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Gargantuan black hole baffles scientists

A hunt for supermassive black holesreveals a monstrous one at thy
heart of galaxy NGC1277,which may force theoriststorethink O a S
their understanding of black holes.
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The enormous black hole was found at the center of NGC 108
1277,aflat,compact vellowish galaxy near the center 108
of this galaxy cluster in the constellation Perssus. Bulge luminosity (L. )

(David W.Hogg-Michael Blanton, SDSS Collaboration /
November 29,2012)
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g * Yesterday In Nature the object with the
highest ratio of BH mass to total galaxy

mass 2:3 was discovered.
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LATEST: South Africa’s government acted unlawfully in not giving the Dalai Lama a visa in time for a pl

British press awaits standards report

* But NGC 1277 v grigl ey e i s
is stranger still I Rescion'o Leveson eport Dt way et res
and could help
advance our
theories of
how black
holes evolve ir
the first place.

Mick Robinson: Paolitical headache O Leveson Inguiry: Key moments

Bin Laden doctor "on hunger strike’

The Pakistani doctor jailed for his part in the US raid that killed Osama Bin
Laden is on hunger strike, reports say.

Q&A: Shakil Afridi speaks out Was ‘Bin Laden doctor’ a pawn?

Giant black hole found in tiny galaxy

Astronomers spot the second-largest black hole
ever seen, but in a tiny galaxy just a quarter the
size of the Milky Way.

Milky Way's black hole set to feed

Giant black holes just got bigger

e "This galaxy
seems to be



Optical Properties
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of AGN

Flux Density, f, (Arbitrary Units)
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Unusual optical colors
(Richards et al SDSS)-
co or, stars are black

UV-Optical Continuum is
thought to arise via thermal
emission in an accretion disk

r IGM



Energy per unit frequency
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| Broad band spectral

energy distribution (SED)
of a 'blazar' (an active

.| galaxy whose observed

radiation is dominated by
a relativistic jet 'coming at'

1 us

A large fraction of the
total energy appears in the
y-ray band



Optical Emission Lines

e Remember that star

forming galaxies
also can have
strong emission
lines

indicating
lonization by a
different type of
source (‘harder’

——-

Seyfert

Star-
forming
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compared to OIII/HB- AGN lie in a
particlar part of this diagram
Darkness of plot is log of the
number of objects inside the
contour
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Active Galactic Nuclei

e MBR87 is example of a radio
loud “active galactic
nucleus”

e Material flows (accretes)
into black hole

* Energy released by
accretion of matter powers
energetic phenomena

e The Jet Flukbe.

— Jet of material squirted from
12/2/12 Vicinity of SMBH

— Lorentz factor of >6

—~



AGN 'Types' The Radio-

VLA image of the radio galaxy
Cygnus-A




VLA 20cm
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VLA 2em
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VLBA 2cm
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M87 = Virgo A

VLA S0cm

>

Radio jets are very multiscale!




The Radio-loud/Radio-quiet
otom

Define relative |mportance I']m emission-by ratio of
radio luminosity L., to optical luminosity L ;- 8 order of magnitude

range "

Radio loudness (L. /Lg)
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Sikora et al. (2007) Accretion rate (Eddington Units)



X-ray

e X-ray and
optical 1mage
of a nearby
NGC4051- Rosatx. | =
* Note the very ray all sky . |- - osen
high contrast survey e '
in the x-ray image ! S
image overlaid o
on sky T e
* Find x-ray survey |
AGN via image o

RA



Rapid variability in AGN
Source Luminosity YEx1042 erqgs/sec

1HO707

Simple argument: source size R~cot

10
|

Count Rate

(s

5.4%x10° Foxlo? 5.8x10° 6x10° 6.2x10°




Broad Range of Properties

N Luminosity
e Range from <1049 erg/s to ~1048 erg/s

e Fundamental parameters controlling L are
mass and mass accretion rate

e Most Powerful objects ( quasars )- AGN
totally outshines host galaxy

e Level of obscuration- how much material is in
our line of sight

e In some objects, can see all of the way
down to the SMBH (type I)

e In other objects, view at some wavelengths
is blocked by obscuring material (some




Active Galactic Nucleus

K. Murphy

~108-10° solar mass

Black Hole

Type 2

Torus
Parsec Scale

* Variability ~ years

Jet - Accretion Disk



.. 1 A schematic view

_ of the center of an
——  Active Galactic N
' Nucleus (AGN) )

Source Distance from

central source
X-Ray Fe K& 3-10 Rs
Broad-Line Region 600 Rs
e Megamasers 4 *10* Rs
Relativistic Jet Gas DynamiCS 8 *1 05 RS
Stellar Dynamics 10° Rg
~ R.= Schwarschild radius=2GM/c?

o
0" BlackHdle
" Accretion Disk

. R.=1.4x10"3Mscm; R,/c~500M, sec
Region (BLR) Cloud

Top Figure: Copyright PASP. 1995



The Dark Side of
AGN

e Many AGN are obscured-
obscuring material 1s of several
types

— Located 1n the ISM of the
host galaxy Core of Galaxy NGC4261 HST - WFPC2

PRC95-47 - ST Scl OPO - December 4, 1995

H. Ford and L. Ferrarese (JHU), NASA

physical conditions in obscuring
regions are not the same from
object to object - can be complex
le ngfith large and unpredictable effects

OT on the spectrum
ucture

toru



AGN Zoo

e Inasimple
unification scenario

broad-lined (Type 1)

AGN are viewed
face-on

e narrow-lined (Type
2) AGN

— the broad emission
line region (BELR)
the soft X-rays and

much of the
antical /TTV/

Half opening angle (Boa)
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' Viewing angle (Bv)

3.

[Spectrum]

Direct
Reflection 1

Reflection 2

’Radio Loudness |

Optical Emission Line Properties

Type 2 (Marrow Line)

Type 1 (Eroad Line)

Type 0 (Unusual)

Radio- quiet: Seyfert 2 Seyfert 1
O30
FRI EL Lacs
Fadio-loud: N'LRG{ ELRG Blaz ars{
FRII SSPQ (FSRQ)
ESEG

decreasing angle to line of sight - =

Table 1: AGH Taxonomy: A Stnplified Scheme.



AGN Tvoes

Broad line (typ

m 'Blue' optical/UV
continuum

m Broad optical/UV lines

e Emission lines from
permitted (not

forbidden)
transitions

e Photoionized matter
n>10%cm-3

w,

.............................

Seyfert 1 galaxy
IRAS 05218-1212

(Trippe et al. 2011)

5000

6000 7000 8000
Wavelength (A)

HB, [OllI], [NII],Ha
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AGN (type I) optical ]
and UV spectra ! e Van den Berk et al 2001

consist of a 'feature

less continuum' with ‘e CIV _ _ _

superimposed

Typical velocity
widths (o, the
Gaussian dispersion)
are ~2000-
5000km/sec

Flux Density, f, (Arbitrary Units)

The broad range of Cut off due to abs by H
ionization is due to ~ eitherin hostgalaxyorIGM
the 'photoionzation' | 1000 2000 4000 6000 8000
of the gas- the gas is Rest Wavelength, A (4)

not in collisional
equilibrium

Origin of A>4000A continuum not known

At short wavelengths
the continuum is



AGN Types

Narrow line (type-2) objects

m Reddened Optical/UV continuum
m Optical Emission line spectrum

e “Full light” spectrum only shows narrow
(~500km/sec) optical/UV lines

e Broad optical/UV lines seen in polarized light...
shows that there 1s a hidden broad line region seen
via scattering (Antonucci & Miller 1985)

m X-ray spectrum usually reveals highly absorbed
nucleus (N>10%2cm)

m Intermediate type objects (type-1.2, 1.5, 1.8, 1.9) have

1 .11 £ 1
~a A Avvdandan wwrla s A ld e~ A ~ndaa o~ bhanda nda nda~and ~b A~ - ~nd o~ am bl -~
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Strong Continuum-
e.g type 1l

e type II do not
have broad lines
and have a weak
or absent 'non-
stellar’
continuum

type |

4000 4500 S000 5500 G000 6500 7000
L=
Al

o=1

Fy [ergs em™ 4 |
0.0e+00 1.0e-13 20813

 Depending on
the type of
survey and

luminosity range
- aN0. ~Ff 1l



AGN types
Blazar

Active galaxy (schematic)

* Featureless ¥ blazar
(no lines) :
broad band
continuum
radio-gamma
rays

* Thought to be
due to
emission from
iet in our line




Radio

Names and Properties

Loudness No Lines
Radio quiet Type II (narrow | Type I (broad
(weak or no jet) forbidden lines) | permitted lines)
Seyfert 2 Seyfert 1
QSO
Radio Loud BLRG Bl Lac
(strong jet)- Blazars
FSRQ
X-ray Highly Not absorbed- or | Featureless
Properties Absorbed- ionized absorber | continuum- highly

often broad Fe K
line- low energy
spectrum with

strong
narrow Fe K

variable
Y-ray sources

AbSOTPHOIT HITS




Properties of Active Galactic Nuclei (AGNs)

Luminosity

Found in which Strength of Type of emission (Milky Way
Object type of galaxy radio emission lines in spectrum (watts) Galaxy = 1)
Blazar Elliptical Strong Weak Gl 10 i l02

(compared to
synchrotron emission)

Radio-loud quasar Elliptical Strong Broad 1035 1o 10 10 to 10°
Radio galaxy Elliptical Strong Narrow 10 o 107 0.1to 10
Radio-quiet quasar Spiral or elliptical Weak Broad 10 ol 0 10 to 10°
Seyfert 1 Spiral Weak Broad 0= RNl 0.1 to 10
Seyfert 2 Spiral Weak Narrow 034 g 1028 0.1 to 10

e Some of different classes of AGN are truly
different ‘beasts’- (e.g. radio loud vs radio quiet)

but

* Much of the apparent differences are due to

geometry/inclination effects- this 1s called the

Unified Model for AGN (e.g. type I vs Type I

radin nnmiet ohiecte

hla7zarce - radin ITnnd oahiectc




ISCO=innermost stable orbit-disk terminates there

MNeutron star

ary layer

Non-rotating black hole

What about spin ? ISCO

uro (—

regicn

A non-rotating (“Schwarzschild™)
black hole has its event horizon at
2 RGand its ISCQO at 6 RG

Maximally rotating black hole

A maximally rotating (“Maximal .
Kerr”) black hole has both its event ISCO
horizon and ISCO at R L [ [ |

|
01 2 3 4 5 6

— Spinning black holes are more Gravitational radii
compact — potentially more
radiatively efficient
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Discovery o |/ s
e, x /
* Firstevidence foran  §° 4\& /
object which ‘must’ be @ | \ J
a black hole came from N4

discovery of the X-ray
source Cygnus X-1

— Binary star
system... black hole
in orbit ar

=HO -

i - L | L
0.0 0.2 04 0.6 a8 0.0
PHASE

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

massive QFMY= Por,K; 127G = Mysin®il(1 + q)2.

period =5 |61a¥M;
not eclipsjrig

— Mass of x




J. Casares

Table 1. Confirmed black holes and mass determinations

System Pt FiAdy Donor Classification M, T
[days] A Spect. Type [M]
GRS 19154105 335 0.5 £ 3.0 K/MIII LMXB/Transient 14 +4
Va4 Cyp 6.471 6.09 £+ 0.04 KO IV . 12 + 2
Cyg X-1 5.600 0.244 £ 0.005 09.7 Iab HMXB /Persistent 10 £ 3
LMC X-1 4220  0.14 £ 0.05 07 11 . = 4
XTE J1819-254 2816 3.13 +0.13 BO 111 IMXB/Transient 7.1 + 0.3
GRO J1655-40 2620 273 £ 0.09 F3/5 IV . 6.3 £ 03
BW Cir® 2545 574 £ 0.29 Gh IV LMXB/Transient > 7.8
GX 3304 1.7h4 58 £ 0.5 - .
LMC X-3 1.704 2303 B3V HMXB /Persistent 7.6 + 1.3
XTE J1550-564 1542 686 £0.71 GB/KBIV LMXB/Transient 9.6 £ 1.2
417 1543-475 1.125 0.25 £ 0.01 A2V IMXB/Transient 9.4 + 1.0
H1705-250 0.520 4.86 £ 0.13 K3/TV LMXB/Transient 6 £ 2
GS 1124-684 0.433 3.01 £ 0.15 K3/5V . 7.0 + 0.6
XTE J1850+226° 0382 74 £ 1.1 - \
GS2000+250 0.345 5.01 £ 0.12 K3/TV \ 7.0+ 03
ADG20-003 0.325 272 £ 0.06 K4V . 11 +£ 2
XTE J1650-500 0321 2.73 £ 0.56 K4V \
GRS 1000-45 0.283 317012 K7 /MOV \ 52 + 0.6
GRO J0422+32 0212 119 £ 0.02 M2V \ 1+1
XTE J1118+480 0.171 6.3 £ 0.2 K5/MOV \ 6.8 + 04




The Center of the Milky Way

* The center of the MW i1s PN

called Sagitarius A*(SgrA*) i) '}

from the name of the radio i i ﬁ”‘”ﬁ""ﬂ”’ﬁ"“

source at the dynamical TN
" he MW. i

o feolmmseer

> variable x-ray sk S

© - 100x less thana | | I

\ay binary) and IR~ i =

2-10 keV

W
=
——s

source 1S very

Radio,
near
IR and
X-ray
light
curves



Some Problems with Sgr A*

e There 1s lots of gas for
accretion 1n the
galactic center from

the ISM and stellar
winds

* Yet the observed

luminosity 1s very low

 What happens to the
accretion energy-
where does the mass



MW Galactic Center

e galactic centers are 'special’ places

e MW galactic center

S0-2
® S0-4
S0-5
® S0-16
® S0-19
® S0-20

Keck/UCLA

Galactic Center Group 1995-2008
=




LIIC CCIILCT O1 LIC
Milkyway- see
http://www.youtube.com/
watch?v=/DxFjq-scvU

http://www.mpe.mpg.de/ir/
GC/




Predicted mass from
models of the Milkway

MW Center

* Two teams led T
by R. Genzel 2 w¢ s
and A.Ghez § L
have measured 2 7 wwrwmee L wmar
the 3-D ; 5 P
velocities of Bl e

individual stars

distance from SgrA* (pc)

netaCthe stability of alternatives to a black hole (dark

*As showHbi{lBeg2e

clusters cegﬁ{éeled of white dwarfs, neutron stars, stellar black holes or sub-
stellar entities) shows that a dark cluster of mass 2.6 x 10°M,, and density

20M

sun

c$hiﬁg@uﬁﬂb%rﬁnot be stable for more than about 10 million years

determination



Velocity Distribution of Stars Near the
Center of the MW

A Supermassive Black Holein i Figure T.  The projected stel-

O lar velocity dispersion as a func-
[ ‘ tion of projected distance from
Sgr A" is consistent with Keple-

! } | rian motion, which implies that
: : the gravitational field is domi-
ud ] nated by mass within 0.1 pc.
. 1]

Ghez et al 1998

city Dispersion (km/sec)

Velos




Eckart-

offset from SgrA* [mpc]
S b

I
bd

Lorner IWILIKY VY EY 5 ILEUCK CIOME BRIl LI W oSl lEl D LEllED el LS L e

32 orbit

o ~ g R(Meutrinos) r

y, -
. -

. BH cluster < lﬂ*:']r yr .

_ 100 milli—acrsec

Size Scales at the
Galactic Center

flares: duration

size at Tmm

i

flares

variabality

.llq

"'\h.- -
|

R

e T

1

1

4 2 0 -2 —

offset from SgrA* [mpc]

~=-" TRs

5AU=T70Rs
0.024 mpc



 While stars are moving very fast near the center

(Sgr A*) the upper limit on its velocity 1s 15

Wherkﬁﬁg@de assumed that
the star stars we see have a

mddstheve 1snagiuparititodon of i
1500 §PRe%ind SgrA* then ongs®
M SgrA* > c 00
1000M g (M+/10Mg)(vsE
sec) -1




Schwarzschild and Kerr Metric

e for a Schwarzschild BH the innermost stable
radius is 3r;=6GM/c? - there are no stable
circular orbits at smaller radii

— the binding energy from this orbit 1s 0.0572 of the
rest mass energy

e For a Kerr the innermost stable radius 1s at
r,=GM/c? The spinning black hole drags the
the 1nertial frame-

e The smaller critical radius allows more energy
to be released by infalling matter



Sizes and Time Variability (see

Begelman, Fabian and Rees 2008,
Fabian and Rees 1979)

Assume each emitting region has a size L'in its
co-moving frame and 1s causally connected over a
time AZ' - - implying L' <c A?’

In the laboratory frame the time scale 1s dilated to
I'AZ" (I'=1/sqrt(1-p2); p=v/c

From an observers point of view the duration is
reduced by 1/(1-cos0)- in the limit f~1 and

0<1/T this is ~21™2

Thus a observed time scale L'<ct T



What About Other Supermassive
Black Holes

* A the centers of T
galaxies- much more ., . 77T
distant than SgrA* gref -

First idea: look fora "} \
cusp’ of stars caused by - Kormendy*and Richstone (2003)
the presence of the
black hole- doesn't
work . nature nroduces a
Vear ofr [ dlny dlno? 0 AN
¢G G | dlur dlur F: ot )




rxample of data tor the

nearest galaxy M31

* Notice the nasty terms e .

e V_is the rotation * o %
velocity o, 0y O, are :
the 3-D components
of the velocity
dispersion visthe ~
density of stars

e All of these variables

are 3-D; we observe
nroiected anantities !



NGC1277- Velocity Data and

e Top 1s rotation
curve vs
distance from
center

e Middle 1s
velocity
dispersion vs
distance from
center

e Bottom 2 curves
are measures of

BH Mass

mi= =R B A



