
What%are%the%possible%energy%sources?%
%
•  Accre5on?%

–  Release%of%gravita5onal%poten5al%energy%as%ma:er%falls%into%black%
hole%

–  YES!%%Thought%to%be%primary%power%source%of%all%systems%just%
discussed%

•  Rota5onal%energy%of%black%hole?%Spinning%(Kerr)%BHs%see%13.11.2%
–  Tapping%the%rota5onal%energy%of%a%spinning%black%hole%1/2IΩ2%can%
be%very%large%%

– May%be%important%in%some%sePngs…%but%can%only%be%tapped%if%
accre5on%occurring!%
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Rota5ng%black%holesR%remember%the%extra%special%nature%of%
accelerated%frames%

•  Roy%Kerr%(1963)%
–  Discovered%solu5on%to%Einstein�s%equa5ons%corresponding%to%a%
rota%ng%black%hole%

–  Kerr%solu5on%describes%all%black%holes%found%in%nature%
•  Features%of%the%Kerr%solu5on%

–  Black%Hole%completely%characterized%by%its%mass%and%spin%rate%(no%
other%features%[except%charge];%no#hair(theorem)%

–  Has%spaceR5me%singularity%and%event(horizon%(like%Schwarzschild%
solu5on)%

–  Also%has%�sta3c(surface�%inside%of%which%nothing%can%remain%
mo5onless%with%respect%to%distant%fixed%coordinates%

–  SpaceR5me%near%rota5ng%black%hole%is%dragged%around%in%the%
direc5on%of%rota5on:%�frame(dragging�.%

–  Ergosphere%–%region%where%spaceR5me%dragging%is%so%intense%that%
its%impossible%to%resist%rota5on%of%black%hole.(



Spinning%BHR%Longair%sec%13.11.2%%
•  A%black%hole%with%angular%momentum%J%%has%a%%metric%%
ds2=(1-2GMr/ρc2)dr2-{(1/c2)[4GMra%sin2 θ/ρc]%drdφ}+(ρ/Δ)dr2+%
ρdθ2+(r2+a2+2GMra2 sin2%θ/ρ c2) sin2θ dφ2]RR%Longair%eq%13.63%
r,θ,φ� usual polar coordinates  
 
where%a=(J%/Mc)%is%the%angular%momentum%per%unit%mass%(dimensions%of%distance)%and%%
Δ=r2-(2GMr/c2)+a2     ; ρ=r2+a2cos2θ&
&

Just like Schwarschild metric it becomes singular but at a radius where 
Δ=r2-(2GMr/c2)+a2=0; the larger root is  
r+=GM/c2   +[(GM/c2 )2- (J/Mc)2]1/2%

for%J>0%this%is%smaller%than%the%Schwarschild%radius%%
there%is%a%maximum%angular%momentum%J=GM2/c;)for)this)value)of)J)the)horizon)is)at))
r+=GM/c);)1/2)of)the)Schwarzschild)radius))
•  If%the%black%hole%is%not%rota5ng%(a=J/M=0),%the%Kerr%line%element%reduces%to%the%

Schwarzschild%line%element%
)

Spin%Energy%%
•  All%the%spin%energy%of%a%Black%Hole%

resides%outside%the%horizon%and%
can,%in%principle,%be%extracted%

•  For%a%maximally%spinning%BH%the%
most%energy%that%can%be%
extracted%is%0.29Mc2%

•  %Par5cles%are%dragged%in%angle%φ%
as%they%fall%radially%inward,%even%
though%no%forces%act%on%them%



Schwarzschild%and%Kerr%Metric%%

•  for%a%Schwarzschild%BH%the%innermost%stable%radius%is%3rG=6GM/c2%R%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%iner5al%frameR%%
•  The%smaller%cri5cal%radius%allows%more%energy%to%be%released%by%infalling%ma:er%%

–  For%a%Kerr%BH%0.423%of%the%energy%can%be%released.%%

•  There%is%another%'fiducial'%radius%in%the%Kerr%solu5on,%that%radius%within%which%all%
light%cones%point%in%the%direc5on%of%rota5on,%the%'sta5c'%radius,%r%sta5c.%%

•  Between%%r%sta5c%and%r+%is%a%region%called%the%'ergosphere'%within%which%par5cles%
must%rotate%with%the%black%hole%and%from%energy%might%be%extracted%(Penrose%
process).%%
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Frame%dragging%by%rota5ng%black%hole%

Graphics: University of Winnipeg, Physics Dept. 

tested in 2004  
http://www.universetoday.com/9984/frame-
dragging-confirmed/ 



Effect of BH Mass and Spin on Emitted Spectrum 
 
all the curves assume a rate of 1M!/yr  
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What%can%come%out%of%black%hole?%
…more%than%you%might%think!%
•  Magne5c%fields%threading%ergosphere%can%a:ach%to%and%drag%surrounding%

ma:er,%reducing%the%black%hole�s%spin%and%energy%
•  �Hawking%Radia5on�(pg%438):%black%hole%slowly%evaporates%due%to%quantum%

mechanics%effects%
–  Par5cle/an5par5cle%pair%is%created%near%BH%
–  One%par5cle%falls%into%horizon;%the%other%escapes%
–  Energy)to)create)par%cles)comes)from)gravity)outside)horizon%

–  SolarRmass%black%hole%would%take%1065%years%to%evaporate!%
– MiniRblack%holes%that%could%evaporate%are%not%known%to%exist%
now,%but%possibly%existed%in%early%Universe%€ 
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How%luminous%can%an%accre5ng%black%hole%be?R%this%is%
the%same%Eddington%limit%as%we%discussed%for%neutron%

stars%%
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•  The%accre5ng%ma:er%is%pushed%away%if%

•  This%is%the%Eddington%limit%(LEdd).%%%Acts%as%effec5ve%upper%limit%to%the%
luminosity%of%accre5on%powered%object.%%Numerically:%

General%proper5es%of%emission%from%black%hole%
systems%

•  Emission%usually%variable%on%wide%variety%of%5mescales%
–  Galac5c%black%hole%binaries%%:%millisecond%and%up%
–  AGN%:%minutes%and%up%
–  Most%rapid%variability%approaches%lightRcrossing%5mescale%limit%R~cτ&

•  Significant%emission%over(very%broad%spectral%range%(radio%to%hard%XR
ray%or%gammaRrays)RNS%and%WDs%tend%to%have%'thermal'%like%spectra%
(%rela5vely%narrow%in%wavelength)%%

•  Lack%of%a%signature%of%a%surface%R%not%a%pulsar,%no%boundary%layer%
emission%(no%xRray%bursts),%no%'auer%glow'%from%cooling%%%



Example of short timescale 
variability in an AGN (with 
RXTE) 

Evidence%for%black%holes%
•  Galac5c%black%hole%

candidates%–%the%same%sort%of%
dynamical%evidence%we%have%
for%neutron%stars!%~20%known%

•  Black%hole%mass%from%orbit%of%
companion%starR%Cyg%XR1%first%
galac5c%black%hole%discovered%%
–  Period%5.6%days%
–  K%=%V%sin%i%=%75km/s%
–  Analysis%of%orbit%shows%that%

–  �Mass%func5on�%f%can%be%
measured…%%

–  MBH>f%

%
 Cyg X-1 
Orosz 2011 



Discovery%of%black%holes%
•  First%evidence%for%an%object%which%
�must�%be%a%black%hole%came%from%
discovery%of%the%XRray%source%Cygnus%
XR1%%%
–  Binary%star%system…%black%hole%in%

orbit%around%a%massive%ORstar;%
period%=5.6%days%R%not%eclipsing%%

–  Mass%of%xRray%emiPng%object%7R13%
M!R%too%high%for%a%NS.%Object%emits%
lots%of%xRrays,%li:le%op5cal%light.%%

–  XRrays%produced%due%to%accre5on%
of%stellar%wind%from%ORstar%

–  2kpc%away%
Velocity curve of the stellar companion 
It is a massive O star  

f(M) = Porbv2/2πG = M1sin3i/(1 + q)2. 
q=M2/M1; v2 is the maximum measured velocity  
the value of the mass function is the 
absolute minimum mass of the compact star 



Evidence%for%black%holesR%Longair%19.3.2%
•  %For%Supermassive%Black%Holes%
Dynamics%of%'Test%par5cles'%
% %%Orbits%of%gas%disks%around%mass%compact%objects%at%the%centers%
of%other%galaxiesR%best%case%is%NGC4258%(water%maser%orbits)%%
% %Stellar%orbits%around%a%compact%mass%at%the%center%of%our%own%
Galaxy%(most%solid%case%for%any%black%hole)%

Of%course%what%these%data%give%is%the%mass%inside%a%given%radius.%If%the%
mass%density%is%higher%than%(?)%it%must%be%a%black%hole%%

•  Emission%from%the%region%of%'strong%gravity'%
% %Extreme%gravita5onal%redshiuing%of%emission%lines%in%the%XRray%
spectrum%of%some%accre5ng%black%holes%

In a dense region all roads lead 
to a black Hole (Ress 1984 ARAA)  



Some%Scales%(Rees%1984)%%

The time scale to grow a black hole if it  
Were accreting at the Eddington luminosity 

The characteristic black body temperature if the Eddington luminosity is 
emitted at r g 

Examples%of%Astrophysical%Black%
Holes%%

•  We%know%that%black%holes%come%in%2%
size%scales%%
–  5R20%Msun%;%the%result%of%stellar%

evolu5on%%
–  106R109%Msun%super%massive%black%

holes%that%reside%in%the%centers%of%
most%massive%galaxies%%

–  They%may%also%come%in%another%size%
scale;%intermediate%mass%black%holes%
with%50<Msun%<103%%

•  Detailed%stellar%evolu5on%calcula5ons%
indicate%that%for%a%star%with%roughly%
solar%metallicity%the%maximum%mass%
of%the%remnant%black%hole%is%~20%Msun%
so%what%about%the%recent%GW%event%?%

Miyoshi et al  



NGC4258R%Rota5on%of%Maser%Disk%%



Numerical%Simula5on%of%Gas%Accre5ng%Onto%a%Black%hole%%

Broad iron line in MCG-6-30-15 (Fabian et al. 2002) 



How Hot is a Black Hole?? 
Lets go back to the accretion disk spectrum- Longair 14.52-14.54 
 
As matter flows inward the radiated luminosity is  
L=GMM/ 2R2dR (M=dM/dt) 
Dividing by the area – get luminosity per unit area and equate this 
to the  black body emission formula 
  

GMM/8πR3=σSBT4 
 

correct  dependence on M,M and R but wrong normalization 
 
Have to account for: Boundary conditions at the inner edge of the 
disk 
 

Get T=[3GMM/8πR3{1-sqrt(R/Rin}]1/4 where Rin is the innermost 
radius 
 
 

 
 



How Hot is a Black Hole?? 
Lets go back to the accretion disk spectrum- Longair 14.52-14.54 
 
 
T(R)=[3GMM/8πR3]1/4(R/Rin)]-3/4 
 

Temperature at fixed number of Rs decreases as M-1/4 

- disks around more massive black holes are cooler at a fixed 
R/RS and M/MEdd 
 
now recasting in terms of the Eddington limit where MEdd is 
the mass accretion rate for the Eddington limit and we assume 
that the conversion efficiency of mass into energy is 10% and M8 
is the BH mass in units of 108 M! 
 
T=6.3x105[M/MEdd]1/4[M/M8]-1/4(R/Rin)]-3/4k 
 
 

 
 

Effect of BH Mass and Spin on Emitted Spectrum 
 
all the curves assume a rate of 1M!/yr  



How Hot are Black Holes  

For a black body the spectrum peaks at E= 2.8kT 
 
Expect disk emission in AGN accreting close to the  
Eddington limit to be strong in the ultraviolet - origin of the  
broad peak in quasar SEDs in the blue and UV  

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%loca5on%of%a%weak,%5me%variable%
xRray%(log%Lx~34R%100x%less%than%a%typical%xray%
binary)%and%IR%source%%

•  The%radio%source%is%very%small%(<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 
Radi 
light 
curves  



Some%Problems%with%Sgr%A*%
•  There%is%lots%of%gas%for%accre5on%

in%the%galac5c%center%from%the%
ISM%and%stellar%winds%

•  Yet%the%observed%luminosity%is%
very%low%(L/LEdd~%10R10)%%

•  What%happens%to%the%accre5on%
energyR%where%does%the%mass%
and%energy%go%

•  Sgr%A*%is%similar%to%>95%%of%all%massive%
galaxiesR%they%have%big%black%holes,%
but%low%luminosi5es%%

Radio%and%XRray%Image%of%MW%Center%



Mo5on%of%Stars%Around%the%Center%of%the%
MilkywayR%see%%

h:p://www.youtube.com/watch?
v=ZDxFjqRscvU%

h:p://www.mpe.mpg.de/ir/GC/%

%

MW%Center%%
•  Two%teams%led%by%R.%

Genzel%and%%A.%Ghez%have%
measured%the%3RD%
veloci5es%of%individual%
stars%in%the%galac5c%center%

•  This%allows%a%
determina5on%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%alterna5ves%to%a%black%hole%(dark%clusters%
composed%of%white%dwarfs,%neutron%stars,%stellar%black%holes%or%subRstellar%en55es)%
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%Distribu5on%of%Stars%Near%the%Center%of%the%
MW%%

Ghez et al  1998 

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

If%there%is%equipar55on%of%momentum%between%the%stars%and%SgrA*%then%one%expects%
•  M%SgrA*%>%1000M!(M*/10M!)(v*/1500km/sec(vsgrA*/15km/sec)%R1%

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



Eckart-  

What%About%Other%Supermassive%Black%Holes%
•  At%the%centers%of%galaxiesR%so%much%

more%distant%than%galac5c%stellar%mass%
black%holes%%

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

•  Dynamical%data:%use%the%collisionless%
Boltzman%eq%(concep5onally%iden5cal%
to%the%use%of%gas%temperature%to%
measure%mass,%but%stars%have%orbits%
while%gas%is%isotropic)%

•  %%

Kormendy and Richstone (2003) 

Longair 19.3. eq 19.8  and extensive discussion 



Example%of%data%for%the%nearest%
galaxy%M31%%•  No5ce%the%nasty%terms%%

•  Vr%is%the%rota5on%velocity%σr%σθ,%σφ%%are%%
the%%3RD%components%of%%the%velocity%
dispersion%ν%is%the%density%of%stars%%

•  All%of%these%variables%are%3RD;%we%
observe%projected%quan55es%!%%

•  The%analysis%is%done%by%genera5ng%a%
set%of%stellar%orbits%and%then%
minimizing%%

•  Rota5on%and%random%mo5ons%
(dispersion)%are%both%important.%

•  Effects%of%seeing%(from%the%ground)%
are%importantR%Hubble%data%

Harms et al 1999 



How%to%Measure%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%Kinema5cs%of%
Gas%%

•  Image%of%op5cal%emission%line%
emiPng%gas%around%the%central%region%
of%the%nearby%giant%galaxy%M84%

wavelength 

Position 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   

NGC4258 



Other%Masers%%

Kuo et al 2010  

CentaurusRA%The%Nearest%AGN%%



Centaurus%RA%%
•  2%dimensional%velocity%maps%for%gas%

and%stars%%allow%assump5ons%to%be%
checked%(Neumayer%et%al,Cappelari%et%
al%%)%

Gas Velocities  

Constraints from stars compared to those 
 from Gas Velocities  

AGNR%Alias%Ac5ve%Galac5c%Nuclei%%
•  AGN%are%'radia5ng'%supermassive%

black%holesR%
–  They%go%by%a%large%number%of%

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

–  The%names%convey%the%
observa5onal%aspects%of%the%
objects%in%the%first%wavelength%
band%in%which%they%were%studied%
and%thus%do%carry%some%
informa5on%

•  See%
h:p://nedwww.ipac.caltech.edu/
level5/Cambridge/
Cambridge_contents.html%for%an%
overview%

Urry and Padovani 195  



•  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~10R3%Mbulge%

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

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

luminosity%of%AGN%comes%from%
accre5on%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:%reverbera5on%mapping%
(Peterson%2003)%%
–  The%basic%idea%is%that%there%exists%gas%

which%is%moderately%close%to%to%the%
Black%Hole%(the%soRcalled%broad%line%
region)%whose%ioniza5on%is%controlled%
by%the%radia5on%from%the%black%hole%

–  Thus%when%the%central%source%varies%
the%gas%will%respond,%with%a%5mescale%
related%to%how%far%away%it%is%%



(((((((((((((((((((((MBH(=(f((v2(RBLR/G(

Reverbera5on%Mapping:%%%%

•  RBLR=(c(τ(((
(
(
(

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

Virial%Mass%Es5matesR%Longair%20.5%

τ 
t 

t + τ  
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The%Geometry%%
•  Points%(r,%θ)%in%the%source%%map%into%

lineRofRsight%velocity/5meRdelay(%τ)%
space%(V,%τ)%according%to%V%=%RVorb%
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%'quasiRKeplerian'%orbits%(do%not%
have%to%be%circular)%and%respond%to%
the%varia5ons%in%the%central%source.%
Lower%ioniza5on%lines%are%further%
away%from%the%central%source.%

•  So%%

MBH=frV2/G%
f%is%a%parameter%related%to%geometryR%and%

the%orbits%of%the%gas%clouds%%%



•  AGN%(type%I)%op5cal%and%
UV%spectra%consist%of%a%
'feature%less%
con5nuum'%with%strong%
'broad'%lines%
superimposed%%

•  Typical%velocity%widths%
(s,%the%Gaussian%
dispersion)%are%
~2000R5000km/sec%

•  The%broad%range%of%
ioniza5on%is%due%to%the%
'photoionza5on'%of%the%
gasR%the%gas%is%not%in%
collisional%equilibrium%%

•  At%short%wavelengths%
the%con5nuum%is%
thought%to%be%due%to%
the%accre5on%disk%

Van den Berk et al 2001 

•  A%selec5on%of%emission%lines%ranging%
from%high%ioniza5on%CIV%to%low%
ioniza5on%Mg%II%



Source Distance from 
central source    

X-Ray Fe Kα 3-10 RS 

Broad-Line Region 600 RS 
Megamasers 4 ×104 RS 
Gas Dynamics 8 ×105 RS 
Stellar Dynamics 106 RS 

 

 

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)%+eR%%

•  Ioniza5on%of%the%plasma%is%
determined%by%the%balance%between%
pho5oniza5on%and%recombina5on%%

•  Photoioniza5on%rate%is%propor5onal%
to%the%number%of%ionizing%photons%x%
number%of%ionsxthe%cross%sec5on%for%
interac5on%%%and%the%recombina5on%
rate%to%the%number%of%ions%x%number%
of%electrons%x%atomic%physics%rates%%

ξ is the ionization 
parameter (also 
sometimes called U)  



In%Other%Words%%
•  For%each%ion:%%

–  %Ioniza5on%%%%%%=%%%recombina5on%%
–  ~photon%flux%%%~electron%density%

•  For%the%gas%as%a%whole%
–  %%Hea5ng%%%%%%%%%%%%=%%%%%%%cooling%
–  %~photon%flux%%~electron%density%

•  =>%All%results%depend%on%the%ra5o%
photon%flux/gas%density%or%"ioniza5on%
parameter"%

•  Higher%ioniza5on%parameters%produce%
more%highly%ionized%lines%(higher%flux%
or%lower%density)%%

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

Peterson (1999) 

What%is%Observed??%%
•  The%higher%ioniza5on%lines%have%a%

larger%width%(rota5onal%speed)%and%
respond%faster%(closer%to%%BH)%

•  Line%is%consistent%with%idea%of%
photoioniza5on,%density%~rR2%%

%%%%%%%and%%Keplerian%mo5ons%dominate%the%
line%shapes%(v%~%rR1/2%)%

•  Such%data%exist%for%~40%sources%
•  At%present%MBH%can%be%es5mated%to%

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

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


