
Discovery*of*black*holes*
•  First*evidence*for*an*object*which*
�must�*be*a*black*hole*came*from*
discovery*of*the*X:ray*source*Cygnus*

X:1***
–  Binary*star*system…*black*hole*
in*orbit*around*a*massive*O:
star;*period*=5.6*days*:*not*
eclipsing**

–  Mass*of*x:ray*emiIng*object*
7:13*M:*too*high*for*a*NS.*
Object*emits*lots*of*x:rays*liNle*
opOcal*light.**

–  X:rays*produced*due*to*
accreOon*of*stellar*wind*from*O:
star*

–  2kpc*away*

Velocity*curve*of*the*stellar*companion*
It*is*a*massive*O*star**

f(M)*=*PorbK32*/2πG*=*M1sin3i/(1*+*q)2.*
q=M2/M1*
the*value*of*the*mass*funcOon*is*the*
absolute*minimum*mass*of*the*compact*
star*

Course*evaluaOons*are*open:*Please*Respond!*

•  www.courseevalum.umd.edu*

•  Why?*
–  *For*the*benefit*of*your*peers*
–  *Because*your*comments*count*and*we*use*it*to*improve*our*teaching*

and/or*redesign*the*course*

–  *Because*your*opinion*is*used*to*evaluate*our*performance*

•  *Don't*put*it*off*Oll*Dec*11th!*

•  Only*3*people*have*responded*so*far!*
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The*Center*of*the*Milky*Way**
•  The*center*of*the*MW*is*called*Sagitarius*

A*(SgrA*)*from*the*name*of*the*radio*source*at*
the*dynamical*center*of*the*MW.**

•  This*is*also*the*locaOon*of*a*weak,*Ome*variable*
x:ray*(log*Lx~34:*100x*less*than*a*typical*x:ray*
binary)*and*IR*source**

•  The*radio*source*is*very*small**(VLBI)
(<0.0005"<50Rs*for*M=4x106M!*BH*at*d=8kpc)**

•  At*SgrA**1"=0.04pc=1.2x1017*cm*,0.5mas=6AU*

Radio*image*of*SgrA**

Radio,*
near*IR*
and*x:
ray*light*
curves**



Some*Problems*with*Sgr*A**
•  There*is*lots*of*gas*for*accreOon*in*the*

galacOc*center*from*the*ISM*and*
stellar*winds*

•  Yet*the*observed*luminosity*is*very*
low*(L/LEdd~*10:10)**

•  What*happens*to*the*accreOon*
energy:*where*does*the*mass*and*
energy*go*

•  Sgr*A**is*similar*to*>95%*of*all*massive*
galaxies:*they*have*big*black*holes,*
but*low*luminosiOes*TODAY!*(AGN*
evoluOon)**

MW*GalacOc*Center**
•  galacOc*centers*are*'special'*places*

•  MW*galacOc*center**

radio*

x:ray*



MoOon*of*Stars*Around*the*Center*of*the*
Milkyway:*see**

hNp://www.youtube.com/watch?
v=ZDxFjq:scvU*

hNp://www.mpe.mpg.de/ir/GC/*

*

MW*Center**
•  Two*teams*led*by*R.*

Genzel*and**A.*Ghez*have*
measured*the*3:D*
velociOes*of*individual*
stars*in*the*galacOc*center*

•  This*allows*a*
determinaOon*of*the*mass*
within*given*radii*

•  The*inferred*density*of*the*
central*region*is*>1012M!/
pc3**

• As*shown*by*Genzel*et*al*the*stability*of*alternaOves*to*a*black*hole*(dark*clusters*composed*of*
white*dwarfs,*neutron*stars,*stellar*black*holes*or*sub:stellar*enOOes)*shows*that*a*dark*cluster*
of*mass*2.6*x*106*Msun,*and*density**
20Msunpc–3*or*greater*can*not*be*stable*for*more*than*about*10*million*years*
*

Predicted*mass*from**
models*of*the*Milkway**



Velocity*DistribuOon*of*Stars*Near*the*Center*of*the*
MW**

Ghez*et*al**1998*

Eckart:**



•  While*stars*are*moving*very*fast*near*the*center*(Sgr*A*)*the*upper*limit*on*its*
velocity*is*15*km/sec*

If*there*is*equiparOOon*of*momentum*between*the*stars*and*SgrA**then*one*expects*
M*SgrA**>*1000M!(M*/10M!)(v*/1500km/sec(vsgrA*/15km/sec)*:1*

Where*we*have*assumed*that*the**star*
stars*we*see*have*a*mass*10M!***and*a*
velocity*of*1500*km/sec**

Schwarzschild*and*Kerr*Metric**

•  for*a*Schwarzschild*BH*the*innermost*stable*radius*is*3rG=6GM/c2*:*there*are*
no*stable*circular*orbits*at*smaller*radii**

–  *the*binding*energy*from*this*orbit**is*0.0572*of*the*rest*mass*energy**

•  For*a*Kerr*the*innermost*stable*radius*is**at*r+=GM/c2**The*spinning*black*
hole*drags*the*the*inerOal*frame:**

•  The*smaller*criOcal*radius*allows*more*energy*to*be*released*by*infalling*
maNer**
–  For)a)Kerr)BH,)0.423)of)the)rest)mass))energy)can)be)released.**

•  There*is*another*'fiducial'*radius*in*the*Kerr*soluOon,*that*radius*within*
which*all*light*cones*point*in*the*directon*of*rotaOon,*the*'staOc'*radius,*r*

staOc.**

•  Between**r*staOc*and*r+*is*a*region*called*the*'ergosphere'*within*which*
parOcles*must*rotate*with*the*black*hole*and*from*energy*might*be*
extracted*(Penrose*process).**



Sizes*and*Time*Variability*(see*Begelman,*Fabian*and*Rees*2008,*

Fabian*and*Rees*1979)**
•  Assume*each*emiIng*region*has*a*size l' in*its*co:moving*frame*and*is*causally*

connected*over*a*Ome*Δt' -- implying*l' <c Δt' 
•  In*the*laboratory*frame*the*Ome*scale*is*dilated*to*ΓΔt'  (Γ=1/sqrt(1:β2);*β=v/c*
•  From*an*observers*point*of*view*the*duraOon*is*reduced*by*1/(1:βcosθ):*in*the*limit*

β~1*and*θ<1/Γ this*is*~2Γ2*

•  Thus*a*observed**Ome*scale**l'<c*t*varΓ&

•  Generalized Efficiency argument (similar to the Eddington limit)  
•  the mass required to produce a total amount of energy E=ΔLΔt=εMc2*(*ε*is*the*

efficiency*of*converOng*maNer*to*energy)**

•  This*is*related*to*the*opOcal*depth τ by*M=4R2τmp/σ and the emitted photons 
emerge on a time scale Δt=R/c(1+τ) � then minimize Δt for a given mass M&

***giving*ΔL<εc2*Δtmp/σ 

•  which for the Thompson cross section and 10% efficiency gives 
•  ΔL<2x1041ε 0.1Δt ergs/sec 

What*About*Other*Supermassive*Black*Holes*
•  At*the*centers*of*galaxies:*much*more*

distant*than*SgrA**

•  First*idea:*look*for*a*'cusp'*of*stars*
caused*by*the*presence*of*the*black*
hole:*doesn't*work,*nature*produces*a*
large*variety*of*stellar*density*profiles…*
need*dynamical*data**

•  Dynamical*data:*use*the*collisionless*
Boltzman*eq*(seen*this*before)*

•  V=rotaOonal*term;*velocity*dispersion*
has*3*components*σr, σφ, σθ & Kormendy*and*Richstone*(2003)*



see*Kormendy*
and*Ho*2013*
*sec*3*for*a*
recent*review**
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Please*fill*in*your*course*evaluaOon!:**
**

•  www.CourseEvalUM.umd.edu*
•  Have*you*been*challenged*and*learned*new*
things?*Have*I*been*effecOve,*responsive,*
respecyul,*engaging,*etc?:or*dull,boring,*
stodgy,*unprepared?*

•  Your*responses*are*strictly*anonymous.*I*only*
see*the*staOsOcs.*

•  Helps*me*and*future*students!*



Finding*SMBHs**
•  Detect*SMBHs*via*presence*of*an*AGN*(~10%*today)*OR**

•  Via*dynamics*(moOon*of*stars*or*gas)...*imply*~100%*at*Mgalaxy>1010M.**

Greene*2012*

broad*emission*lines:gas*
moving*rapidly*near*BH*

stars*near*BH*move*more**
rapidly*because*of*BH**

Example*of*data*for*the*nearest*
galaxy*M31**•  NoOce*the*nasty*terms**

•  Vr*is*the*rotaOon*velocity*σr*σθ,*σφ**are**
the**3:D*components*of**the*velocity*
dispersion*ν*is*the*density*of*stars**

•  All*of*these*variables*are*3:D;*we*
observe*projected*quanOOes*!**

•  The*analysis*is*done*by*generaOng*a*
set*of*stellar*orbits*and*then*
minimizing**

•  RotaOon*and*random*moOons*
(dispersion)*are*both*important.*

•  Effects*of*seeing*(from*the*ground)*
are*importan:t*smear*the*image,*
reduce*BH*dynamical*signal:**



Marconi*

NGC1277:*Velocity*Data*and*BH*Mass*
•  Top*is*rotaOon*curve*vs*

distance*from*center*

•  Middle*is*velocity*
dispersion*vs*distance*from*
center**

•  BoNom*2*curves*are*
measures*of*the*non:
gaussianity*of*the*velocity*
field*(sensiOve*to*
distribuOon*of*orbits)**



Harms*et*al*1999*

Gas*is*seen*via*
emission*line**

Measuring*the*Mass*of*a*
SuperMassive*Black*hole**

•  Image of central regions and 
Velocity of gas near the center of 
M84 a nearby galaxy (Bower et al 
1998) - 

•  The color scale maps the range of 
velocity along the slit, with blue 
and red color representing 
velocities (with respect to 
systemic) that are blueshifted and 
redshifted, respectively.  

•  The dispersion axis (horizontal) 
covers a velocity interval of 1445 
km s-1, while the spatial axis 
(vertical) covers the central 3 
arcsec;.  



Measurement*of*KinemaOcs*of*
Gas**

•  Image*of*opOcal*emission*line*
emiIng*gas*around*the*central*region*
of*the*nearby*giant*galaxy*M84*

wavelength*

PosiOon*on*sky*along*
slit**

HST STIS Observations of the Nuclear Ionized 
Gas in the Elliptical 
Galaxy M84 
G. A. Bower, R. F. Green, D.  

Analysis*of*Spectral*Data*for*M84*
•  Mass*of*central*object*1.5x109*Msun*

Velocity*of*gas*vs*distance*from*center*of*
emission*along*3*parallel*lines***



Centaurus*:A**
•  2*dimensional*velocity*maps*for*gas*

and*stars**allow*assumpOons*to*be*
checked*(Neumayer*et*al,Cappelari*et*
al**)*

Gas*VelociOes**

Constraints*from*stars*compared*to*
those*from*Gas*VelociOes**

NGC4258 



Use*of*Masers**for*an*AGN**
•  The*nearby*galaxy*

NGC4258*has*a*thin*
disk*which*is*traced*
by*water*maser*
emission*in*Keplarian*
moOon*

•  Given*the*very*high*
angular*and*velocity*
resoluOon*possible*
with*radio*
observaOons*of*
masers*the*dynamics*
of*the*system*are*
very*well*measured.**

•  hNp://www.not.iac.es/Onsala2012/presentaOons/Project1_presentaOon.pdf*

acceleraAon,)a,=v02/r0)=GMBH/r02)



•  The*high:velocity*masers*in*NGC*4258*(red*and*blue*points*in*
Figure*)*almost*exactly*have*V*�*r−1/2,*Using*that*M•*=*V*2r/G.**

and*assuming*that*all*the*masers*move*exactly*toward*or*away*
from*us.**
•  fit*is*V*(r)*=*2083/√r*+*27*km*s−1,*where*r*is*in*milliarcsec.*giving**

M•*=*3.65x*107*M�.*(clearly*M•depends*on*distance*to*galaxy)*

•  Finding*maser*disks*is*difficult,*because*they*must*be*edge:on,*
and*the*orientaOon*of*the*host*galaxy*gives*no*clue*about*when*
this*is*the*case*

•  Distance*to*NGC4258*can*also*be*determined*accurately*from*
the*masers*since*one*gets*angular*velocity*as*well*as*dynamical*
velocity*from*the*masers.**

Other*Masers**

Kuo*et*al*2010**



AGN:*Alias*AcOve*GalacOc*Nuclei**
•  AGN*are*'radiaOng'*supermassive*

black*holes:*
–  They*go*by*a*large*number*of*

names*(Seyert*I,*Seyfert*II,*radio*
galaxies,*quasars,*Blazars*etc*etc)**

–  The*names*convey*the*
observaOonal*aspects*of*the*
objects*in*the*first*wavelength*
band*in*which*they*were*studied*
and*thus*do*carry*some*
informaOon*

•  See*
hNp://nedwww.ipac.caltech.edu/
level5/Cambridge/
Cambridge_contents.html*for*an*
overview*

Urry*and*Padovani*195**

Centaurus:A*The*Nearest*AGN**



•  All*the*Nearby*
Galaxies*with*
Dynamical*Masses*
for*their*Central*
Black*Holes*
(Gultekin*2009)**

•  There*seems*to*be*a*
scaling*of*the*mass*
of*the*black*hole*
with*the*velocity*
dispersion*of*the*
stars*in*the*bulge*of*
the*galaxy*

•  MBH~10:3*Mbulge*

•  Galaxies*know*
about*their*BH*
and*vice*versa*

What*About*AGN*in*General??*
•  We*believe*that*the*incredible*

luminosity*of*AGN*comes*from*
accreOon*onto*a*black*hole*

•  However*the*'glare'*of*the*black*hole*
makes*measuring*the*dynamics*of*
stars*and*gas*near*the*black*hole*very*
difficult*

•  Technique:*reverberaOon*mapping*
(Peterson*2003)**
–  The*basic*idea*is*that*there*exists*gas*

which*is*moderately*close*to*to*the*
Black*Hole*(the*so:called*broad*line*
region)*whose*ionizaOon*is*controlled*
by*the*radiaOon*from*the*black*hole*

–  Thus*when*the*central*source*varies*
the*gas*will*respond,*with*a*Omescale*
related*to*how*far*away*it*is**



*********************MBH*=*f**v2*RBLR/G*

ReverberaOon*Mapping:****

•  RBLR=*c*τ***
*
*
*

•  vBLR*
Line*width*in*variable*spectrum*

Virial*Mass*EsOmates*

τ 
t 

t + τ  

24 

The*Geometry**
•  Points*(r,*θ)*in*the*source**map*into*line:

of:sight*velocity/Ome:delay(*τ)*space*(V,*
τ)*according*to*V*=*:Vorb*sin(θ),*where*Vorb*

is*the*orbital*speed,*and*τ*=*(1*+*cos(θ))r*/*
c.*

•  The*idea*is*that*the*broad*line*clouds*
exist*in*'quasi:Keplerian'*orbits*and*
respond*to*the*variaOons*in*the*central*
source.*Lower*ionizaOon*lines*are*further*
away*from*the*central*source.*

•  So**

MBH=frV2/G*
f*is*a*parameter*related*to*geometry:*and*

the*orbits*of*the*gas*clouds:*assumpOon*
is*that*gas*is*in*a*bound*orbit*around*the*

BH**** r=ct,*where*t*is*the*Ome*delay*



A*Quick*Guide*to*Photoionized*Plasmas**
•  Fundamental*idea*photon*interacts*with*

ion*and*electron*is*ejected*and*ion*
charge*increased*by*1**

•  X+q+hν***********X+(q+1)*+e:**

•  IonizaOon*of*the*plasma*is*determined*by*
the*balance*between*phoOonizaOon*and*
recombinaOon**

•  PhotoionizaOon*rate*is*proporOonal*to*
the*number*of*ionizing*photons*x*number*
of*ions*x*the*cross*secOon*for*interacOon***
and*the*recombinaOon*rate*to*the*
number*of*ions*x*number*of*electrons*x*

atomic*physics*rates**
ξ*is*the*ionizaOon*
parameter*(also*someOmes*
called*U)**

•  A*selecOon*of*emission*lines*ranging*
from*high*ionizaOon*CIV*to*low*
ionizaOon*Mg*II*

•  IonizaOon*state*corresponds*to*higher*
values*of*the*ionizaOon*parameter*
ξ~L/ner2*



In*Other*Words**
•  For*each*ion:**

–  *IonizaOon******=***recombinaOon**

–  ~photon*flux***~electron*
density*

•  For*the*gas*as*a*whole*

–  **HeaOng************=*******cooling*
–  *~photon*flux**~electron*
density*

•  =>*All*results*depend*on*the*raOo*
photon*flux/gas*density*or*
"ionizaOon*parameter"*

•  Higher*ionizaOon*parameters*
produce*more*highly*ionized*lines*
(higher*flux*or*lower*density)**

Neutral <----------->fully stripped

Peterson*(1999)*

What*is*Observed??**
•  The*higher*ionizaOon*lines*have*a*

larger*width*(rotaOonal*speed)*
and*respond*faster*(closer*to**BH)*

•  Line*is*consistent*with*idea*of*
photoionizaOon,*density*~r:2**

*******and**Keplerian*moOons*
dominaOng*the*line*shapes*

**(v*~*r:1/2*)*

•  Such*data*exist*for*~40*sources*

•  At*present*MBH*can*be*esOmated*
to*within*a*factor*of*a*few:*M*∝*
FWHM2*L0.5**

DoNed*line*corresponds*to*a*mass*of*6.8x107*M!*
Peterson*and*Wandel*1999*
*



But*What*About*Objects*

without*a*Strong*ConOnuum**
•  There*exists*a*class*of*acOve*galaxies*

(type*II)*which)do)not)have)broad)lines)
and)have)a)weak)or)absent)'nonKstellar')
conAnuum*

•  Thus*there*is*no*velocity*or*luminosity*
to*measure*:rely*on*'terOary'*indicators.*

•  It*turns*out*(very*surprisingly)*that*the%
velocity%dispersion%of%the%stars%in%the%
bulge%of%the%galaxy%is%strongly%related%to%
the%BH%mass**
–  This*is*believe*to*be*due*to*

'feedback'*(more*later)*the*
influence*of*the*AGN*on*the*
formaOon*of*the*galaxy*and*VV*

–  The*strong*connecOon*between*the*
BH*and*the*galaxy*means*that*each*
know*about*each*other***

Velocity*dispersion*of*stars*in*the*bulge*
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type*II*



ReverberaOon*Masses*and*Dynamical*Masses**
•  In*general*for*the*same*objects*mass*

determined*from*reverberaOon*and*dynamics*
agree*within*a*factor*of*3.**

•  This*is*'great'*but**

–  dynamical*masses*very*difficult*to*
determine*at*large*distances*(need*
angular*resoluOon)*

–  ReverberaOon*masses*'very*expensive'*in*
observing*Ome*(Omescales*are*weeks:
months*for*the*response*Omes)**

–  If*AGN*have*more*or*less*similar*BLR*
physics*(e.g.*form*of*the*density*
distribuOon*and*Keplerian*dynamics*for*
the*strongest*lines)*them*we*can*just*use*
the*ionizaOon*parameter*and*velocity*
width*(σ)*of*a*line**to*measure*the*mass*
ξ=L/ner2:**find*that*r~L*1/2*

–  Or*to*make*it*even*simpler*just*L*and*σ 
and*normalize*the*relaOon*(scaling*
relaOon):*amazingly*this*works*!****

Mass*from*photoionizaOon*
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MBH~Kσ2L1/2*
Where*K*is*a*constant*(different*for*
different*lines*which*is*determined*by*
observaOons**
This*is*just**

MBH = v2 RBLR/G with an 
observable (L) replacing RBLR 

•  Nature*has*chosen*to*make*the*size*of*
the*broad*line*region*proporOonal*to*L*
1/2*
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The linked image cannot be displayed.  The file may have been moved, renamed, or deleted. Verify that the link points to the correct file and location.

*Masses*of*Distant*Quasars:*M.*Vestergaard**

(DR3 Qcat: Schneider et al. 2005) 

Hβ 

MgII 

CIV 

SDSS DR3:  ~41,000 QSOs 

Kurk et al. 2007; 
Jiang et al. 2007, 
2010 

z~6 
•  Using*this*technique*for***

a*very*large*sample*of*
objects*from*the*Sloan*
Digital*Sky*Survey*(SDSS)**

•  Maximum*mass*MBH*
~1010M!***

•  LBOL*<*1048**ergs/s*

Some*VariaOon*in*Geometry**

•  Effects*of*geometry*can*be*seen*in*
the*spectra**

C: CXC 

C: JAXA 



Examples:**

0.5*******1*******2*********5*****10**
********************************(keV)**

0.5******1*******2*********5*****10**
�*******************************
keV�**

0.5*******1*******2********5*****10*
�����������*�
keV�**

Ph
ot
on

s/
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V
*

            fscat= 0.1	                       fscat= 1%                      fscat= 10% 

XMM*
fscat= F(0.5:2)*/*F(2:10)*(absorpOon*corrected) 

Co:evoluOon*of*Galaxies*and*Black*Holes:Summary**
•  TheoreOcal*models*for*the*coevoluOon*of*galaxies*and*supermassive*black*holes*

are*based*on*combining*analyOc*models*and*numerical*simulaOon*of*structure*
formaOon*in*the*dark*maNer*with*ideas*about*how*star*formaOon*

*****and*black*hole*accreOon*operate*in*pracOce*
•  Over**cosmic*Ome,*galaxies*grow*through*two*main*mechanisms:*accreOon*of*gas*

and*mergers**

•  *In*a*merger,*the*disk*component*of*each*galaxy*is*scrambled*and*Odal*forces*
between*the*two*galaxies*drain*away*angular*momentum*from*the*cold*gas*in*the*
disk*of*the*galaxy,*allowing*it*to*flow*into*the*inner*region,*delivering*gas*to*the*
supermassive*black*hole.**

•  The*scrambled*disk*material*seNles*into*a*newly*created*spheroid.*

•  If*the*each*of*the**merging*galaxies*contained*their*own*supermassive*black*

****holes,*these*too*might*merge*to*form*a*single*larger*one.*
•  The*release*of*energy*from*the*merger:induced*AGN*and*starburst*is*so*intense*

that*it*may*blow*away*most*or*all*of*the*remaining*gas*in*a*powerful*ouylow.**

•  The*end*result*is*a*single*galaxy*with*a*larger*bulge*and**a*substanOally*more*
massive*black*hole*(Heckman*and*Kauffmann*2012)**



Summary**
•  The*most*massive*black*holes*today*

M~108:1010*M*are*no*longer*accreOng*
a*substanOal*amount*of*gas;*thus,*
their*masses*are*growing*very*slowly****

•  These*black*holes*are*found*in*the*
most*massive*galaxies*with*the*most*
massive*bulges***

•  *Such*galaxies*are*currently*forming*
stars*at*a*much*smaller*rate*than*in*
the*distant*past,*and*are**lacking*cold*
gas**

2*Scenarios*
for*Birth*of*
SMBHs**

How do SMBHs 
get started?? 

Detect M~109M BH 
at z~7- need to 
grow fast! 

 
Distinguish the 2 

paths based on 
the  fraction of 
small galaxies 
that today 
contain SMBHs  

Greene 2012 

Few*halos**
seeded,*but*
seeds*
~104M!*

Most*halos**
seeded,*but*
seeds*
~102M!*



Constraints*on*Rest*Mass*of*Black*Holes**
•  Black*holes*can*grow*via*two*paths*

–  accreOon**
–  merger*

•  It*is*thought*that,*at*z>1*that*many*galaxies*(esp*ellipOcal*galaxies)*grow*through*
mergers.*

**If*these**galaxies*had*modest*black*holes,**and*if*the*black*holes*also*merged,*one*
could*grow*the*supermassive*black*holes*that*lie*in*most*large*galaxies*observed*
today.*

This*process*would*produce*strong*gravitaOonal*radiaOon*which*is*the*goal*of*the*
LISA*mission*

•  AlternaOvely*(or*in*parallel)*we*know*that*BHs*are*growing*via*accreOon:*e.g.*see)
AGN.***

Constraints*on*Growth*of*Black*Holes**
•  To*calculate*how*much*mass*has*been*

accreted*by*black*holes*over*cosmic*
Ome*we*need*to*know*how*they*have*
grown*(Soltan*1982)*
–  that*is*measure*the*number*per*unit*

volume*per*unit*Ome*per*unit*mass.**



size of bar is α accuracy 

= 0 

Cavaliere et al. (1973); Small & Blandford (1992); Marconi et al. (2004); Merloni 
(2004)*

Continuity equation for SMBH growth*

 simultaneously mass function Ψ(M,t0)  
and accretion rate distribution F(dM/dt,M,t) [�Fueling function�] 

mass function luminosity function 



•  The*EvoluOon*in*
the*Luminosity*
FuncOon*of*BH*vs*
cosmic*Ome****

•  #/Volume/
luminosity**

•  In*each*plot*the*
doNed*grey*line*is*
the*z=0*funcOon*

Aird et al 2009!

Z=1.5-3!

Z=.4-.8! Z=0.8-1.2!

Z~0!

Luminosity 
function vs z! Z=3-5!

Z=.1-.4!

Transform*Luminosity*FuncOon*to*Energy*Emissivity**

•  Integrate*the*luminosity*
funcOon*in*redshiÅ*shells**

•  NoOce*downsizing*more*
luminous*objects*are*more*
dominant*at*high*redshiÅ*and*
that*the*evoluOon*is*a*funcOon*
of*luminosity**

•  EAGN~1.4*+/:*0.25*x1061*erg*per**
galaxy*since*z*=*3.**

•  Average*AGN*luminosity*
density*of*LAGN*~1057*erg*
Mpc3*/Gyr*(Bluck*et*al*2011)*

Brandt and Hasinger 2005 ARAA 



Larger*FracOon*of*Galaxies*AcOve*in*the*past**

•  The*evoluOon*seen*in*
luminosity*and*number*is*
reflected*in*the*fact*that*a*
greater*fracOon*of*
'normal'*galaxies*host*
AGN*at*higher*redshiÅs**

(Bluck*et*al*2011)*

One*realizaOon*of*BH*growth**

•  Big*BHs*form*in*deeper*
potenOal*wells*"*they*
form*first.*

•  Smaller*BHs*form*in*
shallower*potenOal*wells*
"*they*form*later*and*
take*more*Ome*to*grow.*

–  Marconi*2003,**Merloni*
2004*



Transform*to*Mass*Growth*

•  Take*accreOon*rate*and*
some*model*of*iniOal*BH*
mass*distribuOon*and*
watch*them*grow*
(Merloni*et*al*2006)*

•  NoOce*'down*sizing'*big*
black*holes*grow*first*and*
small*black*holes*later***

The*local*Black*Hole*Mass*
FuncOon*

•  Convolve Galaxy Luminosity 
functions with MBH:Lbul*and*MBH:σ  to 
obtain the local BH mass function.

–   MBH:Lbul*and*MBH:σ provide 
consistent BH mass 
functions provided that 
dispersions are taken in to 
account (shaded area 
indicates uncertainties)

ρBH*~*4.1+1.9:1.4*×105*M!*Mpc:3**
*
(cf.*MerriN*&*Ferrarese*2001,*Ferrarese*

2002,*Shankar*et*al.*2004)*
*
•  In*summary:*3:5*×105*M!*Mpc:3*(see*

Ferrarese*&*Ford*2005**for*a*review)*

Marconi et al. 2004 

Marconi 


