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Emily:
Good evening and thank you for standing by.  I would like to inform all parties that your lines have been placed on listen only until the question and answer portions of today’s conference.


This call is being recorded.  If you should have any objections please disconnect at this time.


I would now like to turn the call over to Mr. Kenneth Frank. Thank you sir, you may begin.

Kenneth Frank:
All right, thank you very much Emily.  Hello everyone and welcome to the Night Sky Network’s Monthly IWAYA 2009 Series Conference.


We’re pleased to have Dr. Elliot Carter as our speaker this evening, featuring our July 2009 Discover Guide Theme - Black Holes.


And we also as most commonly often have the pleasure of our Night Sky Network innovator and mentor.  I’m running out of words to say good stuff about (Mernie) – hi (Mernie).
(Mernie):
Hi everybody, nice to be here.  And don’t forget your black hole toolkits for - after this. 

Kenneth Frank:
Oh right, for next month.  And so (Mernie) will be listening in along with all of us this evening and monitor the Night Sky info at AstroSociety.org if you have other questions afterwards.


Okay, Emily if you’d please open up the lines.  And we’ll find out whose listening out there and what club they are affiliated with before introducing the speaker (unintelligible).

Emily:
At this time your lines are open.

Kenneth Frank:
Great.  Do we have – we have Bill from the (unintelligible) Group.

Bill:
Yes.

Kenneth Frank:
Great.  Who else is out there?

(Stewart Myers):
(Stewart Myers) from Amateur Astronomers Inc., in New Jersey.

Kenneth Frank:
Hello (Stewart).

(Stewart Myers):
Hi.

(Ruth Craft):
(Ruth Craft)…

((Crosstalk))
(Ruth Craft):
…Society in South Bend, Indiana.

Kenneth Frank:
Hi (Ruth).

((Crosstalk))

(Russ Walkey):
(Russ Walkey) from the Brighton Astronomy Group.

Kenneth Frank:
Hello (Russ).

(Russ Walkey):
Hello.

(Pat Sedor):
(Pat Sedor) from Southwest Florida Astronomical Society.

Kenneth Frank:
Okay welcome.

((Crosstalk))

(Rick Kay):
(Rick Kay) from Eugene Astronomical Society.

Gus Foley:
Gus Foley from the Memphis Astronomical Society.

Kenneth Frank:
Thank you.

(Wilson):
(Wilson), Memphis Astronomical Society.

(Lady Neager):
(Lady Neager), Memphis Astronomical Society.

(Leslie O’Brien):
(Leslie O’Brien) of the (Danny O’Brien) Astronomy Club in Denver, Colorado.

Kenneth Frank:
Hi.

(Leslie O’Brien):
Hi.

(Pat Tres):
(Pat Tres), Tri State Astronomers in (Hedridge) Town Maryland.

(Linda):
(Linda) from Memphis Astronomical Society.  

Kenneth Frank:
Hi.

(Dan Lipton):
(Dan Lipton) from (unintelligible) University Astronomy Club – can you hear me?

Laura Beth Carpenter:
Laura Beth Carpenter, Berks County (unintelligible) Astronomical Society in Pennsylvania.

((Crosstalk))

Man:
…Observatory Foundation in West Virginia.

(Peggy):
(Peggy) (unintelligible).

(Carl):
(Carl) from Pennsylvania.

Kenneth Frank:
Hey (Carl).

Woman:
Lot of them from Pennsylvania tonight.

((Crosstalk))

Fran:
Fran from Maine.  

(Joe McFadden):
(Joe McFadden), (unintelligible) Astronomy.

(Darren Wise):
(Darren Wise) from National Astronomical Society in Bakersfield.

Kenneth Frank:
All right.  

(Rick Sinclair):
(Rick Sinclair), Amateur Telescope Makers of Boston.

((Crosstalk))

(Jim):
…Astronomical Society.

Kenneth Frank:
Hello (Jim).

Man:
Hi there Ken.  Thanks for the work on the slides and the link to the (unintelligible).

Kenneth Frank:
You’re most welcome.

(Marcus Dalvez):
This is (Marcus Dalvez), Amateur Astronomers Incorporated.   Bradford, New Jersey.

Kenneth Frank:
Hello.

(Marcus Dalvez):
Hi.

Man:
(Unintelligible) from the Astronomical League (unintelligible) in New Jersey.

Kenneth Frank:
Hi.

(Jim Hatch):
This is (Jim Hatch) Astronomical Society of Northern New England, (unintelligible) Maine.

Kenneth Frank:
All right.

(Moser):
(Moser), The Amateur Astronomers Association of Pittsburgh.

(Jet Kramer):
(Jet Kramer), Lake County Illinois Astronomical Society.

Kenneth Frank:
Hi.

(Nick Budy):
This is (Nick Budy) (unintelligible) Society in Upstate New York.  

Kenneth Frank:
Hi (Nick).

(Dennis Huffinagel):
This is (Dennis Huffinagel), Watson Association of Celestial Observers in North West Washington State.

Kenneth Frank:
Hello.

(Gary Vamier):
(Gary Vamier) Moorhead Amateur Astronomy Association, Moorhead, Tennessee.

Kenneth Frank:
Hi (Gary). 

(Gary Vamier):
Okay.

Kenneth Frank:
Okay we’re about five minutes after.  So we need to cut it short, I’m sorry so we can get on with the speaker please if you would Emily would you (unintelligible).

Woman:
Can you hear me?

Woman:
It was wonderful to hear from everybody.  

Kenneth Frank:
I know (Skip Bird) is out there, and (Darien O’Brien) and all the rest.


Okay, now that we’ve done with most of out there – sorry, we couldn’t get everybody.


Dr. Carter is a Professor of Astronomy and Psychics at the University of California at Berkeley, where he is a highly regarded teacher and a public lecturer.


Dr. Carter is the Director of Berkeley’s Theoretical Astro Psychics Center, and a leading Scientist studying black holes, how galaxies form and a variety of other problems in astronomy.


And without further ado, to our teleconference audience, please welcome Dr. Elliot Carter.

Woman:
Yeah.

Elliot Carter:
Thank you, it’s a pleasure to be able to talk to you tonight.  This is my first time doing a teleconference public talk.  So I hope it goes well.


As Ken said, I am a Professor here at Berkeley, my research is on the theoretical side of astronomy.  So I don’t – I’m not actually an observer or a telescope builder.


My background is really in psychics that what first really got be excited about astronomy was studying psychics.  And I came into it that way.


So my work is really theoretical. I’m in my office right now, this is where I spend most of time actually doing research, rather than going to telescopes.


One of the problems that I work a lot on actually is the problem of black holes.  And that’s the topic that I want to talk to you about tonight.


So what I hope to do is to convey to you some of the excitement and the enthusiasm from the astrophysics perspective about black holes.  Why this has been such an explosive and exciting research area in the past decade. And I think will continue to be on both the observational and theoretical fronts in the coming year.


This topic is also as I demonstrate on Slide 2, this topic is also really one that grabs the public attention.  The subject of black holes like – unlike almost any other problem or topic in the sciences, in academics in general is one that has really made its way into popular culture.


If you’ve seen Star Trek or this Disney Movie Black Hole, or there was a recent movie called Event Horizon.  They are black holes that really become a major part of science fiction.  They’re an inspiration to music groups.  There is a group that named itself the Event Horizon after the Point of No Return for Black Hole.


Einstein himself along with only a few other scientist like Newton and Galileo has his very own action figure.


So really the subject is one that is perfect for this kind of forum for astronomy groups, for talking to the public.  Because, it’s one that’s already out there in the public consciousness as something extremely interesting and exciting.

And so, the perspective I’m going to give you is really to try to explain the scientific backbone for why the scientific community is so interested in this topic.


And as I show on the third slide – what I’m really after, what I really want to convey to you is the answers to two different scientific questions.


So the first one is what do we mean by a black hole?  So you can think of this as my physicist perspective on the problem.


So, from a basic psychic’s point of view what is the object called the black hole? What do we mean by a black hole, there is some I think misconceptions one of the great things – it’s wonderful of course that black holes have captured the public imagination, are part of science fiction stories, books, movies, TV shows, et cetera.


The downside of that is that there can be some misconceptions.  And so I’ll try to correct some of those as we go.


The other problem that I want to tell you a little bit about is the question – more the astronomer’s question of do, black holes actually exist?  And if they exist how do they manifest themselves, how do we actually find black holes?  
  How can we observe them empirically, what do we know about them?

And these are really two different approaches to the problem of black holes.  The question of what do – you know, the question of what are they and do they exist are separate ones.


There is lots of things that physicist, chemist, et cetera have thought of, that don’t seem to exist in nature.


But black holes are one of them that not only exist, but we now realize are actually a very important – a surprisingly important component of galaxies.  And these black holes actually have a significant impact on how the rest of the story of how our universe forms and evolved unfolds. And I’ll tell you some of that as we go.


So (unintelligible) contacts for this on the fourth slide I kind of illustrate the basic theme of the subject of black holes.  It is the story of gravity, so as you’re all familiar with gravity is the force that’s holding us here on the surface of the Earth.  


It is their force in fact that holes the Sun together, that holds planets like Jupiter together.  It’s really the most important of the basic forces in nature.


Gravity is the most important force for the evolution of the universe as a whole.  That’s because it acts over very, very long distances and it acts on everything.  Anything that has mass or energy feels the force of gravity.


And gravity is an attractive force it’s an attractive force that is pulling us down towards the center of the Earth.  That is always pulling two objects towards each other.


And so a natural question that comes to mind is, the question of if gravity is pulling down, then why doesn’t something like the Sun or the Earth or Jupiter, why doesn’t it just collapse inwards.


For it not to collapse inwards given the force of gravity pulling in there has to be something else which is pushing out.  And in the case of Jupiter, or in the case of the Sun, what is pushing out and balancing that inward pull of gravity is the fact that Jupiter and the Sun are very high pressure gasses.


So, as you’re probably familiar from weather on Earth if you have a high pressure system and a low pressure system, the gas moves from the high pressure region to the low pressure region.  That’s because pressure is basically the same as force.  High pressure means high force.


So the very high temperatures and the dense gas inside stars and inside planets, pushes back out balancing the inward pull of gravity. 


And that’s what allows the Sun, if it weren’t for that fact that there is high pressure pushing out in the Sun, the Sun would collapse in on itself on about an hour time scale if gravity were the only force in town.


But because of pressure, the Sun is able to maintain this happy balance between pressure and gravity.  A balance that will last for 10 million years – 10 billion years – sorry, as long as there is nuclear fuel to keep the Sun hot.


So the other thing we know about gravity from our everyday experience on Earth, is that this balance between pushing out and pulling in due to gravity – this balance is not absolute.


And this is illustrated on the next slide – the fifth slide, where from our everyday experience of throwing the baseball up in the air.  Or, a little bit less everyday but something we watch on TV when the shuttle gets launched, or a satellite gets launched.


Those correspond to giving the ball or a rocket enough speed that it starts to move out and overcome the inward pull of gravity.


And there is a fancy name in psychics for the speed that something needs to move at to completely escape the gravitational clusters of an object. And that’s called the escape speed.


So if I took a ball and you throw it softly up in the air, it’ll just come right back because of the force of gravity pulling it back.

But if I were able to throw a ball at 27,000 miles an hour, something I’m not capable of doing.  But (unintelligible) capable of doing that, that ball would actually leave the gravitational clutches of the Earth.


And how fast you have to throw something, or what this escape speed is, this actually depends on the object you’re talking about.  The gravity of the Sun - because the Sun weighs 300,000 times more than the Earth weighs, the gravity of the Sun is much larger than the gravity of the Earth.

So a rocket that we launched successfully from the surface of the Earth would immediately crash right back down on the surface of the Sun because the Sun’s gravity is stronger. 


The opposite of this is you’re probably familiar with the fact that the gravity of the moon is weaker than the gravity of the Earth.  So that’s why astronauts take these giant steps from the surface of the moon.


So another way to say this in the physicist language is that the escape speed from the Sun – the speed you need to escape the gravitational clutches of the Sun is huge compared to that of the Earth about 60 times larger. So I would need to throw a ball or throw a rocket over a million miles an hour to escape the gravitational clutches of the Sun.


And so just how fast something has to go to escape the gravitational clutches of an object depends on the mass of the object and the radius of the object.  And for those interested, the formula for the escape speed is given on the slide, but that’s not crucial for the story that follows.


So this bit of physics, the fact that each object depending on the strength of its gravity has a unique speed at which something can escape the gravitational clutches of that object.  This basic psychics, this is Newton’s physics, this is physics of the late 17th and early 18th century.


And actually at about the same time we learned the other bit of physics that was crucial for the story of black holes.  And that was the fact that light has the finite speed.  The light that’s emitted by the Sun takes a certain amount of time to reach us here at Earth – several minutes.


And that’s because it actually takes light a finite time – light has a finite speed so it takes light a finite about of time to move any distance.


And that speed is huge compared to any speed that we’re familiar with from everyday experience.  Even enormous compared to the escape speed that we’re talking about on the fifth slide.

So, on the sixth slide I have the speed of light written in a bunch of different units depending on what your favorite one is, the speed of light as we now know about a billion miles an hour, which is about a 300,000 kilometers a second.


Or, if you ask how long does it take light to move a distance of about a foot, that’s just about a billionth of a second.

And this bit of physics surprisingly this was actually known in the last 17th century from the motions of the satellites of Jupiter.


So International Year of Astronomy, Galileo discovered satellites in Jupiter and (Romer) measuring the motion of those satellites around Jupiter measured the speed of light to – within about 50% of the modern measurement.


Why is this important, well what we now know and what they didn’t know in the late 17th Century is that nothing according to our current understanding of physics, nothing can travel faster than the speed of light.


And the reason that’s important is that you can then start to imagine what would happen if I combine these two bits of 17th Century physics, early 18th Century physics.


Newton’s Laws of Mechanics which give me this idea of escape philosophy and the finite speed of light.


And this was first done by John Michell and Pierre Laplace in the late 18th Century – late 1700s.  

And what they did is they asked the following question, they asked what would happen if I had a star so small that nothing not even light could escape the gravitational clutches of the object?


So, the thing you should imagine is that if I take any amount of mass, and I make it smaller and smaller in your mind, imagine that it’s a smaller region it has the smaller radius.

As it does that - as you do that, the force of gravity gets stronger and stronger and stronger. The escape speed gets larger and larger and larger and eventually you would have a star from which the escaped speed would be larger than the speed of light.  And Michelle and Laplace called these dark stars.


They would be stars that we couldn’t see because not even light could escape the gravitational clutches of the object.


And this basic idea of an object from which the escaped speed is larger than the speed of light, this is still the basic notion of black holes in modern physics.


The masses a lot more complicated our understanding has developed incredibly.  But if you boil it down to the nutshell this is the key idea.


And Laplace and Michell actually went one step further, they even calculated how big would an object have to be to be a black hole.


And what they found is that if you took the Earth, and you shrunk the Earth down to a size no bigger than a baseball – about an inch big.  Then you would have a black hole – an object from which nothing, not even light can escape.


The Sun – because the Sun is much more massive – okay, if you took the Sun you’d only – (unintelligible) you’d only have to shrink it down to a couple of miles big for it to be a black hole.


And so, how big – how physically large a black hole is depends actually on the mass of the black hole.


And we call this radius now the point of no return, the point inside of which nothing can out traveling at the speed of light. We call this the Event Horizon.  It is the point from within which no information can get out even traveling at the speed of light.


So this is the basic idea for black holes, but the idea - everything I told you is based on classical physics, really 17th and 18th Century physics.

And it turns out that to really understand the behavior of light around objects with strong gravity, we need a new theory of mechanics that’s Einstein’s Theory of Special Relativity.  And we need a new theory of gravity Einstein’s Theory of General Relativity.


And on Slide 7 there is a brief timeline of black holes in general relativity.  So our modern understanding of black holes really started in 1915 with Einstein’s development of the Theory of General Relativity.


The next year Carlos Schwarzschild depicted on the light, wrote down the mathematics that described the physics of non rotating, non-spinning black holes.

And we still use Schwarzschild’s math - the physics he wrote down today to describe black holes in astrophysics.


It turns out that for some technical reasons and I’d be happy to go into.  Even though the math was written down in 1916 it really wasn’t understood and people didn’t make much sense out of the map until the 1960s.

And it really it was in 1967 that John Wheeler coined the name black holes to describe what we’re talking about today.


Before that time they were known by a name given by a Russian physicist they were known as Frozen Star.  And I can describe if people were interested in the question and answer, I can describe why that name change came about.


All right, so this gives you I hope a bit of understanding of what it means when we’re talking about black holes.  We’re talking about objects that have the strongest gravity of anything we know of in the universe.


Gravity so strong that from within the event horizon, what we call the radius of the black hole nothing can escape, not even traveling at the speed of light.

And this fact – the fact that black holes has this incredibly strong gravitational field, this has led to provably the single biggest misconception of black holes.  And that’s the misconception that I tried to dispel on Friday.


And that misconception is that black holes are something that really sucks in everything around them.  That we here at Earth have to worry about being sucked into a black hole somewhere in our galaxy, and that’s simply not true.


It’s only when you get inside the event horizon that it’s inevitable that matter gets sucked into the black hole all the way down to the center.  In fact, inside the event horizon, generally relativity predicts that all the mass gets sucked all the way to the very center.


But outside the event horizon matter doesn’t have to get sucked in.  In fact, far away from a black hole, the force of gravity produced by a black hole is the same as the force of gravity produced by any other object that has the same mass.


So, Newton actually got the Law of Gravity correct when you are very, very, very far away from an object, even when you’re very, very, very far away from a black hole. 


So what this means is that if you think about our solar system for example, and you took out the Sun and you put in its place the black hole that had exactly the mass of the Sun, the force of gravity would be unchanged.


And so the orbits of the Sun – sorry, the orbits of the planet, the orbits of the asteroids and the moons and the solar system would be unchanged.


So black holes really are not cosmic vacuum cleaners.  Only inside the event horizon of the black hole is matter sucked inwards.  Far away from a black hole really the Law of Gravity behaved just as you’re familiar with.  Things orbit around each other and they don’t get pulled in to each other.


We’re not pulled into the Sun and we wouldn’t be pulled into a black hole, if the black hole were replaced – if the Sun were replaced by a black hole.


Okay, so that really sets the physics stage for what we mean by black hole.  And what I want to do in the rest of the time is talk some about the astronomical question of how do we actually find black holes.


And the difficulty as illustrated on the next slide – Slide 9.  Finding black holes in nature is that you have very non trivial problem.

People have been observing the sky for centuries and it wasn’t until the 1960s with the discovery of something called Quasars that I’ll talk about later.  And with the advent of x-ray telescope that we really discovered black hole. And so finding them is actually rather non-trivial.


And to illustrate the basic techniques involved in finding black holes, and in studying them in astronomy. I decided I’m going to pick an example.  That is really the best study black hole we know of, and that’s a black hole at the center of our very own Milky Way Galaxy.


So the next slide, Slide 10 is just kind of an overview of the properties of our very own galaxy the Milky Way.  On the left side of the slide is natural image taken in the infrared.   This is an image of stars and dots and in the sky.


And on the right side is a schematic illustration our galaxy the Milky Way like basically all galaxies in the universe – or, most galaxies in the universe consist of two components – two basic components.


There is a disc, a pancake like configuration of stars and then a spherical  configuration of the star.


And their total number of the stars in the Galaxy is really huge it’s about trillion stars. They weigh about 10 to 11th or about a 10th of trillion solar masses. And they are spread out over about 100,000 light years.  That’s the size of our galaxy.


The mass of the galaxy incidentally is not mostly in these stars, it’s mostly in a dark mass which is some other fundamental particle that we don’t really know what it is yet.  But we infer it’s presence by gravity, and that’s – that would be the subject of really another one of these talks.

 Maybe you’ve already heard one, probably many of you have heard about dark matter, that’s not really the topic that I’m going to focus on.


So what I want to focus on is that in addition to all those stars, and all that dark matter, and all that dusk and gas and everything else in our galaxy, right, at the very center we think there is a 4 million solar mass black hole.  And so I want to explain to you how we know that it’s there.


So to do that what I’m going to do is I’m basically going to zoom in to the very central part of our galaxy.  And let’s see what we see when we zoom into the center of our galaxy.


So, Slide 11 is an image taken with an infrared telescope.  This is an image of the central region of our galaxy, and this is now only about a light year big. So our galaxy as a whole on the previous slide is about 100,000 light years big.  And we’ve now zoomed all the way into a single light year.


And even on this scale everything you’re looking at is stars.  The big bright dots are big massive bright stars, the little dots are small very faint stars.

And so what I’m going to now is I’m going to zoom in one more time.  And were going to look at what is the center of our galaxy look like in the central region about the size of our solar system.


And so that’s what the next slide shows.  And if you have it, you should look at the stellar orbit.  The two movie on the Website called 2003 that goes along with this slide.


So what the image – what the plot shown on this slide, Slide 12 is, and the corresponding movie is, is what these show is the position of about a dozen or half dozen stars over a period now of almost 15 years – the movie is about 15 years long. This shows where the stars have been on the sky over the 15 years. 

So two different groups have gone to the biggest telescopes the Keck Telescope and the VLT, the very large telescope in Chile, and they’ve observed the center of our galaxy over and over again many times a year to measure the positions of stars.


And what they find is really remarkable this is one the most important discoveries in all of astronomy – really all of the physical sciences in the past decade.


What the find is that all of the stars at the center of our galaxy are moving astonishingly fast, approaching the speed of light.  The stars – the fastest start at the center of our galaxy is moving about 12,000 kilometers a second, which is a good chunk of the speed of light.


That is hundreds of times faster than a typical star at a random place in the galaxy.


The other thing that you’ll notice is that the stars - their motions appear to be curved.  They are now traveling on straight lines.  That’s very important. 


Galileo taught us that in the absence of an external force everything moves on a straight line.  But if there something pulling or pushing you the motion of an object is curved.  And that’s what’s shown here, the stars are moving on curved elements.


For those of you who have a little bit more background on this, all of the stars at the center of our galaxy appear to be moving on a (unintelligible). Exactly the same as the motion of the planets in the solar system.


Now, we can actually use relatively simple psychic’s basic Newtonian physics Kepler’s Laws of Motion.  We can use that  physics to infer how much mass has to be present in this tiny region no bigger than our solar system in order for the stars to be moving this fast.


So the thing you do is exactly the same way we know the mass of the Sun.  We don’t know the mass of Sun because we took a satellite with a scale and put it underneath the Sun and measured it’s mass that’s obviously not feasible.

We know the mass of the Sun, because we measure the motion of Jupiter or the Earth around the Sun and we use the physics we understand to infer the mass of the Sun that must be there causing the planets to move the way they do.


In the same way we can use the motion of these stars to infer the mass that has to be there causing the stars to move the way they do.


And the punch line is shown on Slide 13 that the velocity and orbits of these stars at the center of our galaxy tell us that at the very center of our galaxy there has to be a single object.  Everything we know is consistent with all of the mass being in a single object.  And that object has to weigh about four million times the mass of our Sun.


The reason is astonishing is that the region where we’re looking at these stars moving is about the size of the solar system.  So what we’ve inferred is that at the very center of our galaxy in a region no bigger than our solar system there has to be more than four million solar masses worth of material.


And the only way that astronomers or physicist can think of to put that much mass in such a small region, is to have it all be in a black hole at the center of the galaxy.


And so this really is the Rosetta Stone for black holes in astrophysics now.  The case that tells us beyond any reasonable doubt, that there are black holes in nature. 


In fact, we now think that there are common constituents of nature, we can do these kinds of observations in other nearby galaxies and measure the masses of black holes at the center of galaxies. And the basic result of doing that is shown on Slide 14.


The result is one that has attracted huge amounts of interest and attention in the astronomical community.  The basic result sounds a little obvious at first glance.  It’s that bigger galaxies have bigger black holes.


So you go to different galaxies and you measure the mass of the galaxy and what you find is that the more massive the galaxy is, the more massive the black hole at the center of the galaxy is.

The rough number to remember is that the black hole at the center of the galaxy is about 500 times smaller than the galaxy it sits in.


Okay, so bigger galaxy, bigger black hole not so surprising, but when you look at it in a little more detail it gets a little more interesting, a little more surprising.


The mass of the black hole only seems to know about the mass of the spherical stars in a galaxy.  What we call the Bulge.


If you have a galaxy that’s basically drift a big disc of stars, not a big bulge of stars, it is very unlikely to have a black hole at its center – a massive black hole at its center.


So black holes come with the spherical bunch of stars in galaxies.  And they weigh as I said about 500 times less than those spherically distributed stars.  And even more they weigh about 500 times less to about a factor of two accuracy.


So knowing the mass of stars in a bulge of a galaxy, you can predict the mass of the black hole at the center of the galaxy to about a factor of two accuracy.


And that’s actually astonishing, an analogy would be that imagine you go to every room in your house, and you measure the volume of the room, and you measure the size of say the biggest dust particle in the room.


Sure bigger rooms might have more dust – bigger dust particles.  But it would be amazing if the mass of the dust particle could be predicted to a factor of two accuracy by the size of the room.  And that’s basically the measurement we have here.


And so what this tells us, is that there is actually a very close connection between how the black hole at the center of the galaxy forms, and how the galaxy itself forms.


It can’t just be a coincidence that the black holes happen to turn out to be 500 times smaller than the galaxies that they sit in.  Instead, something about the physics of how the black hole forms is intimately related to the physics of how the galaxy itself forms.


And what that is one of the most exciting and active areas of research.  It’s one of the problems I’m thinking a lot.  And I’ll try to give you a flavor of what we think the answer is as we go towards the end.


Okay.  So to really tell you the rest of the story about black holes in galaxies,  I have to tell you the other way that we find black holes in nature.


So the way I told you found black holes so far is that we basically look for objects - star I would say, moving very fast and we use the motions of stars to infer the presence of a black hole at the center of a galaxy.


But there is another way that we can infer the presence of a black hole at the center of a galaxy, and that’s illustrated on Slide 15.  And at first the point I’m trying to get across here on Slide 15 is very counterintuitive.


So a black hole is defined to be an objective from which no light can escape.  In spite of that, black holes are actually the brightest sources of light – electro-magnetic radiation that we know of in the universe.


And the light that we see from black holes is not coming from inside the event horizon itself, that’s not possible. Instead, the light we see from black holes is coming from gas spiraling in, falling into the black hole.


So if you have a black hole and there is gas around it, friction in that gas cases the black – the gas to lose momentum slowly spiraling into the black hole.


At the same time, friction causes the gas to heat up.  That very hot gas produces a tremendous amount of light just like it does hot gas in the laboratory would produce a lot of light.


And this basic process accretion, gas falling into a black hole, heating up and producing huge amounts of light, this is our other key observational window into black holes.


In fact, if I had to say which is the most important I would say this is the most important window on to black holes.  This is how we find the majority of black holes in nature.


And the two pictures on Slide 15 on infrared picture and an x-ray picture of the center of our galaxy.  At the very tip of the arrow is an x-ray source of light, and an infrared source of light. At the position of the black hole inferred from the motions of star.  


So at the center of our galaxy we measure the position and mass of a black hole from the motions of all these stars.  And at that exact same place we infer the presence of a black hole from the radiation produced by gas spiraling into the black hole.


Now in the next decade we’re going to be able to go one step further and that’s what I illustrate in Slide 16.  What we’d really to do is take a picture of the gas spiraling into the black hole.


That is something that is currently beyond the current technology even novel space telescope which is exquisite imaging, the beautiful pictures it produces cannot take a picture of gas falling into a black hole.  It does not have angular resolution required.


The only way to do it is to use a technique called infometry where you add up the single from multiple telescopes and use that to take an incredibly high resolution image, an image with huge amounts of detail.


And this will be done in the next decade as both infrared and radio wave links.  And we will be able to see a picture of gas spiraling into the black hole at the center of our galaxy and a couple of nearby galaxies.


We will be able to take a picture that actually shows us structure on the scale of the event horizon of the black hole.


So what do we expect to find?  Well, what I expect to find – what I think we’ll see is illustrated on the right – a ring of fire.  And I’ll explain a little bit more why it looks like this if people are interested in the question and answer.

But this is the prediction that I’ve made in some of my theoretical work and we’ll see it get tested hopefully in the next 5 or 10 years.


All right, so the last thing I want to do is I want to place our galaxy and it’s black hole in a little bit broader content.  So, relative to other galaxies which have black holes at their centers, which is most galaxies in the universe, the black hole at the center of our galaxy is not producing much radiation, much light.


And that’s illustrated schematically here on Slide 17.  If you looked at our galaxy from far away, you wouldn’t see right from the black hole.  All you would see is light from the stars.


And the reason for that is that our galaxy there is not a lot of gas falling into the black hole, so there is not a lot of light coming out.


But in some other galaxies it turns out in fact there is a huge amount of radiation being produced, we see this incredibly bright sources of radiation at the centers of galaxy.


And these bright sources of radiation are from lots of gas falling into the black hole, many times the mass of our Sun every year falling into the black hole, spiraling in, getting hot producing radiation.


So most galaxies – the black hole is relatively faint hard to see by the radiation produced by in falling gas.  But once in a while the black holes light up producing huge amounts of radiation.
And when they do they call those active galactic nuclei.

And a couple of examples of these active galactic nuclei is shown on Slide 18.  The left hand image is a radio picture showing the red dot at the very center of the image is the position of the black hole.


And that red dot is a bright radio source produced by gas spiraling into the black hole.


But, somewhat counter intuitively not all of the gas that’s falling towards the black hole ends up going through the event horizon and making it through the point of no return.

Some of its gets blown out in these dramatic jets – these culminated linear features that correspond to matter and energy being expelled from the vicinity of the black hole at nearly the speed of light.

Those travel enormous distances to scale on the left hand image is many times the size of a galaxy.  So this tiny little black hole which is no bigger than our solar system spews out via accretion of matter.  It spews out these beams of energy that travel enormous distances out into the rest of the universe. 


And those have a huge impact on how the surrounding galaxy itself actually forms.  The right hand image is taken with the Hubble Space Telescope just to emphasize this point that the light produced by gas following into the black hole to the center of the galaxy can be brighter than all of the stars in the galaxy.


So this gives you a flavor now that these black holes at the center of the galaxies come in many different forms.  Sometimes there is a huge amount of gas falling into them producing a huge amount of light.


Other times in fact most of the time there is not much gas at the center, and not much gas falling into the black hole, and not a lot of radiation is  produced by gas spiraling into the black hole.


So why is this dichotomy, why sometimes lots of gas falling into black hole, sometimes not.


Well the answer to that we think is actually a clue to how the black holes got there in the first place.  And the answer has to do with how matter itself – how structure in the universe actually formed, and this is illustrated on Slide 19.


What I’m showing here is the result of a numerical simulation showing how matter is distributed throughout the universe in the present day.  And there is – one of the movies shows an numerical simulation of this.


And the only point I want you to take across – to get away from this slide, is that there are very dense regions illustrated in white where there is tons of matter.  And there is lots of regions where there is almost no mass.


In some regions there is lots of stuff happening, lots of galaxies, lots of matter.  In other regions there is almost nothing.


And the way in fact that galaxies form – the way these big regions – these big dense regions with lots of mass, the way they grow is through galaxies colliding with each other.


And it – we actually know this observationally and that’s shown on the last slide – Slide 20.


We actually see images of galaxies colliding with each other.  And there is optical image from the Hubble Space Telescope on the left, and a x-ray image on the right.  And there is a movie that goes along with this, the merger movie if you want to see it.


So, it turns out that many, many, many times every galaxy has collisions with other galaxies.  What happens during those collisions is that gas in the galaxy gets funneled to the very center of the galaxy, and I can try to describe why if you’re interested.

What happens then after a collision of galaxies is you have this huge amount of gas at the center of the galaxy.  What happens then is, some of that gas at the center of the galaxy, you now have this tremendous reservoir for the black hole at the center of the galaxy to grow.

So we think that the black holes at the centers of the galaxy actually grow during these rare phases when other galaxies are colliding with each other.


And so the basic reason if you go back to Slide 17 – the basic reason why most of the time there is not a lot of gas falling into black holes, they’re not very bright.


But occasionally they light up as these active galactic nuclei that’s not an accident, it’s a consequence of the way material in the universe actually forms – the way galaxies form by merging with other galaxies.


And so what’s happened in the last five years is really an astonishing transformation in the way we think about black holes at the centers of the galaxy.


They are not just these rare exotic objects.  Rather, they play an instrumental role in how galaxies form and by studying the black holes we can learn a tremendous amount about the process of how galaxies form.


So, on Slide 21 I just have a couple of summary points that I hope I convinced you that this is an exciting rapidly progressing and fun area of research.  I’m sorry I went a little longer than I expected to.  But I’m happy to stay on the line as long as people would like to answer a question.


And the last thing I’ll say is the – Slide 22 is just a couple of references to some nice books and Websites with information about black hole – black holes.

 And then, the very last Web – the very last set of references is to more information about the movie and images of the black hole at the center of our galaxy.


So thanks a lot for your time, and I’d be happy to answer some questions now.

Kenneth Frank:
Okay before we open up the lines for questions, (Ray Shap) of the Amateurs Astronomers Inc. of New Jersey emailed in an question.


And it says, last September (unintelligible) I’m sure I said that incorrectly an Associate Professor of Astronomy at Yale University reported evidence that black holes have an upper limit to their mass because of extremely high temperatures in the vicinity, repels gas and dust that would otherwise feed the black hole.


Dr. Carter do you know is the status of that theory?  And are there any follow on studies being done on that?

Elliot Carter:
That’s a wonderful question.  So let me – let me try to explain what the question means first.  Because the question of the – an upper limit to black hole mass is a bit of a subtle one.


So, we know – we measure the masses of galaxies.  And galaxies come in all different sizes, all different masses.  But as you get to more and more massive galaxies, they get rarer and rarer.


And so, we think that in fact above some mass galaxies are so extraordinary rare that it wouldn’t even be possible for us to see one in the entire visible universe.


And similarly it’s possible that black holes as they get more and more massive either they’re suddenly are no black holes above a certain mass, or they get so red that for all practical purposes they don’t exist because we can’t see them in the visible universe.

We – that question you know, what that upper limit is just how sharp it is, is very much an active area of research.  There was just a paper a couple of weeks ago that revised up by a factor of two the mass of one of the most massive black holes we know of.  So this story is constantly changing.


The theory that the question alluded to – the theory that the black hole expelled material from its surrounding shutting its growth.  That is the key idea in explaining how the black hole mass is so tightly correlated to the galaxy mass.


As gas funnels into the black hole, the black hole gets bigger and bigger and bigger.  Until at some point it’s so big that the combination of outflows jet from the black hole, and the black holes radiation interacts with surrounding matter, pushes that material away and thus shuts off the black holes growth.


We’re pretty sure that’s what happened.  But whether that sets a strict upper limit, or whether it’s a more gradual cut off, that’s quite unclear at the present time.  And that’s something that people including myself and (Pria) that the caller alluded to, this is something that people are actively working on.

Kenneth Frank:
Okay now Emily would you please open the lines for question?

Emily:
Thank you sir.  At this time anyone wishing to ask a question or make a comment, please press star 1 on your touchtone phone.


All questions will be taken in the order that they’re received and you’ll be announced by name when we’re ready for your question.


Once again if we have anyone wishing to ask a question or make a comment, please press star 1 at this time.  And please be sure to mute – to unmute your line and clearly record your name when prompted. One moment sir.


Our first question comes from (Ray Shap).  Mr. (Shap) your line is open sir.

(Ray Shap):
Yes, thanks for answering that question.  The follow-on to that question is, after a period of (unintelligible) where a extremely ultra large black hole has ceased accepting additional material, the temperature around that apetion disc probably will diminish somewhat.

And if a sufficient period of time goes by of quiescence and then a fortuitous accident should occur and other (unintelligible) of matter should arrive in the vicinity and cross the event horizon, my question is, wouldn’t that increase the mass of the black hole.


In other words, any limit that is caused by this balancing of pressures is only temporary.
Elliot Carter:
That’s absolutely correct.  So, this is one of the reasons why the whole notion of an upper limit is a bit of a fuzzy one.  The – what appears to be the case is that very massive galaxies don’t have a lot of gas in them.

So the – and this is probably because they used it all up forming stars and maybe the black hole helped pushed some of the gas in the galaxy out of the galaxy.


And so it what it means is that the fortuitous accident you are referring to where gas happens to come by and get swallowed up by the black hole, that may actually be relatively improbable.


But, again I really think this is not something that we know the answer to now.  I think it would be far too early to say that there is a strict upper limit to black holes masses.


I think it’s probably more accurate to say that’s very massive galaxies and very massive black holes that sit in very massive galaxies are just exceedingly rare.  And they get rarer and rarer as you get to more and more massive objects.


That fact though is really a fact just about even dark matter and star.  So it’s nothing particular about black holes then that gives rise to this notion of the upper limit.

(Ray Shap):
Thank you very much.  

Emily:
Thank you.  Our next question comes from Gary O’Brien.
Gary O’Brien:
Dr. Carter thank you very much for a really interesting presentation.  I have a question on the timing of black holes in their evolution with respect to the big bang.


Because our understanding of black holes emanates from a – you know, a dying star that go Supernova and then collapses in on itself.  With the idea being that with more and more time elapse since the big bang time period, is the number of black holes increasing?  And is there any theory about when black holes first began?

Elliot Carter:
That’s a wonderful question.  So, you’re absolutely right.  So, one thing I didn’t get a chance to get into was the question of, did the big black holes of the centers of the galaxies – were they always big?  Or, were they little?


We know how to form black holes with masses comparable to that of our Sun from the depth of massive stars.  They collapse on themselves and produce black holes.


And it maybe that the big ones get big by starting small and then just swallowing up a ton of mass.


So, you’re absolutely right that the way – after the big bang and material expands and cools it starts to clump up.  And galaxies start to form and stars start to form, and black holes start to form.


And so, what happens is that the number of black holes then start to increase in time.  The question of when the first black hole formed is probably more or less the same question as when the first starts formed.


And we think that that was something like a red shift of 10 or 20.  Or, in time maybe 30 to 100 million years after the big bang.


That’s when the first stars started to form, they were very massive at the end of their life, after just a few million years.  They no longer had nuclear fuel to support themselves.  They collapsed formed, the first black holes and then those black holes started to gain mass by the kinds of prophesies described to form what we now see as the big black holes at the centers of galaxy.

Gary O’Brien:
Thank you.

Emily:
Thank you.  Our next question comes from (Nicholas Dodish).

(Nicholas Dodish):
Thank you doctor.  On Slide 10 you show a galaxy with the spiral arms.  Is there a relationship to the number of spiral arms to the mass of the black hole?  

Elliot Carter:
There – that’s a good question.  So, there is – there is a relationship and this is a weird one.  There is relationship between how tight.  


So if you think about the spiral and you think how many wraps around are there.  That’s what astronomers call the tightness of the spiral.  There is a relationship between that and the mass of the black hole.


Now, we think that’s really just an accident.  There is nothing causal in that relationship.  We think the accident is that the properties of the stellar bulge – this miracle stars at the centers of galaxies, those are related to the properties of the disc spiral arms.


And since the black hole properties are related to the bulge properties, the black hole properties are related to the spiral on properties.

But, we don’t think that that particular relationship tells us anything that important about the physics.  It’s kind of an accident of other more fundamental relationships.

Kenneth Frank:
Is that the Campanile Clock I hear in the background?
Elliot Carter:
Yes, it is.

Kenneth Frank:
Well at UC Berkeley it’s 7 o’clock.  And I think we have time for one more question.

Emily:
Thank you sir.  Our next question comes from (Rick Cane).

(Rick Cane):
Yes, hello.  Thank you very much for the presentation.  Am I on okay?

Elliot Carter:
Yes.

(Rick Cane):
Okay.  Yes, my question is just about the singularity itself.  I know that as I do public programs, a lot of questions from the public are, what happens to the material once it gets to the singularity?  And I realize that we really don’t have a lot of information about that.


But wondered if you could elaborate on what we do know now about what might happen at the singularity?

Elliot Carter:
That’s a great question.  So that’s – that’s something I actually I often spend some time talking about in public talks because it’s a wonderful question.


The – just a bit of background to make sure everybody on the call is on the same page.  


The prediction in general relativity – Einstein’s Theory of Gravity is that all of the mass at the center of a black hole is concentrated in a single point at the center called the singularity.


What really happens is that, Einstein’s equations predict that all of the mass goes to the center.  But in practice we think the general relativity – the three (unintelligible) center of gravity stops becoming applicable if you have too much mass in a really tiny region.


In particular, when the size of the region starts to become comparable to say the size of an autonomic nucleus, or the size of a proton, or the size of an electron or something fundamental about microscopic, quantum mechanical scales when that happens, general relativity breaks down.


And so to really understand what happens at the centers of black holes, we need to understand what happens to gravity in a quantum mechanical universe. So we need to understand the quantum theory of gravity.  And we don’t have that.


There is no successful theory that quantum mechanically describes the properties of gravity – this is the holy grail of theoretical physics right now.  It’s what many of my colleagues in the physics department – (unintelligible) theorist and others are thinking about.


So, for that reason I think the really honest answer to your question of what happens at the singularity is that we don’t know.  We don’t understand theoretical physics when that – when we have that much mass in such a small region.


And until we understand that it’s going to be hard to answer that question.  What we do know is that as matter shrinks to the center, it heats up.  And it gets so hot that it’s kind of like the big bang in reverse.

And the big bang matters started so hot that it was broken down into its fundamental form.  And that it expanded out and cooled and everything combined to form atoms, hydrogen, helium, stuff like that.


At the center of a black hole the reverse happens.  As matter falls to the center things heat ups so much that no matter what you start with – a good (unintelligible) shoe, a star, whatever it is, that matter will get broken down into its fundamental constituents.

And so, we think that at the center of black holes, matter is broken down into its most fundamental form.  The problem is, we don’t know what that is and so we can’t really answer what form matter takes at the center of a black hole.  That’s a really interesting problem that lots of people are thinking about.

(Rick Cane):
Okay.  Thank you.

Kenneth Frank:
Okay well what a fabulous incredible talk you’ve gave Dr. Carter.  It enlighten me in a lot of ways.


I want to thank you so very much for your presentation.  And I want to remind everyone of a weekend of hands on astronomy and Earth science education workshops for amateurs is on September 12th and 13th just South of San Francisco.  Close to the San Francisco airport at the AENC ASP Meeting.


Check the website AstroSociety.org/Events2009Meetings/Workshop.html.


And you’ll be able to see the Campanile from there and tell what time it is too.


Thanks for the support of the Spitzer’s Space Telescope Science Institute.  For a limited number of travel support scholarships you can get up to $300 a person, will be made available.


And finally we want to mark your calendars for Tuesday July 14th.  And tune into the next telecom with Dr. (Peter Jenskin) introducing Rocks and Ice in the Solar System.


Thanks everyone.  And have a good night.

Woman:
Goodnight everybody.

Man:
Thanks.

Emily:
This concludes today’s conference.  Thank you so much for joining, you may disconnect at this time.

Man:
Thank you Emily.

END

