
Lots%of%Material!%%
•  Going%over%the%slides%there%were%

~30%slides%per%lecture%and%27%
lectures=%800%slides!%

•  Wide%variety%of%topics:%
%%%%%stellar%physics%

%dynamics%
%gas%physics%
%dust%
%star%formaCon%%
%galaxy%properCes%
%acCve%galaxies%.....%

stuff%not%covered%in%text%and%the%
professors%insistence%on%NOT%
covering%stuff%the%text%
covers%...argh%

CongratulaCons%for%hanging%in!%%
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FINAL%EXAM%
Saturday,%December%16%1:30pm=3:30pm%

•  Exam%is%in%this%room%
•  CumulaCve,%but%with%emphasis%on%material%
aVer%the%midterm%

•  No%notes%or%books%allowed%
•  Bring&calculator&
%



Maybe%We%Had%a%Bit%of%This%%

How%do%we%know%AGN%are%Black%Holes??%

Eddington%raCo%sets%the%minimum%mass%for%an%accreCng%object%
%L~1044%ergs%/cm2/sec~%Mmin>106M! (most%massive%%Neutron%stars%~2M!)%
%
Rapid%variability%sets%a%length%scale%R~cδt%(~1%hours%~%1014%cm)%%
%
Huge%mass%inside%small%radius===%special%object,%but%this%is%for%AGN;%what%
about%non=AGN%hosCng%galaxies?%
%
But%how%can%we%measure%the%mass%??%
%
Dynamics%
MoCon%of%stars%
MoCon%of%gas%
'ReverberaCon'%mapping%



What%do%we%need%to%dynamics%

Need%to%examine%the%velocity%field%of%the%tracer%at%length%scales%where%
the%mass%of%the%black%holes%dominates%the%potenCal%
%
In%the%Milky%way%this%occurs%at%~1=2pc%for%MBH%~4x106M!%
%
for%similar%MW%like%galaxies%this%corresponds%to%~%0.01%arc%sec%at%distance%of%
Virgo%Clusters%
%
So%'need'%more%massive%BH%in%a%region%with%high%raCo%of%black%hole%to%stellar%
mass.%%
Using%E%galaxy%scaling%laws%for%mass%this%occurs%at%%
θBH~0.11"[MBH/10

8M!)(σ/200km/sec)?2(D/20Mpc)?1&

%
Thus%need%HST%or%next%generaCon%30m%telescopes%with%AdapCve%opCcs%
%

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%emijng%object%
7=13%M=%too%high%for%a%NS.%
Object%emits%lots%of%x=rays%
likle%opCcal%light.%%

–  X=rays%produced%due%to%
accreCon%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%funcCon%is%the%
absolute%minimum%mass%of%the%compact%
star%



GalacCc%black%holes%

The%Center%of%the%Milky%Way%%
•  The%center%of%the%MW%is%called%Sagikarius%

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

•  This%is%also%the%locaCon%of%a%weak,%Cme%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%%



MW%GalacCc%Center%%
•  galacCc%centers%are%'special'%places%
•  MW%galacCc%center%%

radio%

x=ray%

MoCon%of%Stars%Around%the%Center%of%the%
Milky%way=%see%%

hkp://www.youtube.com/watch?
v=ZDxFjq=scvU%

hkp://www.mpe.mpg.de/ir/GC/%

%



MW%Center%%
•  Two%teams%led%by%R.%

Genzel%and%%A.%Ghez%have%
measured%the%3=D%
velociCes%of%individual%
stars%in%the%galacCc%center%

•  This%allows%a%
determinaCon%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%alternaCves%to%a%black%hole%(dark%clusters%composed%of%
white%dwarfs,%neutron%stars,%stellar%black%holes%or%sub=stellar%enCCes)%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%DistribuCon%of%Stars%Near%the%
Center%of%the%MW%%

Ghez%et%al%%1998%



Eckart%et%al%%%

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

galacCc%center%from%the%ISM%and%
stellar%winds%

•  Yet%the%observed%luminosity%is%very%
low%(L/LEdd~%10=10)%%

•  What%happens%to%the%accreCon%
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%luminosiCes%TODAY!%(AGN%
evoluCon)%%



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

If%there%is%equiparCCon%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%inerCal%frame=%%

•  The%smaller%criCcal%radius%allows%more%energy%to%be%released%by%
infalling%maker%%
–  For&a&Kerr&BH,&0.423&of&the&rest&mass&&energy&can&be&released.%%



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%
Boltzmann%eq%(seen%this%before)%

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

12/10/17 18 

Please%fill%in%your%course%evaluaCon!=%%
4%%people%have%done%so%as%of%this%morning%

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

•  Your%responses%are%strictly%anonymous.%I%only%
see%the%staCsCcs.%

•  Helps%me%and%future%students!%



Finding%SMBHs%%
•  Detect%SMBHs%via%presence%of%an%AGN%(~10%%today)%OR%%
•  Via%dynamics%(moCon%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%%•  NoCce%the%nasty%terms%%
•  Vr%is%the%rotaCon%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%quanCCes%!%%

•  The%analysis%is%done%by%generaCng%a%
set%of%stellar%orbits%and%then%
minimizing%%

•  RotaCon%and%random%moCons%
(dispersion)%are%both%important.%

•  Effects%of%seeing%(from%the%ground)%
are%important%smear%the%image,%
reduce%BH%dynamical%signal=%%



Marconi%

NGC1277=%Velocity%Data%and%BH%Mass%
•  Top%is%rotaCon%curve%vs.%

distance%from%center%
•  Middle%is%velocity%

dispersion%vs.%distance%from%
center%%

•  Bokom%2%curves%are%
measures%of%the%non=
gaussianity%of%the%velocity%
field%(sensiCve%to%
distribuCon%of%orbits)%%

•  Plate%scale%is%1kpc=13"%so%
for%this%galaxy%effect%of%BH%
on%orbits%is%occurring%at%
~5",%can%do%it%from%the%
ground%%



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%KinemaCcs%of%Gas%%
•  Image%of%opCcal%emission%line%

emijng%gas%around%the%central%region%
of%the%nearby%giant%galaxy%M84%

wavelength%

PosiCon%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%assumpCons%to%be%
checked%(Neumayer%et%al,Cappelari%et%
al%%)%

Gas%VelociCes%%

Constraints%from%stars%compared%to%those%
%from%Gas%VelociCes%%

NGC4258 



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

NGC4258%has%a%think%
disk%which%is%traced%
by%water%maser%
emission%

•  Given%the%very%high%
angular%and%velocity%
resoluCon%possible%
with%radio%
observaCons%of%
masers%the%dynamics%
of%the%system%are%
very%well%measured.%%

Other%Masers%%

Kuo%et%al%2010%%



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

luminosity%of%AGN%comes%from%
accreCon%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:%reverberaCon%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%ionizaCon%is%controlled%
by%the%radiaCon%from%the%black%hole%

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

%%%%%%%%%%%%%%%%%%%%%MBH%=%f%%v2%RBLR/G%

ReverberaCon%Mapping:%%%%

•  RBLR=%c%τ%%%
%
%
%

•  vBLR%
Line%width%in%variable%spectrum%

Virial%Mass%EsCmates%

τ 
t 

t + τ  

24 



The%Geometry%%
•  Points%(r,%θ)%in%the%source%%map%into%line=

of=sight%velocity/Cme=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%variaCons%in%the%central%
source.%Lower%ionizaCon%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=%assumpCon%
is%that%gas%is%in%a%bound%orbit%around%the%

BH%%%% r=ct,%where%t%is%the%Cme%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=%%

•  IonizaCon%of%the%plasma%is%determined%by%
the%balance%between%phoConizaCon%and%
recombinaCon%%

•  PhotoionizaCon%rate%is%proporConal%to%
the%number%of%ionizing%photons%x%number%
of%ions%x%the%cross%secCon%for%interacCon%%%
and%the%recombinaCon%rate%to%the%
number%of%ions%x%number%of%electrons%x%

atomic%physics%rates%%
ξ%is%the%ionizaCon%
parameter%(also%someCmes%
called%U)%%



•  A%selecCon%of%emission%lines%ranging%
from%high%ionizaCon%CIV%to%low%
ionizaCon%Mg%II%

•  IonizaCon%state%corresponds%to%higher%
values%of%the%ionizaCon%parameter%
ξ~L/ner2%

In%Other%Words%%
•  For%each%ion:%%

–  %IonizaCon%%%%%%=%%%
recombinaCon%%

–  ~photon%flux%%%~electron%
density%

•  For%the%gas%as%a%whole%

–  %%HeaCng%%%%%%%%%%%%=%%%%%%%
cooling%

–  %~photon%flux%%~electron%
density%

•  =>%All%results%depend%on%the%raCo%
photon%flux/gas%density%or%"ionizaCon%
parameter"%

•  Higher%ionizaCon%parameters%produce%
more%highly%ionized%lines%(higher%flux%
or%lower%density)%%

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

Peterson%(1999)%



What%is%Observed??%%
•  The%higher%ionizaCon%lines%have%a%

larger%width%(rotaConal%speed)%
and%respond%faster%(closer%to%%BH)%

•  Line%is%consistent%with%idea%of%
photoionizaCon,%density%~r=2%%

%%%%%%%and%%Keplerian%moCons%
dominaCng%the%line%shapes%
%%(v%~%r=1/2%)%

•  Such%data%exist%for%~40%sources%
•  At%present%MBH%can%be%esCmated%

to%within%a%factor%of%a%few:%M%∝%
FWHM2%L0.5%%

Doked%line%corresponds%to%a%mass%of%6.8x107%M!%
Peterson%and%Wandel%1999%
%

But%What%About%Objects%

without%a%Strong%ConCnuum%%
•  There%exists%a%class%of%acCve%galaxies%

(type%II)%which&do&not&have&broad&lines&
and&have&a&weak&or&absent&'non?stellar'&
conSnuum%

•  Thus%there%is%no%velocity%or%luminosity%
to%measure%=rely%on%'terCary'%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%
formaCon%of%the%galaxy%and%VV%

–  The%strong%connecCon%between%the%
BH%and%the%galaxy%means%that%each%
know%about%each%other%%%

Velocity%dispersion%of%stars%in%the%bulge%

Bl
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le
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s%%

type%II%



ReverberaCon%Masses%and%Dynamical%Masses%%
•  In%general%for%the%same%objects%mass%

determined%from%reverberaCon%and%dynamics%
agree%within%a%factor%of%3.%%

•  This%is%'great'%but%%
–  dynamical%masses%very%difficult%to%

determine%at%large%distances%(need%
angular%resoluCon)%

–  ReverberaCon%masses%'very%expensive'%in%
observing%Cme%(Cmescales%are%weeks=
months%for%the%response%Cmes)%%

–  If%AGN%have%more%or%less%similar%BLR%
physics%(e.g.%form%of%the%density%
distribuCon%and%Keplerian%dynamics%for%
the%strongest%lines)%them%we%can%just%use%
the%ionizaCon%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%relaCon%(scaling%
relaCon)=%amazingly%this%works%!%%%%

Mass%from%photoionizaCon%

M
as
s%f
ro
m
%re

ve
rb
er
aC

on
%

MBH~Kσ2L1/2%
Where%K%is%a%constant%(different%for%
different%lines%which%is%determined%by%
observaCons%%
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%proporConal%to%L1/2%

R B
LR
(H
β)
%l.
d.
%

Lopt(ergs/s)%

L5100A(ergs/s)%

M
!
% BH
(e
rg
s/
s)
%

R~L0.494%



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%

Co=evoluCon%of%Galaxies%and%Black%Holes=Summary%%
•  TheoreCcal%models%for%the%coevoluCon%of%galaxies%and%supermassive%black%holes%

are%based%on%combining%analyCc%models%and%numerical%simulaCon%of%structure%
formaCon%in%the%dark%maker%with%ideas%about%how%star%formaCon%

%%%%%and%black%hole%accreCon%operate%in%pracCce%
•  Over%%cosmic%Cme,%galaxies%grow%through%two%main%mechanisms:%accreCon%of%gas%

and%mergers%%
•  %In%a%merger,%the%disk%component%of%each%galaxy%is%scrambled%and%Cdal%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%sekles%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%substanCally%more%

massive%black%hole%(Heckman%and%Kauffmann%2012)%%



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

–  accreCon%%
–  merger%

•  It%is%thought%that,%at%z>1%that%many%galaxies%(esp.%ellipCcal%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%gravitaConal%radiaCon%which%is%the%goal%of%the%
LISA%mission%

•  AlternaCvely%(or%in%parallel)%we%know%that%BHs%are%growing%via%accreCon=%e.g.%see&
AGN.%%%

The%local%Black%Hole%Mass%FuncCon%
•  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.%Merrik%&%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 



Transform%to%Mass%Growth%
•  Take%accreCon%rate%and%

some%model%of%iniCal%BH%
mass%distribuCon%and%
watch%them%grow%
(Merloni%et%al%2006)%

•  NoCce%'down%sizing'%big%
black%holes%grow%first%and%
small%black%holes%later%%%

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!%



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

M~108=1010%M%are%no%longer%accreCng%
a%substanCal%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%%


