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            The Universe: Size, Shape, and Fate Tom Murphy 9th January 2006 1 The Scale of the Universe Our universe extends staggeringly far beyond our own earthly environment. Trying to grasp the size in any meaningful way is bound to make your brain hurt. We can make analogies to at least understand a few of the relevant scales, but this can’t give us a complete picture all in one go. In the end, we must settle for an understanding of large numbers, aided by the tool of scientific notation. Modern astrophysicists don’t walk around with a deeply developed intuition for the vast scale of the universe—it’s too much for the human brain. But these scientists do walk around with a grasp of the relevant numbers involved. As an example, here are some of the numbers I carry in my head to understand the universe’s size: • A lecture hall is approximately 10 meters across, and light travels across it in about 30 nanoseconds. We will be using light, which travels at 300,000,000 meters per second to quantify distances. • The earth is 6378 km in radius, and light would travel seven times around the earth in one second if it could travel in a circle like this. • The moon is about one-quarter the diameter of the earth, and is 1.25 light-seconds away—corresponding to about 30 earth diameters. to scale earth-moon distance • The sun is 109 times the diameter of the earth, and about 8 light-minutes away (this is 1 “Astronomical Unit,” or A.U., and is about 150 million km). • Jupiter is about 40 light-minutes from the sun (5 A.U.). • Pluto is about 40 A.U. from the sun, or about 5.5 light-hours out. • The next star is 4.5 light-years away—take a moment to appreciate this big jump! • The center of the Milky Way (our galaxy) is about 25,000 light-years away. A galaxy is a gravitation- ally bound collection of stars: islands of stars—many of which make up the universe. • Large galaxies like our own are about 100,000 light-years across. • The nearest external large galaxy is the Andromeda galaxy—about 2 million light-years away (20 galaxy diameters). • The nearest large cluster of galaxies (Virgo Cluster) is about 50 million light-years away. • The edge of the visible universe is about 13.7 billion light years away. 1 
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                            Tom Murphy
1 The Scale of the Universe
Our universe extends staggeringly far beyond our own earthly environment. Trying to grasp the size in any meaningful way is bound to make your brain hurt. We can make analogies to at least understand a few of the relevant scales, but this can’t give us a complete picture all in one go. In the end, we must settle for an understanding of large numbers, aided by the tool of scientific notation. Modern astrophysicists don’t walk around with a deeply developed intuition for the vast scale of the universe—it’s too much for the human brain. But these scientistsdo walk around with a grasp of the relevant numbers involved. As an example, here are some of the numbers I carry in my head to understand the universe’s size:
• A lecture hall is approximately 10 meters across, and light travels across it in about 30 nanoseconds. We will be using light, which travels at 300,000,000 meters per second to quantify distances.
• The earth is 6378 km in radius, and light would travel seven times around the earth in one second if it could travel in a circle like this.
• The moon is about one-quarter the diameter of the earth, and is 1.25 light-seconds away—corresponding to about 30 earth diameters.
to scale earth−moon distance
• The sun is 109 times the diameter of the earth, and about 8 light-minutes away (this is 1 “Astronomical Unit,” or A.U., and is about 150 million km).
• Jupiter is about 40 light-minutes from the sun (5 A.U.).
• Pluto is about 40 A.U. from the sun, or about 5.5 light-hours out.
• The next star is 4.5 light-years away—take a moment to appreciate this big jump!
• The center of the Milky Way (our galaxy) is about 25,000 light-years away. A galaxy is a gravitation- ally bound collection of stars: islands of stars—many of which make up the universe.
• Large galaxies like our own are about 100,000 light-years across.
• The nearest external large galaxy is the Andromeda galaxy—about 2 million light-years away (20 galaxy diameters).
• The nearest large cluster of galaxies (Virgo Cluster) is about 50 million light-years away.
• The edge of thevisibleuniverse is about 13.7 billion light years away.
1
As you can see, the range of scales is too huge to be described all at once by a single measure. We went from small fractions of alight-second(light crosses the lecture hall in 0.00000003 seconds, and can cross the U.S. in about 0.01 seconds) to huge quantities (billions!) oflight-years. In total, going from the lecture hall to the size of the visible Universe takes us through 25 orders-of-magnitude (factors of ten). At best our puny brains are capable of comprehending maybe 8 orders-of-magnitude directly (1 mm grain of sand to 100 km scale visible from mountain-tops). Outside this direct experience, we rely on the numbers to convey the relative scales.
2 What Do We Know About the Beginning?
What we see when we look into the universe today is the illusion that all galaxies are hurtling away from our own, as if we were sitting at the center of some momentous explosion. The farther the galaxy, the faster its apparent recession from us. This effect is seen in the wavelengths (colors) of light from distant galaxies. Wavelengths from receeding galaxies are shifted toward the red (“redshifted”) by a precisely measureable amount—analogous to the Doppler shift we hear in the pitch of an ambulance racing past. The farther the galaxy, the greater the redshift, and thus the faster it is moving away. As an aside, this expansion rate is characterized by the Hubble Constant, 70 km/s/Mpc. These strange units mean for every megaparsec (Mpc, or 3.26 million light-years) we go away, galaxies are receding by another 70 kilometers per second.
There are two illusory aspects to this astounding observation (first recognized in the 1920’s). The first is that though we appear to be at the center of the expansion, we are not. Every galaxy would make the same claim. Think about it this way. We look at galaxy A 10 Mpc away, receding at 700 km/s. Straight beyond galaxy A is galaxy B, 20 Mpc away, receding at 1400 km/s (Figure 1). Imagine standing on a planet around a star in galaxy A. In one direction, you can look back and see our galaxy, the Milky Way. On the opposite side of the sky you see galaxy B. Both are 10 Mpc away, and both appear to moveawayfrom you at 700km/s. So on galaxy A, it also appears that all galaxies recede fromyou. Two good analogies help illustrate this concept. For the first, imagine galaxies drawn on the surface of a balloon, and the balloon being blown up. As the “fabric” of the balloon stretches, galaxies move farther away. The farther, the faster. To each, it appears to be at the center of the expansion. But thereis no center (here we confine our thoughts to the surface of the balloon—unaware of the three-dimensional center of the spherical balloonwecan see). The second analogy is that of a baking raisin bread. Now imagine the raisins to be galaxies, and the bread is space itself. Again, each raisin sees all others moving away from it, and the farther the raisin, the faster it appears to move away. But there really is no center (forget that the bread has edges, or that it’s in your oven).
The second correction to the statement that “we see galaxies receding with an ever-increasing velocity as we go farther” is subtle. But the correct picture is not that galaxies are whizzing out into a pre-existing, empty space. The right way to look at it is that space itself is being created/expanded between the galaxies. The galaxies are simply along for the ride, being carried in the expanding space. Here, the raisin bread analogy is particularly useful. The raisins (galaxies) are not zooming through the bread (space), but rather the bread (space) itself is expanding. This picture ultimately agrees better with observation, and is consistent with the predictions of general relativity. Space itself is being “created” as the universe expands.
It doesn’t take a great leap of imagination to consider that if space is expanding in all directions, it used to be smaller. Galaxies used to be closer. How far do we carry this back? We can make the bold statement that maybe we should carry it to the extreme—to a time when the whole universe was smaller than a grain of sand. This seemingly preposterous extrapolation is, surprisingly, supported by observations. If the universe were once this small, it would also have been so very hot that even protons and neutrons would have been evaporated into quarks. If we play this game—knowing what we do about particle physics from our accelerator experiments—we canpredict the relative abundance of the light elements that would have frozen out of this quark soup as the universe expanded and cooled. This simple (in concept) game actually gets the storyright ! It predicts the abundances of hydrogen, helium, lithium, etc. that we see in the primordial gas clouds that still surround us. Other predictions likewise work with this scenario (cosmic
2
MW A B MW A B
0 700 1400 0 700−700
Figure 1: The same motions of the Milky Way, and two galaxies labled A and B. The frame on the left shows both galaxies receeding from MW, B traveling faster than A. From the perspective of galaxy A, both B and MW move away at the same speed.
microwave background radiation, ages of oldest stars). This model of the beginning of our universe is called the Big Bang model, and has gained nearly universal (forgive the pun!) acceptance among scientists.
3 How Big is the Universe, Really?
This simple question has a somewhat complicated answer that may involve new ways of thinking, but we’ll try to get to the bottom of the issue. To start, I note that the universe is largely made up of space. By space I mean vacuum—emptiness—nothing. Though we have galaxies of stars littering our skies, even these have lots of empty space in them. On the whole, if you smeared out all the atoms in the universe uniformly, you would end up with less than one hydrogen atom per cubic meter. That’s sparse! Even in our locally dense galaxy (most of the universe is spacebetweenthe galaxies), stars are like grains of sand several miles apart!
Since the universe is mostly empty space, it is appropriate to talk about the nature and extent of the universe in terms of the nature and extent of space itself. Here is where things start to get weird. We all picture space as being three-dimensional andflat. By flat, we mean Euclidean. By Euclidean, we mean that all the properties of geometry we learned about in high school apply. These are statements like: parallel lines remain parallel forever; the angles in a triangle add to 180; space is infinite in extent. Such statements appear to be valid in our daily experience.
This picture of flat space formed the backdrop of physics throughout the Newtonian era. Einstein changed this when he suggested two radical ideas:
1. Time must be included in our description of space into a unified concept ofspacetime. Time and space mean different things for observers moving with respect to each other, becoming inextricably mixed. This is the subject of special relativity.
2. Spacetime may becurved—there is no requirement for flatness. What’s more, the presence ofmass curves spacetime. This is the subject of general relativity.
Is nothing sacred? Apparently not. These concepts truly re-shaped the way physicists think about space. Not surprisingly, the description of the nature of the universe (the size and shape of space) is profoundly impacted by this paradigm.
In addition to local spacetime curvature due to masses (stars, galaxies) within the universe, there may be a global curvature that apples to the whole of the universe. It is next-to-impossible to imagine in your head what it would mean for all of three-dimensional space (actually, 4-dimensional spacetime) to be curved.
3
BA C
Figure 2: Ant experiments on a sphere: A) the straightest line possible—a great circle—comes back on itself; B) Initially parallel tracks eventually converge; C) A straight line triangle on a sphere has angles that add to more than 180, in this case 270.
Curved into what? But we have some lower-dimensional analogies to help us appreciate what this might look like.
3.1 A Two-dimensional Analog
Imagine you are an ant living on a basketball. You can only move around on the surface, so that you essentially live in a two-dimensional space. Another way to say this is simply that the basketball surface (texture notwithstanding) is a two-dimensional surface existing in our three-dimensional space. This third dimension allows us to see what the ant cannot. If the ant makes a smelly deposit on the surface and runs away in horror, it will ultimately come back on the surprise, though never deviating from a straight line. We call this straight line a great circle (see Figure 2A), because to our three-dimensional eyes, we can see that the path of the ant through three-dimensional space is a circle (like an equator). To the ant, the line was straight as could be. No matter what direction the ant chose to run in, the result would be the same as long as the ant kept to a straight line. So this space is finite: it does not go on forever.
The next experiment the ant attempts is to walk parallel to another ant. They both start out side-by- side on the basketball’s “equator,” and agree to walk “north.” Once they decide this, they start out walking parallel in the north direction, but agree not to look at each other—just their compasses. Some time later, they bump into each other. Each suspects the other of deviating, while knowing that they themselves did not. In fact, neither deviated from a straight line (Figure 2B). But Euclid’s relationships don’t hold on this curved space. Parallel straight lines will always converge on a sphere. In this case, the convergence would be at the “north pole.” (Take a look at how the lines of longitude converge at the north pole of a globe, despite starting out parallel at the equator and each representing perfectly “straight” great-circle paths.)
The last experiment the frustrated ant tries is to verify that the three angles inside a triangle add to 180. The ant starts at the north pole, walks in a straight line south to the equator, turns right (90) to follow the equator, walks a quarter of the way around the equator, then turns right again (90) to head back to the north pole. On reaching the north pole, the ant finds that the angle that its current path makes to the original path from the pole is 90, so that the three interior angles of this “straight-line” triangle add to 270—much bigger than the expected result (Figure 2C).
The lesson is that the rules of Euclidean geometry don’t hold on curved spaces. The analogy to our universe is as follows. If our universe has so-called positive curvature, then any straight line ultimately comes back on itself, parallel lines ultimately converge, and angles within a triangle add to something greater than 180. Now it should be pointed out that had the ant on the basketball performed the triangle (or parallel line) experiment over a very small and confined region of the basketball, Euclidean geometry would have appeared to work to a high degree of precision. By analogy, the earth looks prettyflat over small distances.
We know that the universe is very large—because we see new and different stuff in every direction for a long way. So in our tiny local region, things look pretty flat. But is the large-scale universe curved? This
4
Figure 3: Possible geometries of the universe, in two-dimensional analog.
has been an open question in cosmology, and we’re finally gaining some resolution.
3.2 Types of Curved Universes
To motivate more concretely the notion that the universe is curved, I mentioned above that Einstein’s theory of general relativity produces spacetime curvature—in fact, it producespositivecurvature—like that of a closed sphere. So the question of “how much curvature” boils down to “how much matter is there in the universe?” We know that the universe is expanding, based on galaxy redshifts. Since matter is gravitationally attractedto itself, the presence of matter in the universe may be sufficient to slow—even halt and reverse— this expansion. In other words, the presence of mass applies brakes to the expansion. But is there enough matter present to halt the expansion? Enough to reverse it? In a universe that contains only gravitating matter and empty space, the question of the fate of the universe and the type of curvature are intimately related.
A universe with more than enough matter in it to halt the expansion has enough matter to make it positivelycurved on the whole. This type of universe would wrap back onto itself. Like the ant traveling in a straight line and coming back to the same spot, so we would come back to earth if we flew a straight line in a rocket for a very, very long time. Other properties of positive curvature would also be present: parallel lines would eventually converge, and triangle angles would add to greater than 180 (the larger the triangle, the greater the deviation—like on the surface of the basketball). Besides these geometrical properties, this “closed” universe would ultimately turn back on itself and experience a Big Crunch when it all came back together. Figure 3 shows the possible geometries, with the closed geometry on top.
On the other extreme, if the amount of matter in the universe is insufficient to halt the expansion, the resulting geometry has a netnegativecurvature. This is harder to visualize, but the properties are that it goes on indefinitely (you wouldnot wrap back on yourself if traveling in this space), parallel lines nowdiverge, and triangle angles add tolessthan 180. The best visualization I can offer here is that of a Pringle’s potato chip: saddle-shaped. This kind of surface has all the right geometrical properties, if for instance an ant were to do similar experiments to what it did on the sphere. The only catch is that you have to imagine a Pringle of infinite extent (yum). The negatively curved universe is said to be “open,” as it is infinite in extent, and will never re-collapse. It will continue to expand forever. The existence of matter may slow down (decelerate) this expansion, but it will never be enough to stop it.
Precariously balanced between these two extremes is aflat universe. A flat universe has just the right amount of matter to exactly balance the expansion, so that ultimately the universe’s expansion will exactly stop (as time marches toward infinity). In this case, there is no net curvature, and Euclidean geometry holds across the infinite extent of the universe. Though seemingly impossibly tuned to have just the right amount
5
of matter (not a teaspoon more or less), this has been a favorite of theoretical cosmologists because they think this condition would have been automatically satisfied thewaythe universe started.
If the universe iscloseto being flat, but not precisely so, then it has some net curvature, but this curvature may be hardly noticeable. This is analogous to saying that the effects of earth’s curved surface are not very noticeable over small scales (like on a soccer field), while the soccer ball is very noticeably curved. In other words, a universe that is positively curved, but very large, will appear pretty flat on the small part we can see. It is very difficult to unambiguously tell the difference between these scenarios through our observations of the universe—though we have been surprisingly successful at setting limits on this curvature using the CMB.
3.3 Geometry Summarized
If the universe is composedonly of gravitating matter and the empty space in between, then thegeometry of space—positive curvature, flat, or negative curvature—is intimately connected with theamountof matter in the universe. This is also then connected with its fate. A nice verbal relationship exists to sum this up: a positive-curvature universe is said to be closed (finite) and is both finite in spatial extent (wraps back onto itself) and in the time domain (will ultimately re-collapse). A negatively curved universe is said to be open, and extends infinitely in both time and space. The flat case is a special, limiting case of the open scenario—it too is infinite in extent and will go on forever in time, but only just so.
4 The Universe As We See It
In an effort to determine the matter density of the universe, and thus its ultimate fate and geometry, as- tronomers for many years pursued a measurement of the deceleration of the matter in the universe. The logic was that if any matter existed at all (and clearly it does), the net gravitational effect between all bodies in the universe would apply the brakes to the expansion, slowing down its rate. The effect is relatively small, and it took a very long time to be able to make any measurement. Finally, in the late 1990’s, two independent teams of physicists and astronomers had managed to make a measurement using the light from a special type of supernova (exploding star) thought to act as a “standard candle”—having the same intrinsic brightness no matter when and where in the universe it happened. The result they found was startling. The data that stared them in…
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