11):
●  Hard X-ray surveys (> 20 keV; 
Tueller+08, Burlon+11)
  - least affected by obscuration but low 
sensitivity for z>0
 Extremely deep X-ray surveys
  (2-10 keV; eg Tozzi+06, Comastri+11)
  - but huge observing times required
   (up to 10 Msec! )

Deep XMM exposure (~3.3 Ms) of the Chandra deep 
field south (Comastri+11). Red (0.4–1 keV), green (1– 
2 keV) and blue (2–8 keV) band. CT sources are 
detected which escape non-X-ray selections.



  

Compton Thick AGN

Polletta+2008

 Mid-IR selection (i.e. search for emission of dust heated by AGN; e.g.,
  Stern+05, Polletta+06, Daddi+07, Alexander+08, Fiore+08,09)
  - but possible problems disentangling AGN from starburst emission

AGN dust is hotter than dust heated by starbursts, therefore sources with high mid-
IR emission (and no X-ray emission) are good candidates for obscured AGN.



  

Compton Thick AGN
Gilli+10 Search for optical or X-ray spectral features

  - high ionization lines e.g. [NeV] (Gilli+11)
  - EW of Fe Ka line (Comastri+11, Feruglio+11)

Overall, observed number densities of CTs 
are ~ consisted with those used in XRB models 
(eg. Gilli+07,10)

Powerful AGN clear their 
obscuration more rapidly than 
low luminosity AGN, therefore 
fraction of obscured AGN 
measures the timescale of 
nuclear feedback Menci et al. 2008

No AGN feedback
      AGN feedback

Gilli et al. 2007 model

La Franca et al. 2005



  

Local BHMF vs AGN BHMF
There is a surprisingly good 
agreement between the BHMF in the 
local universe and the one expected 
from AGN activity

 BHMF at z=0 much larger than at z
i
 

(i.e. most of BH mass grown at z<z
i
)

 Shapes of local and AGN BHMF are 
very similar, indicating no merging 
 Results depend on bolometric 
corrections, radiative (accretion) 
efficiency  ε, and fraction of L

Edd
  λ

Marconi+04

Increase ε

Decrease bol. corr.

Decrease λ
(change
shape)

 Local BHs are remnants of past AGN activity
 ε~0.1, i.e. BHs are grown efficiently Shankar+09

Integrated BH mass density: 
ρ

BH
  3.5-5.5 ×10≃ 5 M  Mpc⊙ -3



  

Anti-Hierarchical BH growth

Merloni 04, Shankar+04,08, Merloni & Heinz 08.

50% of final 
mass

Qualitatively consistent with models 
of galaxy formation: Big BHs form in 
deeper potential wells → form first.

Smaller BHs (in smaller bulges) are 
more subject to feedback effects 
(SN, AGN) → they form later and 
take longer to grow.

Consequence of anti-hierarchical 
behaviour of AGN LFs (e.g. 
Fiore+03, Ueda+03, La Franca +05)

M
BH,z=0

≈ 109 Msun

M
BH,z=3

≈ 107 Msun

BHMF allows to estimate the average BH growth M(t) and the time required 
to grow BHs (sum of all accretion episodes)

The mass-doubling timescales 
of black holes and bulges both 
increase with increasing mass 
(coordinated downsizing)



 

Luminosity density of black holes

Moderate to high luminosity AGN
(L

X
~1043-1045 erg/s) dominate (~80%) 

black hole growth

Most luminous AGN peaked at high-z,
contrary to lower-luminosity AGN

Aird et al. (2010)

See also, for example, Barger et al. (2001, 
2005); Ueda et al. (2003); Hasinger et al. 
(2005); Silverman et al. (2005, 2008); 
Hopkins et al. (2007); Aird et al. (2008)



 

What drives the growth of BHs?
Typical BH mass ~108 solar masses

Median Eddington ratio of ~0.01 (for L
X
>1042 

erg/s): divide between optically thin and thick 
accretion discs (bolometric Corrections?)

z~1 BHs growing more rapidly than ~108 Msun 
BHs locally but growth times still typically the 
age of the Universe

Poorer constraints for typical AGN at higher z

See also Ballo+07, Alonso-Herrero+08, 
Hickox+09; Simmons+11

z~1: Babic et al. (2007)

No unique signatures of AGN activity on 
average - whatever drives the growth of 
massive galaxies drives the growth of BHs

~10% of massive galaxies host a moderate 
luminosity AGN (e.g., Bundy+08; Xue+10) 
so ~10% of the time the gas reaches the BH

The triggers of gas onto the BH are spatially 
unresolved and/or occurred a long time ago 
(initial signature will be lost)
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Higher-z constraints are key since 
many models predict rapid BH growth 
at high z. But these are challenging 
due to lack of spec-z's of a complete 
sample and BH-host galaxy mass 
relationship uncertainties: e.g. 
Brusa+09; Alexander+08



  

BH Accretion - Star Formation Rate

BH Accretion Rate (BHAR) is simply 
the cosmic accretion rate onto BHs: 

Comparison of BHAR vs SFR clearly 
suggest coeval growth of BHs and 
galaxies



A few conclusions

• AGN LF significantly evolves with redshift

• Quasar density peaks at redshift 2 ~3, ~100 times 
larger than in the local universe

• Density of lower luminosity AGN peaks at lower 
redshift (downsizing)

• Co-evolution with cosmic star formation rate density
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