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Slide 01. Supermassive Black Holes in Galactic NucleiBy John Kormendy, Curtis T. Vaughan, Jr. Centennial Chair in Astronomy�Department of Astronomy, University of Texas at AustinImage: A Jet from Galaxy M87 Credit:  J. A. Biretta et al., Hubble Heritage Team (STScI /AURA), NASA STScI-PRC00-20 (Heritage) A Cosmic Searchlight Streaming out from the center of the galaxy M87 like a cosmic searchlight is one of nature's most amazing phenomena, a black-hole- powered jet of electrons and other sub-atomic particles traveling at nearly the speed of light. In this NASA Hubble Space Telescope image, the blue of the jet contrasts with the yellow glow from the combined light of billions of unseen stars and the yellow, point-like globular clusters that make up this galaxy. At first glance, M87 (also known as NGC 4486) appears to be an ordinary giant elliptical galaxy; one of many ellipticals in the nearby Virgo cluster of galaxies. However, as early as 1918, astronomer H.D. Curtis noted a "curious straight ray" protruding from M87. In the 1950s when the field of radio was blossoming, one of the brightest radio sources in the sky, Virgo A, was discovered to be associated with M87 and its jet. After decades of study, prompted by these discoveries, the source of this incredible amount of energy powering the jet has become clear. Lying at the center of M87 is a supermassive black hole, which has swallowed up a mass equivalent to 2 billion times the mass of our Sun. The jet originates in the disk of superheated gas swirling around this black hole and is propelled and concentrated by the intense, twisted magnetic fields trapped within this plasma. The light that we see (and the radio emission) is produced by electrons twisting along magnetic field lines in the jet, a process known as synchrotron radiation, which gives the jet its bluish tint. The data were collected with Hubble's Wide Field Planetary Camera 2 in 1998 by J.A. Biretta, W.B. Sparks, F.D. Macchetto, and E.S. Perlman (STScI). The Hubble Heritage team combined these exposures of ultraviolet, blue, green, and infrared light in order to create this color image. 
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What are black holes?
Why are we looking for them?

The search for supermassive black holes
Supermassive black holes and galaxy formation
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Slide 02. What are black holes? Why are we looking for them?Thirty million light years away, a monster rules the heart of a galaxy. With the gravity of a billion suns, it controls the movements of millions of stars in its domain. Long ago, it blazed with a light that eclipsed the galaxy it lives in. Today, it is dark and quiet. Looking at NGC 3115 in a telescope, we would not guess that it is present. Such monsters lurk in the centers of many galaxies, including our own. They are almost surely black holes, an extremely dense form of matter predicted by the general theory of relativity. Soon after quasars were discovered in 1963, astronomers proposed that their tremendous luminosities come from matter falling into giant black holes. The confirmation of this idea has been one of the exciting sagas of modern astrophysics. 



Suppose we squeeze a planet of fixed mass M into smaller and smaller volumes.

The surface gravity gets bigger as you make the planet smaller.
Surface gravity is proportional to 1/radius2.
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Slide 03. Surface Gravity and Black HolesThe escape velocity from the surface of an object depends on the mass of the object divided by its radius. If Nature can make the radius small enough, then the escape velocity reaches the speed of light. At this point, no matter or radiation can escape from the surface of the object to the universe outside. Furthermore, no atomic or subatomic forces can hold the object up against its own gravity -- the mass is doomed to collapse to an infinitesimal point. The original matter is lost from view forever. Only its gravity remains. The point of no return, where the radius gets small enough so that the escape velocity equals the speed of light, is called the Schwarzschild radius or the ``horizon". This radius is proportional to the mass of the hole. If the mass is 50 million solar masses, then the radius is equal to the radius of the Earth's orbit around the Sun. Because no light can escape, such an object is called a ``black hole". Any matter that later wanders inside the horizon is also lost from view, and its mass gets added to the mass of the hole. Theory and observations indicate that black holes of a few solar masses form when very massive stars die. Such black holes are seen in various places in our Galaxy; astronomers find them by their x-ray emission. As we shall see, the black holes in galactic nuclei are much bigger. If no light can escape from black holes, then how can they explain the huge luminosities of quasars? The radiation comes from matter that is close to the hole but still outside the horizon. Matter that is falling into a black hole accelerates closer and closer to the speed of light as it approaches the horizon. A tremendous amount of energy is associated with this motion. Under some circumstances, this energy can be converted to radiation. For example, the gas is expected to form a disk around the black hole, and friction of the gas in this ``accretion disk" heats it up to very high temperatures. This is why it radiates so ferociously. In fact, it can liberate energy with an efficiency of ten percent of the theoretical limit, energy = mass times speed of light squared. In contrast, nuclear fusion reactions like those that power stars have an efficiency of less than 0.7 percent. For quasar luminosities, which range from a hundred billion to 100,000 billion solar luminosities, a black hole would have to eat 0.02 to 20 solar masses per year. How massive does the hole need to be? If the above fueling rate lasts for the estimated lifetime of a quasar, which is about 10 million years, then it will build up the mass of the black hole to at least 100,000 to 100,000,000 solar masses. An independent estimate is based on the ``Eddington limit", which says that the black hole must be massive enough to pull in new fuel despite the fact that its radiation is trying to blow the fuel away. This minimum mass is a million to a billion solar masses, depending on the quasar's luminosity. 



To turn the Earth into a black hole,
we would have to squeeze it into the size of a grape.
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Slide 04. To turn the Earth into a black hole, we would have to squeeze it into the size of a grape.Image:Blue Marble 2000 �Credit: R. Stockli, A. Nelson, F. Hasler,�NASA/GSFC/NOAA/USGShttp://rsd.gsfc.nasa.gov/rsd/bluemarble/index.htmlThe strong gravity of a spinning black hole could explain the ability of some quasars to eject jets of material at speeds close to the speed of light. X-ray observations show that gas orbits the centers of some AGNs at speeds up to one-third the speed of light. This, too, supports the presence of a black hole. The location of the gas producing the broad optical and ultraviolet emission lines can be estimated for some AGNs by observing how the lines change with time. If the observed widths of the lines result from the Doppler effect caused by the orbital motion of the emitting gas clouds, then one can calculate the mass of the central object from the laws of gravity. The resulting masses are consistent with the arguments described above. From the black hole mass and the accretion rates, one expects the surface temperature of the accretion disk to resemble that of a very hot star. Consequently, the disk is expected to emit much of its radiation at ultraviolet wavelengths. Observations of quasars generally agree with this prediction. The accretion disk should be brightest at about ten Schwarzschild radii. This is consistent with the time scale of quasar variability. 



Black holes with masses of a few
Suns are well understood.  

The most massive stars turn into 
such black holes when they die 
in supernova explosions.

Two Types of Black Holes
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Slide 05. Two Types of Black HolesBlack holes with masses of a few Suns are well understood.  The most massive stars turn into such black holes when they die in supernova explosions.
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Slide 06. Crab NebulaImage:Crab NebulaCredit:Bill Schoening/NOAO/AURA/NSFAbout this object:The Crab Nebula was originally given this name due to its resemblance to a crab's claw (not the full-body image of a crab), in an early sketch made in 1855 by Lord Rosse's staff astronomer R.J. Mitchell. With higher resolution pictures, this appearance became far less compelling, but the name has stuck. It is the remnant of a supernova explosion in the year 1054 A.D., which was recorded in five separate accounts from Chinese astronomers in the Far East. It is perhaps odd that no western observation has survived, since it was certainly one of the most spectacular historical supernovae. The red tendrils are excited gas, emitting strong H-alpha radiation. The nebula was probably first noticed in 1731 by John Bevis, and it was significant enough to be the first entry in Charles Messier's list of nebulae (compiled to avoid mistaking them for comets). The nebula continues to expand and change the details of its appearance, and this is partly due to the violence of the original explosion. However, the star which exploded left behind a rotating neutron star, which continues to beam energy out into the nebula, as well as flashing with a period of only 33 milliseconds. The details of this energy input are important for our understanding both of neutron stars and of the physical conditions in the nebula, and are revealed in the patterns of filaments, their brightness and colors, and the way they change with time. Despite the name, it is actually in the constellation Taurus. 



Our Galaxy

These are millions of stellar-mass black holes — dead stars — scattered 
throughout the disk of our Milky Way galaxy.
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Slide 07. Our GalaxyThese are millions of stellar-mass black holes — dead stars — scattered throughout the disk of our Milky Way galaxy.Image:The Deep Sky, 360-degree All-Sky Panorama (Aitoff Projection) http://home.arcor-online.de/axel.mellinger/Credit:Copyright 2000 Axel Mellinger



Sombrero Galaxy: 
Black Hole Mass = 1 Billion Suns

ESO
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Slide 08.  Sombrero GalaxyImage: Sombrero GalaxyPR Photo 07a/00 of the Sombrero Galaxy (Messier 104) was obtained with FORS1 multi-mode instrument at VLT ANTU on January 30, 2000. It is a composite of three exposures in different wavebands, cf. the technical note below. The full-resolution version of this photo retains the orginal pixels. PR Photo 07b/00 shows the eastern area, with the pronounced dust bands and many background galaxies. North is up and East is left.Credit: European Southern Observatory (ESO PR Photos 07a-c/00)  http://www.eso.org/outreach/press-rel/pr-2000/phot-07a-00-normal.jpgIn addition to their scientific value, many of the exposures now being obtained by visiting astronomers to ESO's Very Large Telescope (VLT) are also very beautiful. This is certainly true for this new image of the famous early-type spiral galaxy Messier 104, widely known as the "Sombrero" (the Mexican hat) because of its particular shape.The colour image was made by a combination of three CCD images from the FORS1 multi-mode instrument on VLT ANTU, recently obtained by Peter Barthel from the Kapteyn Institute (Groningen, The Netherlands) during an observing run at the Paranal Observatory. He and Mark Neeser, also from the Kapteyn Institute, produced the composite images.The "Sombrero" is located in the constellation Virgo (The Virgin), at a distance of about 50 million light-years. The overall "sharpness" of this colour image corresponds to about 0.7 arcsec which translates into a resolution of about 170 light-years at that distance.



Two Types of Black Holes

Supermassive black holes with 
masses of a million to a few billion
Suns live in galactic centers.

We understand some of what they
do, but we don’t know where they
come from.

Orbit of Jupiter

Orbit of Mars
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Slide 09. Two Types of Black HolesSupermassive black holes with masses of a million to a few billion Suns live in galactic centers.We understand some of what they do, but we don’t know where they come from.Image:Credit: Pamela L. Gay



The identification by Maarten Schmidt (1963, Nature, 197, 1040) of the radio source 3C 273
as a 13th magnitude “star” with a redshift of 16 % of the speed of light was a huge shock.
The Hubble law of the expansion of the Universe implies that 3C 273 is one of the most
distant objects known. It must be enormously luminous.

Quasars — violently active galactic nuclei — are the 
most luminous objects in the Universe, more luminous than any galaxy.

The energy requirements for powering quasars 
were the first compelling argument for black hole engines.

The Discovery of Quasars

3C 273
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Slide 10. The Discovery of QuasarsImage on left: Quasar 3C273 Credit: NOAO/AURA/NSF Image on top right: Dr. Maarten SchmidtUsed with permission of Dr. Maarten SchmidtImage on bottom right:Credit:Maarten Schmidt, ApJ, 140, 1964Radio astronomy is a technical byproduct of World War II. After the war, it progressed rapidly, as more and more sources of radio noise in the sky were identified with visible objects. Normal stars and galaxies proved to be weak sources, but some objects in the sky put out strong radio emission. Among these were gaseous nebulae, supernova remnants, and ``radio galaxies". Other sources did not correspond to any optical object or were close on the sky to an apparently ordinary star. Maarten Schmidt at Caltech was one of the astronomers who were trying to understand these strange radio stars. He observed them with a spectrograph on the 200 inch (5 m) telescope on Mount Palomar, and he quickly found that these quasi-stellar radio sources or ``quasars" were distinctly unlike stars. Their spectra showed only a few broad emission lines at unfamiliar wavelengths. In the midst of his puzzlement, he tried to plot the line spacings for the brightest of the objects, 3C 273, against the wavelengths of light emitted by hydrogen gas. Much to his surprise, the wavelengths matched, provided that the lines were redshifted by an unprecedented 16 %. This came as a huge shock. The Hubble law that describes the expansion of the universe immediately implied that 3C 273 is very far away. But it is not faint; it is a 13th magnitude ``star". It can be seen with a moderately large amateur telescope. 
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Slide 11. The Discovery of QuasarsImage on left: Quasar 3C273 Credit: NOAO/AURA/NSF Image on bottom right:Credit: Maarten Schmidt, ApJ, 140, 1964Maarten Schmidt had just discovered one of the most distant objects known, and it had overexposed his first plates. So 3C 273 must be enormously luminous -- trillions of times more luminous than our sun. Another radio quasar, 3C 48, was confirmed within a few hours. Others followed. It was soon found that some quasars vary in brightness in only a few days or weeks. This shows that they are no larger than the solar system. How could such a huge luminosity come from such a small volume? Proposals included swarms of supernovae, supermassive stars, giant pulsars, and supermassive black holes. After a brief Darwinian struggle between theories, black holes emerged as the winners. 



Many radio galaxies and quasars have jets
that feed lobes of radio emission

Cygnus A
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Slide 12. Many radio galaxies and quasars have jets that feed lobes of radio emission.Image:Cygnus A: A galaxy, some 700 million light years away, with a central black hole.The radio galaxy Cygnus A as seen by the Very Large Array at 5 GHz, 0.5'' resolution. The galaxy is at a redshift of 0.057 (distance = 230 Mpc = 760 ly). See Carilli and Barthel 1996, A&A Reviews, 7, 1 for details. Credit: Image courtesy of NRAO, a facility of the NSF operated by AUI.Chris Carilli, NRAO



Let’s try to explain quasars using nuclear reactions like those that power stars:

• The total energy output of a quasar is at least the energy stored in its radio halo ≈ 1054 Joule.

• Via E = mc2, this energy “weighs” 10 million Suns.

• But nuclear reactions have an efficiency of only 1 %.

• So the waste mass left behind in powering a quasar is 10 million Suns / 1 % ≈ 1 billion Suns.

• Rapid brightness variations show that a typical quasar is no bigger than our Solar System.

• But the gravitational energy of 1 billion Suns compressed inside the Solar System ≈ 1055 Joule.

“Evidently, although our aim was to produce a model based on nuclear fuel,
we have ended up with a model which has produced more than enough energy    

by gravitational contraction.  The nuclear fuel has ended as an irrelevance.”         

Donald Lynden-Bell (1969)

This argument convinced many people that quasar engines are 
supermassive black holes that swallow surrounding gas and stars.

Supermassive Black Holes as Quasar Engines
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Slide 13. Supermassive Black Holes as Quasar EnginesImage:Photo of Dr. Donald Lynden-Bell used by permission of Dr. Lynden-Bell.Let’s try to explain quasars using nuclear reactions like those that power stars: The total energy output of a quasar is at least the energy stored in its radio halo ≈ 1054 Joule.Via E = mc2, this energy “weighs” 10 million Suns.But nuclear reactions have an efficiency of only 1 %. So the waste mass left behind in powering a quasar is 10 million Suns / 1 % ≈ 1 billion Suns. Rapid brightness variations show that a typical quasar is no bigger than our Solar System. But the gravitational energy of 1 billion Suns compressed inside the Solar System ≈ 1055 Joule.“Evidently, although our aim was to produce a model based on nuclear fuel, we have ended up with a model which has produced more than enough energy by gravitational contraction. The nuclear fuel has ended as an irrelevance.”         Donald Lynden-Bell (1969)This argument convinced many people that quasar engines are supermassive black holes that swallow surrounding gas and stars.



Why Jets Imply Black Holes — 1

Jets remember ejection directions for a long time.
This argues against energy sources based on many objects (supernovae).
It suggests that the engines are rotating gyroscopes - rotating black holes.

HST
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Slide 14. Why Jets imply black holes.Image on left:M87's Energetic Jet Credit: X-ray: H. Marshall (MIT), et al., CXC, NASA Radio: F. Zhou, F. Owen (NRAO), J. Biretta (STScI)Optical: E. Perlman (UMBC), et al., STScI, NASA Image on right:A Jet from Galaxy M87 Credit:J. A. Biretta et al., Hubble Heritage Team (STScI /AURA), NASA Jets remember ejection directions for a long time.�This argues against energy sources based on many objects (supernovae).�It suggests that the engines are rotating gyroscopes - rotating black holes.How does the black hole create the jet? The jet originates in the disk of superheated gas swirling around this black hole and is propelled and concentrated by the intense, twisted magnetic fields trapped within this matter. The light we see is produced by electrons twisting along magnetic field lines in the jet, a process known as synchrotron radiation, which gives the jet its bluish tint. 



Jet knots move at almost the speed of light.
This implies that their engines are as small as black holes.

This is the cleanest evidence that quasar engines are black holes.

HST

Why Jets Imply Black Holes — 2
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Slide 15. Why jets imply black holes.Image on left:M87's Energetic Jet Credit: X-ray: H. Marshall (MIT), et al., CXC, NASA Radio: F. Zhou, F. Owen (NRAO), J. Biretta (STScI)Optical: E. Perlman (UMBC), et al., STScI, NASA Image on right:A Jet from Galaxy M87 Credit:J. A. Biretta et al., Hubble Heritage Team (STScI /AURA), NASA Jet knots move at almost the speed of light.�This implies that their engines are as small as black holes.�This is the cleanest evidence that quasar engines are black holes.



Jet knots in M87 look like they are 
moving at 6 times the speed of light

(24 light years in 4 years).

This means that they really move at 
more than 98 % of the speed of light.HST

Biretta et al. 1999

Why Jets Imply Black Holes — 2
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Slide 16. Why jets imply black holesImage on left:Hubble Detects Faster-Than-Light Motion in Galaxy M87Sequence of Hubble images showing apparent motion at six times the speed of light in the galaxy M87. TOP PANEL: Hubble image showing jet streaming out from the galaxy's nucleus [bright round region at far left]. The jet is about 5000 light years long, and the box indicates where the superluminal motions were seen. BOTTOM PANEL: Sequence of Hubble images showing motion at six times the speed of light. The slanting lines track the moving features, and the speeds are given in units of the velocity of light ``c." The images were made between 1994 and 1998 with the Faint Object Camera on the Hubble Space Telescope. PHOTO CREDIT: John Biretta, Space Telescope Science Institute.Animation on right:Credit:Video of Hubble images showing apparent motion at six times the speed of light in the galaxy M87. PHOTO CREDIT: John Biretta, Space Telescope Science Institute.Jet knots in M 87 look like they are moving at 6 times the speed of light�(24 light years in 4 years).��This means that they really move at more than 98 % of the speed of light. 



Supermassive Black Holes as Quasar Engines

The huge luminosities and tiny sizes of quasars can be understood if they are 
powered by black holes with masses of a million to a few billion Suns.  

Gas near the black hole settles into a hot disk, releasing gravitational energy 
as it spirals into the hole.  

Magnetic fields eject jets along the black hole rotation axis.

QuickTime™ and a
 decompressor

are needed to see this picture.

QuickTime™ and a
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are needed to see this picture.
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Slide 17. Supermassive black holes as quasar engines.Animation Credit:STScI, NASAhttp://oposite.stsci.edu/ftp/pubinfo/mpeg/The huge luminosities and tiny sizes of quasars can be understood if they are powered by black holes with masses of a million to a few billion Suns.  Gas near the black hole settles into a hot disk, releasing gravitational energy as it spirals into the hole.  Magnetic fields eject jets along the black hole rotation axis.



A black hole lights up as a quasar
when it is fed gas and stars.
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Slide 18. A black hole lights up as a quasar when it is fed gas and stars.Animation Credit:STScI, NASAhttp://oposite.stsci.edu/ftp/pubinfo/mpeg/



How do you feed a quasar ?

One possible answer: 
Galaxy collisions and mergers dump gas into the center.

Simulation:
Josh Barnes

QuickTime™ and a
 decompressor

are needed to see this picture.

QuickTime™ and a
 decompressor

are needed to see this picture.
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Slide 19. How do you feed a quasar?One possible answer: Galaxy collisions and mergers dump gas into the center.Simulation Credit:Josh Barnes



People believe the black hole picture.
They have done an enormous amount of work based on it.

But for many years there was no direct evidence that             
supermassive black holes exist.

So the search for supermassive black holes became a very hot subject.

Danger: It is easy to believe that we have proved what we expect to find.  
So the standard of proof is very high.

PROBLEM
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Slide 20. ProblemPeople believe the black hole picture.They have done an enormous amount of work based on it.  But for many years there was no direct evidence that supermassive black holes exist.So the search for supermassive black holes became a very hot subject.Danger: It is easy to believe that we have proved what we expect to find.  So the standard of proof is very high.



Schmidt, Schneider & Gunn 1991, in The Space Distribution of Quasars (ASP), 109

The Quasar Era Was More Than 10 Billion Years Ago

Quasars were once so 
numerous that most big 

galaxies had one.

Since almost all quasars 
have now switched off, 
dead quasar engines 

should be hiding 
in many nearby galaxies. Now
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Slide 21. The Quasar Era was more than 10 Billion years ago.Illustration:The Space Distribution of Quasars(figure 2 from “Luminosity Function of Quasars at Large Redshifts from Grism Surveys”)Credit:With the kind permission of The Astronomical Society of the Pacific.(Schmidt, Maarten, Donald P. Schneider, & James E. Gunn; ASP Conference Series, 21, 109, 1991)Quasars were once so numerous that most big galaxies had one.��Since almost all quasars have now switched off, dead quasar engines should be hiding �in many nearby galaxies.



The Search For Supermassive Black Holes

The image shown here in the lecture
is not available for public distribution.
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Slide 22. The search for supermassive black holes.Image unavailable.



Canada-France-Hawaii-Telescope
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Slide 23. Canada-France-Hawaii- TelescopeCredit:Richard WainscoatIn the foreground on the summit ridge, from left to right, are the UH 0.6-meter telescope (small white dome), the United Kingdom Infrared Telescope, the UH 2.2-meter telescope, the Gemini Northern 8-meter telescope (silver, open) and the Canada-France-Hawaii Telescope. On the right are the NASA Infrared Telescope Facility (silver), the twin domes of the W.M. Keck Observatory; behind and to the left of them is the Subaru Telescope. In the valley below are the Caltech Submillimeter Observatory (silver), the James Clerk Maxwell Telescope (white, open), and the assembly building for the submillimeter array. The cinder cone in the center of the photograph is Pu`u Poliahu. In the distance is the dormant volcano Hualalai (altitude 8,271 feet), located near Kailua-Kona.  
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Slide 24. Dr. Kormendy, searching for black holes.Credit:Photo taken by Mary Kormendy.



QuickTime™ and a
Cinepak decompressor

are needed to see this picture.
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Slide 25. The doppler effect.Animation credit:Pamela L. GayNote: You may experience playback problems of this animation on older or slower computers.
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Cinepak decompressor

are needed to see this picture.
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Slide 26. This time we’ll turn the sound off and watch the color of the light on top of the car.Animation Credit:Pamela L. Gay



Simple Spectrograph
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Slide 27. Simple Spectrograph



M 31: Black Hole Mass = 40 Million Suns

M 31 on spectrograph slit

Spectrum of M 31
The brightness variation of 

the galaxy has been 
divided out.                      

The zigzag in the lines is 
the signature of the   

rapidly rotating nucleus 
and central black hole. Red                      Blue
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Slide 28. Spectrum of M 31�  �The brightness variation of the galaxy has been divided out.                      The zigzag in the lines is the signature of the rapidly rotating nucleus and central black hole.



M 31: Black Hole Mass = 40 Million Suns
Kormendy & Bender 1999, ApJ, 522, 772
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Slide29. Black hole massCredit:Kormendy & Bender 1999. ApJ 522, 722



M 31: Black Hole Mass = 40 Million Suns
Distance ≈ 2.5 x 106 light years (ly)   ⇒ scale = 82 arcsec / 1000 ly.

Observe rotation velocity V ≈ 160 km/s  at  radius r = 1 arcsec.

Mass: Balance centripetal acceleration and gravity:

mV2/r = GMm/r2 ⇒ M = V2 r / G ,  
where M = central (“black hole”) mass;   

m = mass of orbiting star;
G = Gravitational constant;

= 6.673 x 10-8 cm3 / g s2.

Approximate mass
(160 km/s)2 (105 cm / km)2 (1 arcsec)  (9.47 x 1017 cm/ly)

V2 r / G ≈ ———————-——————————————————————-
(6.673 x 10-8 cm3 g-1 s-1) ( 1.99 x 1033 g/ M) (82 arcsec / 1000 ly)

= 22 x 106 M .  This is an underestimate because it does not include
the effects of projection or random velocities.
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Slide 30. Basic calculations for estimating the mass of a black hole.



M 31: Black Hole Mass = 40 Million Suns

HST
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Slide 31. Black hole massCredit:Kormendy



NGC 3115: Black Hole Mass = 1 Billion Suns
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Slide 32. Black hole massCredit: KormendyMany quasars have redshifts of 2 or 3. This corresponds to a time when the universe was about 5 billion years old, only a third of its present age. At that time, many large galaxies had luminous active nuclei. Since then, quasars have mostly died out. Very few are active today. What is left is the waste mass from the quasar era -- black holes with masses of a million to a few billion solar masses that are starving for fuel. Some of them accrete slowly; this produces very little light. Many are not active at all. Since quasars were once found in most large galaxies, we expect that dormant supermassive black holes should hide in most large galaxies today. How can we find these black holes? If they are dormant, they make their presence felt only through their gravitational pull on nearby stars and gas. When they are surrounded by a disk of stars or gas, this disk spins very rapidly. In fact, the signature of a black hole is that the disk spins too rapidly for the number of stars that it contains. Without an extra dark object in its middle, the disk would fly apart. More generally, the orbits of stars in a galactic nucleus are not all aligned in a disk but instead have random orientations. They swarm around like a cluster of bees, rather than spinning like a flying frisbee. A spectrograph sees light from many thousands of stars at once. Some are approaching us in their orbits and others are receding. As a result, the stellar absorption lines are broadened by the Doppler shift. Measuring the width of the lines tells us the random velocities of the stars. From the rotation velocities or the random velocities, the laws of gravity tell us the mass. Why is the black hole search difficult? After all, quasars have been known for well over 30 years. For all of this time, there has been an acute need to confirm or disprove the theory that they are powered by black holes. The answer is that even a supermassive black hole dominates the motions of stars and gas in only a tiny volume near the center. At most ground-based observatories, this volume is hopelessly blurred by atmospheric turbulence or ``seeing''. Only with the best ground-based spatial resolution does it become possible to find black holes in favorable cases, and only with the resolution of the refurbished HST does it become routine to find black holes in most nearby galaxies. 



NGC 3115: Black Hole Mass = 1 Billion Suns

NGC 3115 has a bright central cusp of stars like we expect around a black hole.  

Stars in this nuclear cluster move at about 1000 km/s.  

But: if the nucleus contained only stars and not a black hole, then its escape velocity 
would be 350 km/s.  Stars moving at 1000 km/s would fly away.

This shows that the nucleus contains a dark object of mass 1 billion Suns.
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Slide 33. Black hole massCredit:(left) HST WFPC2 color image of NGC 3115 showing the central disk of stars and the nuclear star cluster. The right panel shows a model of the nuclear disk. The center panel shows the difference; it emphasizes the tiny nuclear star cluster. Brightness is proportional to the square root of intensity. All panels are 11.6 arcsec square. [This figure is taken from Kormendy et al. 1996, ApJ, 459, L57.] More specifically: black holes of a billion solar masses live in galaxies whose total masses are more than a hundred billion suns. Over most of the galaxy, the stars move in response to the gravity of the other stars. They do not know that a black hole is present at the center. Only near the nucleus is the combined mass in stars smaller than the mass of the black hole. Only here does it dominate the local gravity. Even for our nearest neighbors like the Andromeda Galaxy (which is about 2 million light years away), the region of influence of the black hole has an angular size of only about 1 arc second. Ground-based telescopes that have especially good resolution can find black holes in such objects. For example, the telescopes at the 13,800-foot summit of Mauna Kea in Hawaii have exceptionally good spatial resolution, because 40\% of the Earth's atmosphere is below them. Searches by one of us (Kormendy) found five black holes in the late 1980s and early 1990s using the Canada-France-Hawaii Telescope on Mauna Kea. The first of these was in the Andromeda Galaxy. Its 30,000,000 solar mass black hole was discovered independently and almost simultaneously by Alan Dressler (Carnegie Observatories) and Douglas Richstone (University of Michigan) using the 200 inch telescope at Palomar. Messier 32, the small elliptical companion of the Andromeda galaxy, also has a black hole. This one ``weighs'' a mere 3 million solar masses. NGC 3115 is a nearby S0 galaxy, an intermediate type between spirals and ellipticals in Edwin Hubble's classification scheme. Spectroscopic observations made in 1992 with the Canada-France-Hawaii telescope revealed rapid rotation from an edge-on disk and large random velocities in the surrounding bulge stars. These implied a black hole of mass one billion suns. In 1996, observations with HST confirmed this result and showed a velocity dispersion as high as 600 km/s in the nucleus. This was the highest measured in any galactic center. NGC 3115 contains a tiny nuclear star cluster (Figure 3), exactly the sort of density cusp that astronomers have long expected to find around black holes. This nucleus would fly apart in a few tens of thousands of years unless there is a dark mass equivalent to a billion suns holding it together.



Hubble Space Telescope

Presenter
Presentation Notes
Slide 34. Hubble Space TelescopeImage:Hubble Floats Free Credit: STS-82 Crew, HST, NASAWhy put observatories in space? Most telescopes are on the ground. On the ground, you can deploy a heavier telescope and upgrade it more easily. The trouble is that Earth-bound telescopes must look through the Earth's atmosphere. First, the Earth's atmosphere blocks out a broad range of the electromagnetic spectrum, allowing a narrow band of visible light to reach the surface. Telescopes which explore the Universe using light beyond the visible spectrum, such as those onboard the Compton Observatory (gamma rays), the ASCA satellite (x-rays), or the new ultraviolet and infrared instruments on the above-pictured Hubble Space Telescope (HST), need to be carried above the absorbing atmosphere. Second, the Earth's atmosphere blurs the light it lets through. The blurring is caused by varying density and continual motion of air. By orbiting above the Earth's atmosphere, the Hubble can get clearer images. In fact, even though HST has a mirror 15 times smaller than large Earth-bound telescopes, it can still resolve detail almost 100 times finer. 
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Slide 35. The Nuker TeamThe Nuker Team was organized in 1985 to use Hubble Space Telescope high-resolution imaging and spectroscopy to investigate the central structure and dynamics of normal galaxies.http://www.noao.edu/noao/staff/lauer/nuker.htmlPhotos clockwise from top left:Doug Richstone (used with  permission of Dr. Richstone)Sandra Faber (Credit: Copyright Sandra Faber)Karl Gebhardt (used with  permission of Dr. Gebhardt)John Kormendy (used with  permission of Dr. Kormendy)Richard Green Credit: AAS Photos by Richard Dreiser, copyright 2000 by American Astronomical Society. (used with  permission of Dr. Green and the AAS)Ralf Bender (used with  permission of Dr. Bender)Alex Filippenko Credit: AAS Photos by Richard Dreiser, copyright 2000 by American Astronomical Society. (used with  permission of Dr. Filippenko and the AAS)Alan Dressler (used with  permission of Dr. Dressler)



Black Hole Census — April 2002

Milky Way 0.028 3
M 31 2.3 40
M 32 2.3 3
M 81 12.7 68
NGC 3115 32 1000
NGC 4594 32 1000
NGC 3379 34 100
NGC 3377 37 100
NGC 1023 37 39
NGC 3384 38 14
NGC 4697 38 120
NGC 7457 43 3
NGC 4564 49 57
NGC 4342 50 300
NGC 4486B 50 500
NGC 4742 51 14
NGC 4473 51 100
NGC 4649 55 2000
NGC 2778 75 20
NGC 3608 75 110
NGC 7332 75 15
NGC 821 78 50
NGC 4291 85 250
NGC 5845 85 320

Galaxy Distance Black Hole Mass
(million ly) (million Suns)

NGC 5128 6.5 200
NGC 2787 42 71
M 87 52 2500
NGC 4350 55 600
NGC 4459 55 73
NGC 4596 55 78
NGC 4374 60 1000
IC 1459 95 200
NGC 4261 104 540
NGC 7052 192 330
NGC 6251 345 600

NGC 4945 12.1 1
NGC 4258 23 42
NGC 1068 49 17

Kormendy et al.
Gebhardt et nuk.
STIS GTO Team

Galaxy Distance Black Hole Mass
(million ly) (million Suns)
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Slide 36. Black Hole Census - April 2002As of June 2000, we have good evidence for supermassive black holes in 33 galaxies (Table 1). This is enough for a quantum improvement in what we can learn about black holes and galaxy formation. First, the amount of mass that we find in black holes is consistent with predictions of the waste mass left behind by quasars. Also, the individual masses of the black holes in Table 1 are consistent with predictions from quasar energies. Two new results are fundamental correlations between black hole masses and the properties of their host galaxies. Galaxies come in two basic types, flat spinning disks (like frisbees) and more nearly spherical bulges that rotate a little but that mostly are supported by random motions of stars. Many galaxies, like our own and the Andromeda galaxy, consist of a bulge in the middle of a disk. When a galaxy contains only a bulge and not a disk, it is called an elliptical galaxy. In the following discussion, use of the term ``bulge'' includes elliptical galaxies. Supermassive black holes have now been found in elliptical galaxies and in galaxies that contain both a bulge and a disk but not in galaxies that consist only of a disk. In 1993, one of us (Kormendy) found that black hole mass is roughly proportional to the luminosity of the bulge component of the host galaxy. This is confirmed by the new black hole detections (Figure 6). It implies that the mass of a black hole is always about 0.2 % of the mass of the bulge. The cause of this correlation is not known, but it implies that, as galaxies form, an approximately standard fraction of the mass ends up in the black hole. The correlation contains important clues to the origin and growth of galaxies. In the past few months, a new and more fundamental correlation has been found by Karl Gebhardt (now at the University of Texas at Austin) and collaborators, including Kormendy. More massive black holes live in galaxies whose stars move faster. Of course, the stars near the center must have high velocities; they are the ones that are used to find the black holes. Concluding that black holes correlate with these stars would be circular reasoning. Instead, the new correlation involves the stars in the main bodies of the galaxies. These stars do not feel the black holes. But they, too, move more rapidly than do stars in galaxies with less massive black holes. The scatter in the new correlation is almost zero. That is, it is almost the same as the measurement errors. Tight correlations in astronomy have always led to fundamental advances in our understanding of how things work. They tell us that there is an underlying astrophysical constraint that we didn't know about before. In the present case, we do not yet have an explanation of why the correlation is so tight. But it implies that there is something almost magically regular about the process by which black holes are fed and grown. On the other hand, we can use the correlation without knowing why it exists. The smallness of the scatter and the existence of two correlations have much to say about when, in relation to their host galaxies, black holes grew. 



M 87: Black Hole Mass = 2.5 Billion Suns

M 87 was observed with Hubble by 
Harms, Ford, and collaborators.
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Slide 37. Gas Disk in Nucleus of Active Galaxy M87A giant black hole in a galactic nucleus exerts a powerful gravitational force on nearby gas and stars, causing them to move at high speeds. This is hard to see in quasars, because they are far away and because the dazzling light of the active nucleus swamps the light from the host galaxy. In a radio galaxy with a fainter nucleus, the stars and gas are more visible. The giant elliptical galaxy Messier 87, one of the two brightest objects in the Virgo cluster of galaxies, is a radio galaxy with a bright jet emerging from its nucleus. It has long been thought to contain a black hole. Recent observations of Messier 87 with the Hubble Space Telescope (HST) reveal a disk of gas 500 light years in diameter whose orbital speeds imply a central mass of 3 billion solar masses. The ratio of this mass to the central light output is more than 100 times the solar value. No normal population of stars has such a high mass-to-light ratio. This is consistent with the presence of a black hole, but it does not rule out some other concentration of underluminous matter. Credit:HST image of the gas disk near the center of Messier 87. The data were taken with the Second Wide Field/Planetary Camera (WFPC2) through a filter that isolates the red optical emission lines of hydrogen and nitrogen gas. The jet extends toward the upper-right. The inset is an expanded view of the gas disk; the region shown is 5 x 5 arcsec or 1300 x 1300 ly. [Image courtesy of NASA/Space Telescope Science Institute, based on data originally published by Ford, H. C., et al. 1994, ApJ, 435, L27.] 



From the difference in Doppler shifts seen on opposite sides of the center,
the disk rotates at almost 600 km/s.

This implies a black hole of mass 2.5 billion Suns.

1150 km/s
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Slide 38. Spectrum of Gas Disk in Active Galaxy M87Credit: Dr. Holland Ford, STScI/JHU and NASAFrom STScI Press (PR94-23 May 25, 1994):HUBBLE CONFIRMS EXISTENCE OF MASSIVE BLACK HOLE AT HEART OF ACTIVE GALAXYAstronomers using NASA's Hubble Space Telescope have found seemingly conclusive evidence for a massive black hole in the center of the giant elliptical galaxy M87, located 50 million light years away in the constellation Virgo.  Earlier observations suggested the black hole was present, but were notdecisive.This observation provides very strong support for the existence of gravitationally collapsed objects, which were predicted 80 years ago by Albert Einstein's general theory of relativity.  "If it isn't a black hole, then I don't know what it is," says Dr. Holland Ford of the Space Telescope Science Institute and The Johns Hopkins University in Baltimore, Maryland. "A massive black hole is actually the conservative explanation for what we see in M87.  If it's not a black hole, it must be something even harder to understand with our present theories ofastrophysics," adds fellow investigator Dr. Richard Harms of the Applied Research Corp. in Landover, Maryland.The discovery is based on velocity measurements of a whirlpool of hot gas that is orbiting around the black hole in the form of a disk.  The presence of the disk, discovered in recent Hubble images,  allows for an unprecedented, precise measurement of the mass of the object at the hub of the disk.



The Space Telescope Imaging Spectrograph 
is providing spectacular new data on black holes.

M 84: Black Hole Mass = 1 Billion Suns

Bower et al. 1998, ApJ, 492, L111
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Slide 39. Galaxy M84 NucleusImage: (STScI-PRC97-12, May 12, 1997)Credit:  Gary Bower, Richard Green (NOAO), the STIS Instrument Definition Team, NASA From STScI Press Release (STScI-PR97-12):STIS RECORDS A BLACK HOLE'S SIGNATURE The colorful "zigzag" on the right is not the work of a flamboyant artist, but the signature of a supermassive black hole in the center of galaxy M84, discovered by Hubble Space Telescope's Space Telescope Imaging Spectrograph (STIS). The image on the left, taken with Hubble's Wide Field Planetary and Camera 2 shows the core of the galaxy where the suspected black hole dwells. Astronomers mapped the motions of gas in the grip of the black hole's powerful gravitational pull by aligning the STIS's spectroscopic slit across the nucleus in a single exposure. 



We observe only a shadow of the dark object —
its gravitational effect on ordinary stars and gas.
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Slide 40. We observe only a shadow of the dark object — its gravitational effect on ordinary stars and gas.Illustration credit:Margarete Kormendy



Are we detecting one object?
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Slide 41. Are we detecting one object?Illustration credit:Margarete Kormendy



Or two?
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Slide 42. Or two?Illustration credit:Margarete Kormendy



Or many?
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Slide 43. Or many?Illustration credit:Margarete Kormendy



Could we be detecting a cluster of dark stars?

Possibilities

Brown dwarf stars
White dwarf stars

Neutron stars
Stellar-mass black holes
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Slide 44. Could we be detecting a cluster of dark stars?Illustration credit:Margarete Kormendy



NGC 4258: 
Dark Mass = 42 Million Suns

We can measure the rotation of these two galaxies especially close to the center.

The dark mass is in such a small volume at the center that 
alternatives to a black hole (failed stars or dead stars) are ruled out.

These are the best black hole candidates.

Our Galaxy: 
Dark Mass = 3 Million Suns
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Slide 45. Black hole candidates: NGC 4258 and our own galaxyCredits:Image on left: CCD image of NGC 4258 obtained by Frei, Gunn & Tyson (1996, AJ, 111, 174) at the Palomar Observatory 60 inch (1.5 m) telescope using green, red, and near-infrared filters. An unusual aspect of this image is that foreground stars have been removed. http://www.astro.princeton.edu/~frei/Gcat_htm/Sub_sel/gal_4258.htmImage on right: The Milky Way in Infrared Credit: E. L. Wright (UCLA), The COBE Project, DIRBE, NASA A more compelling argument is possible in the Seyfert galaxy NGC 4258, where orbiting gas in the nucleus emits microwave maser emission from water molecules. The location and velocity of this gas can be mapped with amazing precision by making coordinated observations with radio telescopes separated by large distances. The angular resolution given by this technique is 100 times better than that of HST. The measurements imply that 40 million solar masses lie within half a light year of the center. Could this material be a cluster of dark stars? Dan Maoz (now at Tel-Aviv University) has shown that the answer is ``no.'' There are two possibilities, failed stars or dead stars. Failed stars are ones that are too low in mass; their insides never get hot enough to ignite the nuclear reactions that power stars. They are called brown dwarfs. But brown dwarfs are light -- less than 0.08 solar masses -- so there would have to be many of them to explain the dark mass in NGC 4258. Then they would have to be very close together. As a result, most of them would collide with other brown dwarfs. Stars that collide generally stick together. But if two brown dwarfs of almost 0.08 solar masses merge, they become a luminous star, and then the dark cluster would light up. The other alternative is dead stars, that is, white dwarf stars, neutron stars, or stellar-mass black holes. But these are more massive than brown dwarfs, so there would be fewer of them. The gravitational evolution of clusters of stars is well understood: individual stars get ejected from the cluster, the remaining cluster contracts, and the evolution speeds up. Calculations show that a cluster of dead stars in NGC 4258 would evaporate completely in about 100 million years. From a cosmic perspective, this is almost no time at all. It is much less than the age of the galaxy. So the most astrophysically plausible alternatives to a black hole can be excluded. It is difficult to escape the conclusion that NGC 4258 contains a supermassive black hole. 



Have we discovered black holes in galactic nuclei?

Probably.

Other alternatives are very implausible.

But: Absolute proof requires that we see velocities of almost the 
speed of light from near the surface of the black hole.

X-ray observations of Seyfert  
galaxies show spectral lines as
wide as 100,000 km/s.

This is 1/3 of the speed of light.

Nandra et al. 1997, ApJ, 477, 602
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Slide 46. Have we discovered black holes in galactic nuclei? Credit:Nandra et al. 1997, ApJ, 477, 602Probably.Other alternatives are very implausible.But: Absolute proof requires that we see velocities of almost the speed of light from near the surface of the black hole.



The image shown here in the lecture
is not available for public distribution.
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Slide 47.  <- Glenmont  2Black Hole   -> Image unavailable.



The bulgeless galaxy M 33 does not contain a black hole.
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Slide 48. The bulgeless galaxy M33 does not contain a black hole.Image:Elements of Nearby Spiral M33 Credit: Nichole King (STScI) et al., Mayall Telescope, KPNO, NOAO, NSF 



Typical stars in the nucleus of M 33 move at only 21 km/s.
Any black hole must be less massive than 1500 Suns.
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Slide 49. Typical stars in the nucleus of M 33 move at only 21 km/s.�Any black hole must be less massive than 1500 Suns.Credit:Kormendy



Conclude: Every galaxy that contains a bulge component 
also contains a black hole.
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Slide 50. Conclude: Every galaxy that contains a bulge component also contains a black hole.Credit:KormendySo far, astronomers have found a supermassive black hole in every galaxy observed that contains a bulge component. Therefore the observed correlations say that black hole mass is intimately connected with bulge formation. Alternative theories come in two extremes. (1) Maybe black holes came first in a standard size, namely 0.2 % of the mass of the first galaxy fragments. Then mergers of small galaxies made big galaxies, and the big galaxies still contained 0.2 % mass black holes because, when two galaxies merge, their black holes merge, too. Or (2) Maybe black holes started out small and then grew during galaxy formation. If 0.2 % of the gas that makes stars always gets fed to the central black hole, then the black hole mass fraction is always 0.2 %. 



Conclude: Every galaxy that contains a bulge component 
also contains a black hole.
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Slide 51. Conclude: Every galaxy that contains a bulge component also contains a black hole. Credit:European Southern Observatory (ESO PR Photos 07a-c/00)  http://www.eso.org/outreach/press-rel/pr-2000/phot-07a-00-normal.jpgBoth theories include an explanation of quasars, but they differ in how they use quasars. In theory (1), the black holes come first and then regulate galaxy formation, while in theory (2) the black holes and galaxies grow together. Which theory is correct? Two arguments favor (2). 



Conclude: Every galaxy that contains a bulge component 
also contains a black hole.
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Slide 52. Conclude: Every galaxy that contains a bulge component also contains a black hole. Image:NGC 4565Credit:Richard WainscoatObservations show that there are two kinds of bulge-like components and that both contain black holes. One kind, called a pseudobulge, is believed to form in a bulgeless pure disk galaxy when gas flows inward toward the center. We observe that disks do not contain supermassive black holes in nearly the same proportion (0.2 % of the mass) as do bulges. But seven galaxies in Table 1 contain pseudobulges and all of them contain standard black holes with about 0.2 % of the pseudobulge mass. So the black holes must have grown during the process that made the pseudobulges. 



No bulge ⇒ no black hole.
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Slide 53. No bulge -> no black holeImage:NGC891, a large, nearby, edge-on spiral galaxy http://www.noao.edu/image_gallery/html/im0002.htmlCopyright WIYN Consortium, Inc. Credit: C. Howk (JHU), B. Savage (U. Wisconsin), N.A.Sharp (NOAO)/WIYN/NOAO/NSFThe second argument comes from a comparison of the two correlations of black hole mass with host galaxy properties. One correlation says that bigger bulges contain bigger black holes, with exceptions: a few galaxies contain anomalously big black holes. But the stars in these galaxies move faster, too, and they do so by precisely the right amount so that the scatter in the black hole mass -- random velocity correlation is small. What does this mean? The reason why the stars move so rapidly is that the galaxy collapsed to an unusually small size when it formed. Then stars are closer together, so their gravitational forces on each other are bigger, so they must move faster. But if black holes are unusually massive whenever galaxies are unusually collapsed, then black hole masses was probably fixed by the collapse process. The alternative -- that bigger black holes cause a galaxy to be more collapsed -- is less likely, because bigger black holes would power brighter quasars; their radiation would push on the protogalactic gas and would tend to make it collapse less, not more. 



Black Hole Conclusions

Black hole masses are just right to explain              
the energy output of quasars.
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Slide 54. Black hole conclusions.Credit:Herman-Josef Roeser; Image used with the kind permission of The Astronomical Society of the Pacific;William C. Keel.Based on these arguments, we conclude that the major events that made the bulge and the major periods of black hole growth were the same events. Galaxy formation directly results in the black hole feeding that makes quasars shine. The first quasar identified and the brightest in apparent magnitude, 3C 273 is unusually luminous for being so nearby, and has by far the brightest optical jet known among quasars. This montage illustrates its appearance on Palomar Sky Survey plates, where a hint of the jet appears; on an excellent ground-based image, showing not only the jet but the fuzzy glow of the giant host galaxy around the brilliant nucleus; and an HST images detailing the complex structure of the jet itself with the nucleus safely outside the field of view. This jet is unique in its complex structure, with extensions to the side at both ends that have no radio counterparts. Indeed, unlike optical jets seen in radio galaxies, there are major differences between the radio and optical structures of this jet. Herman-Josef Roeser provided copies of his HST images of the jet and the ground-based image from the ESO New Technology Telescope (NTT) at La Silla, Chile. The jet image used WFPC2 and a near-IR I band filter, while the NTT image is a red-light exposure.



Black Hole Census — April 2002

Milky Way 0.028 3
M 31 2.3 40
M 32 2.3 3
M 81 12.7 68
NGC 3115 32 1000
NGC 4594 32 1000
NGC 3379 34 100
NGC 3377 37 100
NGC 1023 37 39
NGC 3384 38 14
NGC 4697 38 120
NGC 7457 43 3
NGC 4564 49 57
NGC 4342 50 300
NGC 4486B 50 500
NGC 4742 51 14
NGC 4473 51 100
NGC 4649 55 2000
NGC 2778 75 20
NGC 3608 75 110
NGC 7332 75 15
NGC 821 78 50
NGC 4291 85 250
NGC 5845 85 320

Galaxy Distance Black Hole Mass
(million ly) (million Suns)

NGC 5128 6.5 200
NGC 2787 42 71
M 87 52 2500
NGC 4350 55 600
NGC 4459 55 73
NGC 4596 55 78
NGC 4374 60 1000
IC 1459 95 200
NGC 4261 104 540
NGC 7052 192 330
NGC 6251 345 600

NGC 4945 12.1 1
NGC 4258 23 42
NGC 1068 49 17
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(million ly) (million Suns)
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Bigger black holes live
in bigger galaxy bulges.

Bigger black holes live
in bulges in which the
stars move faster.

Kormendy 1993 Gebhardt et nuk. 2000;
Ferrarese & Merritt 2000

Presenter
Presentation Notes
Slide 56. Bigger black holes live in bigger galaxy bulges. Bigger black holes live in bulges in which the stars move faster. CreditsGraph on left:Kormendy, 1993Graph on right:Gebhardt et nuk., 2000Ferrarese & Merritt, 2000The left plot shows the correlation between black hole mass and the luminosity of the bulge component of the host galaxy in units of the total luminosity of the Milky Way. It tells us that more luminous bulges -- which are also more massive bulges -- contain more massive black holes. Each black hole is represented by one point. Blue points are detections based on the motions of stars. Green points are based on the rotation speeds of hot gas disks. Red points are based on the rotation speeds of cold maser gas disks. The right-hand plot shows the new correlation between black hole mass and the average random speeds of stars in the host galaxies. It says that bigger black holes live in galaxies whose stars move faster. The points have the same meaning as in the left plot. 





These diagrams contain almost the same information, because galaxy 
mass is measured by stellar velocity.  What is new in the right panel?

Answer: how much the bulge collapsed when it formed.

Bulge mass x constant

Black hole mass ≈ 0.2 % of bulge mass.
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Slide 57. These diagrams contain almost the same information, because galaxy mass is measured by stellar velocity.  What is new in the right panel?Answer: how much the bulge collapsed when it formed.CreditsGraph on left:Kormendy, 1993Graph on right:Gebhardt et nuk., 2000Ferrarese & Merritt, 2000





Black hole mass is more connected with how much a bulge collapsed 
than with how big the bulge is. So there is a close connection between 
black hole growth and bulge formation.

Bulge mass x constant

Black hole mass ≈ 0.2 % of bulge mass.
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Slide 58. Black hole mass is more connected with how much a bulge collapsed than with how big the bulge is. So there is a close connection between black hole growth and bulge formation.CreditsGraph on left:Kormendy, 1993Graph on right:Gebhardt et nuk., 2000Ferrarese & Merritt, 2000



CONCLUSION

The formation of bulges 
and

the growth of their black holes, 
when they shone like quasars, 

happened together.
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Slide 59. CONCLUSION The formation of bulges and the growth of their black holes, when they shone like quasars, happened together.



This unifies 
two major areas of 

extragalactic research:
quasars

and
galaxy formation.

Hubble Deep Field
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Slide 60. Hubble Deep Field.Image: Full WFPC2 MosaicCredit:R. WIlliams and the HDF Team (ST ScI) and NASAFor more information on the image, see STScI Press Release (STScI-PR96-01), HUBBLE'S DEEPEST VIEW OF THE UNIVERSE UNVEILS BEWILDERING GALAXIES ACROSS BILLIONS OF YEARS.One peek into a small part of the sky, one giant leap back in time...



The Future

Short-term

It should be possible to derive black hole masses 
for thousands of quasars and other active galaxies 

and
probe the growth of black holes as the Universe evolved.

Long-term

Gravitational wave astronomy
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Slide 61. The Future Short-termIt should be possible to derive black hole masses for thousands of quasars and other active galaxies and probe the growth of black holes as the Universe evolved.Long-termGravitational wave astronomy
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To Pamela Gay for her help with this presentation.

To the Nuker team and especially Karl Gebhardt for 
many years of fruitful collaboration.
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Dr. John Kormendy
Department of Astronomy 

Dr. John Kormendy is a professor at the University of Texas at 
Austin.  His research interests include the search for black 
holes in galactic nuclei, elliptical galaxies and bulges of disk 
galaxies, dark matter, and secular evolution in galaxy 
structure.
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