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In the Beginning:

Since the beginning of history, people have looked up at the sky and asked, Are there patterns in the movement of star? What do the stars tell me of the future? Where did the universe come from? Do the stars change? Cosmology is a field that tries to discover the answer to these questions.

Cosmology

This site will introduce you to cosmology: the study of the structure, history, and fate of the universe. In 1054, a star in the Taurus constellation underwent a supernova. Years later, astronomers can observe the Crab Nebula, the glowing remnant of the dead star.

Where are We?

We know much about the universe, but part of the magic is that much is still unknown. We can use what we do know about the present to help us understand the history and fate of the universe. Before we jump back in time, or ahead to the future, let us find out where we are right now.

Looking Back in Time

By exploring the history of the universe, we can better understand where we are today and what the fate of the universe will be. But how can we look back in time?

A Glimpse into the Past

To Look Out in Space Is To Look Back In Time

Since we can't actually walk backwards through space and time, we let light do the walking for us. The further light travels to get to us, the longer it has been traveling and the further back in time it has come from.

Finding Stellar Distances

We can use distance to determine the time, because the speed of light is a constant, c. The value for c is 3x10 .meters per second. You may already know that speed equals distance over time: c=d/t If we move the equation around to get time by itself, we find time equals distance over the speed of light: t=d/c So, to find out how long ago an object emitted light, we have to know how far away the object is... we have to know its distance. We use a special type of supernova called a standard candle to do this.

What in the World is a Light year?

Light, like almost anything, takes time to travel from one place to another. When you turn on a flashlight in the dark, photons (tiny packets of light energy) are emitted from the bulb, reflect off of whatever is in front of you, and then enters your pupil. We all interpret this phenomenon as sight. So, since light travels at a finite speed, we can calculate the distance light travels in a year using the simple equation, distance equals rate times time. The speed of light times one year is a huge distance. We call this distance a Light year, and use it as a unit of measurement for huge distances, such as the distance between the earth and a star.

Standard Candles

The idea behind the method: We call these "Standard candles" because they have the same size, the same shape, and more importantly the same "brightness". But far away candles appear dimmer and smaller (they have less apparent brightness) To measure the distance to objects that are far across the universe, we can begin by measuring the brightness of the object.  Objects that are far away look less bright as seen on earth.

An Astronomical Ruler

We can't use a ruler to measure distances from earth to stars so we use the light the stars are emitting. If we know two numbers, we can calculate the third. These two numbers are the intrinsic brightness and apparent brightness. Intrinsic brightness is just the light of the star as measured on the star's surface. Apparent brightness is the light that reaches the Earth's surface.

Brightness:

How are Apparent Brightness and Actual Luminosity Related?

As light from a star spreads out its energy covers larger and larger areas causing the energy per unit area to decrease. As a result, the star appears dimmer. We call the energy per unit area brightness. The brightness of a star is proportional to one divided by the distance from the center of the star squared.

Virtual Time Travel:

Further away…and further back in time! What can we see from our vantage point in the universe? The answer is that we can see every object whose light has reached us. It is important to know that light doesn’t travel instantaneously; it takes time to leave an object and get to us. The further away the object, the longer the light takes. This means that we see far away objects as they were very long ago. Looking further out in space is looking back in time!

Telescopes

Limits of Observational Astronomy: Most astronomical objects are incredibly far away from Earth, which means we can't touch them or move them, so scientists are limited to what they can see of these objects to study them. Imagine trying to shop for a car from the doorway of the dealership! You can't touch it, or look under the hood, or drive it yourself; you can only watch it from a distance.

Light

Light takes a long journey before it gets to our eyes. First, it is emitted from an object in space. Then it travels for an enormous amount of time passing through an enormous amount of space. By the time it reaches our telescopes, the object which produced the light may no longer even exist!

The Visible Universe

Although we can look far back in time to very distant objects, we cannot see the entire universe. We only see a small portion called “the visible universe,” since most of the universe is too far away for us to see (light could not have traveled that far since the Big Bang). If the Big Bang occurred at one point, then we would be able to see the entire universe. But we believe that the Big Bang was a simultaneous event everywhere in the universe (which may have always been infinite).

Sphere of Sight

Even with the best imaginable telescopes, we can only see a small fraction of the universe. Why? Because it takes time for light to travel. So if the universe is now 14 billion years old, light can only have traveled...14 billion light years since the beginning. Thus, the part of the universe we can observe (the visible universe) lies within a sphere of radius 14 billion light years, and our earth at the center

Why is the Night Sky Dark

Why is the night sky dark? Olber’s Paradox

This paradox leads us to believe that the universe either is expanding or has a finite history. Both are evidence for the Big Band.

Is the Universe is infinite, then there should be stars at every point in the sky. Think of a large thick forest. Everywhere you look you see a tree at some distance. If the universe is infinite, we should see light from a star at every point, so the sky will be lit up everywhere.

Cosmic Dust

Can cosmic dust solve the paradox? can it be that the more distant stars encounter more cosmic dust to absorb their light? No. Dust heats up after it absorbs energy, then re-radiates the light. The universe continues to be full of the same amount of light, and the dust just diffuses the star light (much like what clouds in our atmosphere do). We would still see the light from all the stars.

The Solution

Answer 1: As we learned from Hubble’s Law, the farther a star is from us, the faster its recessional velocity. Since the farther away stars recede at a faster rate than the closer stars, they are more redshifted because more space has expanded. Therefore, the father away a star, the faster it recedes, and the more redshifted it becomes. Redshifts are caused by increased wavelengths, and it is possible for a star to become so redshifted that the wavelength is too large to be in the cisible spectrum. Stars can be so far away that they are redshifted to wavelengths we cannot see with our eyes and this leads to the dark night sky. In this case, Olber’s Paradox requires that the universe is expanding (evidence for a Big bang).

Answer 2: The size of our visible universe is actually much too small for there to be a star within our visible universe at every point in the sky. If there are stars outside our visible universe, their light would not have had time to reach us and this is why the night sky is dark. Since the night sky is mostly dark, most light must travel to us from distances much greater than 14 billion light years away. This, in turn, means that the universe has a finite age (less than 14 billion years). If the universe has a finite age (less than 14 billion years). If the universe has a finite age, that is evidence for a Big Bang.  

Growing Our Visible Universe

This is an animation showing how the Big Bang altered the sphere of space we now see as out visible universe, in terms of space expanding. In other words for this demonstration, think of the visible universe as a “geometrical sphere of space,” as opposed to what it really is , which is “what we can see of the universe at any point in time.” The circle in the center of the sphere is where the earth would be if it had existed at the beginning of the universe.

Visible Vs. Actual Universe

.....An important distinction to make is between Our Visible Universe and the 'Universe at large'. We assume the universe is infinite, and has always been infinite since it first came into existence.

..... So, when there are spheres or circles labeled 'Our Visible Universe,' these show different stages of the evolution of what we can see of the universe today (a sphere, 14 billion light years across with the earth at its center.)

.....The important idea is: outside of any shape labeled, 'Our Visible Universe', exists the rest of the universe. Light, or any other information, doesn't reach us from out there.
Age of the Universe

We can estimate the age of the universe by uncovering the ages of some of the cosmic bodies in the universe. 

1. Earth: Using radioactive dating, we have discovered that the approximate age of Earth is 4.2 billion years. So, the universe must be older than that.

 2. Stars: We can observe many stars at different ages. We can deduce from this that the oldest stars formed 10 to 12 billion years ago. So, the universe must be older than that.

 But Cosmologists estimate the universe to be 14 billion years, how did they arrive at that?

"Our universe is simply one of those things that happens from time to time." 

Refined Age

Cosmologist get a more accurate estimate of the age of the universe by analyzing data of the expansion rate of the universe. By studying the expansion rate of the universe over time, we can trace back the expansion to the beginning of time, the Big Bang. 

 Running the expansion model backwards in this way tells us that the universe is roughly 14 billion years old. Our most accurate estimation for the age of the universe is 13.7 billion years

Refined Age

The plot below shows observed data from supernovae explosions that occurred in the past 9 billion years. The white dots are data points and the curves are results from calculations using different assumptions about the history of the expansion. The error bars with the white dots indicate the uncertainties in the measurements of time.

From the intersection of the extrapolated curves with the time axis we get the age of the universe. The best fit (red line) gives the best value of the age of the universe of about 14 billion years !

Scientific Progress

Now that we have seen where we are in the visible universe and that by looking out into space we are looking back into 14 billion years of the universe’s history; let’s look at how scientific endeavor has lead us to the theory of the Big Bang

Ptolemy’s Universe

Because objects in the sky appeared to revolve around the Earth, the philosopher Ptolemy established a view of the universe in which the Earth was at the center. The sun and planets were set in concentric crystal spheres surrounding the Earth. These spheres rotated, causing the sun and planets to rise and set. The stars were fixed in an outer crystal sphere. During the Middle Ages, this model became widely accepted in Europe because the central location of Earth reaffirmed the importance of man.

Are We At the Center?

By the 1400s, scientists were beginning to question Ptolemy's model. From his observations Copernicus, developed a model which placed the sun, instead of the Earth, at the center of our solar system.

The Static Universe

One thing common to these early cosmology theories is that they held the universe to be a static thing, (that is to say, unchanging over time), because the outer sphere of stars was fixed in place. The planets (Greek for "wanderers") and sun were the only bodies that moved. Any debate at this time centered around the location and mechanics of our solar system. Now we know that idea to be false, but to early scientists it only seemed natural that the universe never changed. After all, the stars generally stayed in the same place even over the course of years.

Gravity

Then, in the 1600's, Newton discovered gravity, which he described as a force between two objects that have mass or are made up of matter. 

 Gravity is a force between any two objects that have mass. It is an “attractive” force, which means it causes objects to be pulled toward one another. Because of gravity, matter clumps together in the universe to form planets, stars, galaxies, and even larger scale structure. Gravity also governs the motions of celestial bodies. For example, the force of gravity between the Earth and the Sun keeps the Earth in orbit (instead of spinning off into space!)

Gravity: the Basics

Gravity: How does it work? Two things affect the strength of the gravitational force: mass and distance. Look at the two graphs below. Notice that in the graph on the left, as the mass of the objects increases, the force of gravity between them increases. In the graph on the right, as the distance between the objects increases, the force between them decreases.

Newton’s Gravity: Mass

Mass varies directly with gravitational force. The more massive the objects are, the greater the gravitational attraction between them.

Gravity: Distance

Likewise, as the distance increases between the objects, the gravitational force gets much smaller very fast in an inverse square relationship.

Gravity: the Equations

When Newton combined 
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into an equation by adding a constant of proportionality he ended up with this equation:
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F = the force between the two objects

m1 = mass of the first object

m2 = mass of second object

d = distance between the center of each object

G = constant of proportionality = 
[image: image3.wmf] (experimental constant)
It’s easy to think of weight and mass as the same thing because on Earth we use them interchangeably. In outer space however their difference is more obvious. No matter where you are in the universe, you mass is always the same: it is a measure of the amount of stuff there is in an object. Weight, however, changes because it is a measure of the force between you and what you are standing on (the Earth, the Moon, Mars, etc). On the Earth, when we talk about our weight, we are really taking about how much force is between us and the earth. This is what makes mass different from weight, anywhere in the universe, you will have the same mass. Your weight , however, depends on what you are near (i.e. what object you are attracted to by gravity). On the earth, to find your weight, you use your mass, the mass of the earth, and the radius of the earth (how far you are away from the center of the earth) to find the gravitational force between you and the Earth which we casually refer to as you weight.

Newton and Gravity

Gravity helped to explain the relationships between objects in our solar system; however, when applied to the universe as a whole, it created an apparent paradox. If everything in the universe is gravitationally attracted to everything else, the stars should be attracted to each other, causing the universe to collapse.

 To get around this paradox, it was suggested that the universe is infinitely big, and the positions of the stars hold each other in gravitational equilibrium however, if one star was disrupted, it would create a domino effect, collapsing the universe. Something obviously wasn't right.

General Relativity

In 1915, Einstein expanded Newton's concept of gravity into the theory of General Relativity. This theory states that matter itself warps (bends) space and space tells matter how to move. 

This means: the more matter, the larger the curve of space around that object. It is the curved space around the object that makes other objects "fall" towards it. Or in the case of two large objects like galaxies they fall towards each other.

He then tried to apply this concept of General Relativity to the dynamics of the universe. In order to do this, he had to assume that all matter in the universe is distributed uniformly when viewed on large enough scales. This assumption was called The Cosmological Principle.

Homogenous Universe

All observations we have made using the most powerful telescopes show that the universe looks the same in all directions!  The average density of galaxies is the same and does not change with distance or direction. This is called the Cosmological Principle.
What’s the Bloom’n Difference?

Homogeneous (usually pronounced homo-GEEN-ee-us) means literally, to be the same throughout, no matter where you are in the universe. If you look at the universe from earth or from a galaxy a million light years away, it will look the same. Homogenous (usually pronounced ho-MAH-gen-us) is a word more acclimated to everyday speech. One might say milk is homogenous, and space is homogeneous.

 Isotropic means to appear the same when you look in every direction. So if you stand on a hill and look at the sky by moving your head in all directions, with out walking, it will look the same. 

 The point, is that scientists are trying to emphasize two separate concepts: Sameness based on viewing angle (isotropic), and sameness based on position (homogeneous). According to cosmologist George Smoot, "Homogeneous means the same independent of position, and isotropic means the same independent of angle. One makes the distinction because you can have universes that are one and not the other."  Ahh, the joys of semantics...

Hubble Vs. Einstein

Then, to Einstein's chagrin, in 1929 Edwin Hubble observed that the rate at which galaxies are moving away from us is proportional to the distance to the galaxy. This is known as Hubble’s law. This law of expansion is predicted by the Big Bang theory, which we will discuss later. We know today that distant galaxies are not receding from Earth under their own velocity. Instead, the space between the Earth and the galaxy is stretched because the universe itself is expanding.

 Hence, Einstein was proven wrong.

Hubble’s Law

Hubble’s law: A Revolution in Universal Understanding

Before 1929, it was generally believed that the universe was static. In 1929, Edwin Hubble made a truly startling discovery: the universe was expanding. That means that every galaxy is moving away from us and we are moving away from every galaxy. He also discovered that there appeared to be a relationship between how far the galaxy was away from us and how fast it was moving away from us. He expressed this relationship as:
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Let there be space!

The acceleration of galaxies apart from each other observed by Hubble, shows that the universe is expanding. This expansion tells us that the universe is not static. That billions of years ago it was much more hot and dense than it is today. If we follow this logic, we realize that the universe expanded from an earlier state; this process is called the Big Bang

The Big Bang

Think of the universe today as a tape set to "play." We see expansion: everything moving apart from everything else. But what happens when we rewind the tape? Everything becomes closer and closer to everything else (and the universe becomes hotter and denser) until we reach the edge of scientific understanding, the Big Bang.

But How Do We Know?

The Big Bang is a broadly accepted theory for the origin and evolution of our universe. During the past 14 billion years, the universe has expanded from an extremely dense and incredibly hot initial state to what we see today. Here are some reasons why we think there was a Big Bang:
Reasoning Expansion

Why Can We Say From Hubble’s Receding Galaxies That Space Is Expanding?

Let's pretend for a moment that space can be represented by this rubber band.  If we stretch the rubber band, the galaxies will move apart. From the perspective of each galaxy, it will appear as though all of the other galaxies are moving away from it, while it remains stationary. We would see the same movement from any place on the rubber band (or from any other galaxy). The closer two galaxies are to each other, the more slowly they appear to move apart. This corresponds with Hubble’s Law.
The Expanding Universe!

Another way to think about the expansion of the universe is by imagining a loaf of raisin bread. When it is put in the oven, the bread expands but the raisins do not. The bread represents the space in the universe, and the raisins represent the galaxies and heavenly bodies. The key here is that the bread has no center of expansion and expands at every point, making the distances between the raisins increase but not the raisins themselves do not.
Visible Vs. Actual Universe

The Expansion of the Universe: Instead of the raisin bread model, is may also be helpful to visualize the universe as a huge lattice, like in the image by M.C. Escher on the left. In this analogy each cube in the image is a galaxy (or a cluster of galaxies). When the universe expands, imagine every rod (connecting the cubes) getting longer. Every single cube gets further and further away from every other cube, even though the size of the cube stays the same. In the same way, when the universe expands, every galaxy moves away from every other galaxy (even though the galaxies stay the same size). There is no “center” to the expansion.

Do Galaxies Expand?

If every object in space, including our selves, expanded, we would not perceive any expansion. In other words, how would you measure expanded wavelengths if the meter stick has expanded also? We know from observation and from theoretical calculations that objects are bound together by forces. Electrical forces hold atoms together and gravitational forces hold planets stars and even galaxies together. These objects, held together by these forces, do not expand with space. (As shown by the "raisin bread universe".)
Redshifts

As space expands, light waves get stretched and their wavelengths change. The more light is stretched, the longer the wavelengths become, and the color of the wave gets shifted towards the red end of the spectrum. We call light "redshifted" if it is shifted in this way because of the expansion of space. What would happen to a light wave in our raisin bread universe?

Galaxy Redshift

Hubble's observations showed galaxies that were far redder than expected, or in other words, shifted towards the red end of the electromagnetic spectrum. ...Farther galaxies have greater redshifts. This could only be caused by the expansion of space. 

...Because light has a finite speed, light from farther objects takes longer to reach us. During that time, space expands, stretching the light waves. ...Longer wavelengths mean redder light. Light from the most distant galaxies takes longer to reach us and allows more time for space to expand, so the redshift is greater.
The Electromagnetic Spectrum

We can only see the very narrow section in the middle labeled “visible” light. An object can look completely different at two separate wavelengths… Here is the entire electromagnetic spectrum, including the portion humans can see. To see something, we need light. When you think of light, though, you probably think only of what humans can see. In reality, there are many different types of light, which blend from one into the next. On one end is high frequency, short wavelength light and on the other is low frequency, long wavelength light. As light waves are stretched, they shift from short wavelengths to longer wavelengths
Observing Redshifts

The figure shows spectra of a star and of galaxies showing redshifted spectral lines. The amount of redshift z is measured by:
[image: image8.wmf] where lambda is the wavelength of a redshifted spectral line and lambda naught is the wavelength of the same line in the laboratory on Earth. Light emitted from stars (or galaxies) can be separated into a band of colors, called a spectrum. Each color has its associated wavelength. Spectra also contain sharp spectral lines, indicated by the black lines on the diagram. The position of the spectral lines is given by the wavelengths the atoms send out
Explosion of Space

The Big bang is an Explosion OF Space, NOT an Explosion IN Space.

We Know What You’re Thinking.

The expansion of the universe is consistent with the Theory of the Big Bang. But, “What is the universe expanding into?” In actuality, the universe is just expanding, since there is nothing for it to expand into. There’s nothing outside of the universe, because essentially, there is no outside. The universe is infinite. So what happens when infinity expands? It’s still infinity, just a bit bigger.

Receding Objects

With this expansion of space from Earth’s view, it appears that everything is expanding away from Earth. …Does it mean that we are the center of the universe after all with everything else expanding away from us?

We Are NOT AT the Center of The Expansion

We are NOT At The Center Of The Expansion. If we could view the universe from any perspective, we would see everything receding away from ANY point in the universe. The universe is expanding at all points in space at once.

Galaxy Movement

This expansion of space is what causes galaxies to appear to be moving apart from each other. Although it may appear that the galaxies are moving, in reality it is the space between the galaxies that is growing.  This expansion makes the distances between the galaxies greater.
Cosmic Microwave Background

This relic radiation is the Cosmic Microwave Background (or CMB). It fills the universe and can be detected everywhere we look. If we could see microwaves, the entire sky would glow with nearly equal brightness in every direction. These microwaves equate to a 3 K temperature. The temperature of the CMB is almost completely uniform at 3 Kelvin This is why scientists believe only something as all-encompassing as the Big Bang could have produced CMB radiation
CMB Questions

Questions about the Cosmic Microwave Background: Here are some questions about the CMB that we will answer in this section. How was it discovered? Why is it so cold? Why is it different colors? Why is the CMB pictured as an oval?

Accidental Discovery

In 1964, two scientists working for Bell Laboratories, Arno Penzias and Robert Wilson, stumbled accidentally upon a relic of the early universe. While searching for radiation anomalies that might potentially harm Bell satellites, they discovered a stubborn abnormality of 3 Kelvin in their observations. Having exhausted all feasible methods of fixing the error (including pigeon-proofing the horn reflector), the frustrated scientists were forced to conclude that the "aberration" wasn't an aberrations at all. Their discovery of what came to be called the "CMB" was tremendous for astrophysics, as it represented the first observable moment in the evolution of the universe.
Redshift Scale

This is a perfect example of the "redshifting" of light that occurs when light travels through an expanding medium. The light from the CMB has been stretched by the expansion of the universe. Originally, light from the CMB had a shorter wavelength that corresponded to a temperature of about 3000 K, or almost 5000 degrees F!!! By the time the light reached us 14 billion years latter, it has been so stretched out that it now corresponds to 3 K, or -450 degrees F, which is extremely close to absolute zero. Why does the CMB correspond to a temperature close to absolute zero?
Stove Top Radiation

All matter emits electromagnetic radiation. The wavelength of the radiation is directly dependent on its temperature; a high temperature corresponds to a short wavelength and. Conversely, a low temperature means a longer wavelength. For example, think of the metal coils on an electric stove; when its cold (i.e. OFF), it appears black. When you turn it on, you can begin to feel it giving off heat. If you turn it to the highest setting, it will begin to glow red. If you could set it any higher, it would glow yellow and then white.

Temperature and Radiation

So, microwave observations correspond to a temperature of 3 K. This makes sense, because the microwave background is reaching us after almost 14 billion years, during which time space has expanded enormously, causing a huge redshift. High energy light emitted then is only now reaching us as low energy microwaves.

Uncovering the CMB

There are tiny variations in the temperature of the CMB (on the order of 10-5). Although as a whole, it is almost perfectly uniform at 3 kelvin, the small variations appear on the map as “cooler” blue patches. These tiny changes in temperature later gave rise to large – scale structure in the universe.

CMB Shape

The CMB is shaped like an oval for the same reason that many maps of the world are ovals. You can't take a sphere and make it flat without tearing it, because a sphere is fatter in the middle than at the top and bottom. To prove this fact, peel an orange and try to make the peel into a flat oval. This cannot be done with out tearing the peel. So distortion is inevitable. It just so happens that an oval is the shape with the least angular distortion of the original sphere.
Formation of Elements

A very small fraction of a second after the Big Band, the universe was at a temperature of more than 100,000,000,000 K. As a result of the extremely high temperature and density, all of the particles in the early universe collided with each other like many marbles in a shaken box. These collisions allowed many nuclear reactions to take place that eventually formed specific amounts of light elements such as hydrogen and helium. Much later, more complex reactions took place inside stars. When the stars blew up, they scattered the heavier elements over the universe.

25% Helium, 75% Hydrogen

Imagine that you're in a kitchen, and you see a pot on a stove that's turned off. You look in the pot and see that the mixture inside looks like about 25% caramel and 75% sugar. You know that it takes heat to turn sugar into caramel, so although the heat is currently turned off, it must have been on sometime in the past.  If you had experience with cooking, you would perhaps be able to make a hypothesis as to how long the stove was on, and at what temperature, to create the proportions you now see in the pot.  Similarly, the current proportions of hydrogen and helium in the universe (the same proportions as the pot) are about: 75% hydrogen and 25% helium. This allows scientists to make hypotheses about the conditions of the Big Bang. Conditions were right for long enough to fuse 25% of the hydrogen into helium.
Elemental Abundances

This graph represents the abundances of the lightest elements in the first 3 hours of nucleosynthesis the making of the elements). Notice that at higher temperatures, only protons and neutrons exist. As the universe cools, deuterium (1H2) is formed, and then helium 4 is formed, resulting in a decrease in the number of protons and neutrons. A tiny amount of beryllium and lithium is produced at much cooler temperatures
Formation of the Light Elements

.....The step-by-step animation below shows the process of fusion for the creation of hydrogen and helium nuclei from protons and neutrons. ....In the early universe, conditions were right for long enough to form almost exclusively these two simplest elements. That means the rest of the elements, like the oxygen and carbon inside our bodies, could only have been formed inside of stars!

Formation of Heavy Elements

We have just shown that most of the hydrogen and helium (and a little lithium and beryllium) in the universe was synthesized during the Big Bang. But why were only these four lightest nuclei formed? .....The answer is that fusion products between 5 and 8 nucleons are very unstable, as shown here with beryllium-8 (which falls apart almost immediately after it forms). .....Only billions of years later, after the formation of stars, did the heavier elements form. The density inside a star is great enough to sustain fusion of heavier elements.

Evolution of Stars and Galaxies

An essential feature of the Big Bang theory is that the universe evolves with time. Today, as astronomers look back in time to when the universe was much younger, they see that the galaxies of earlier eras look quite different than today's galaxies. Noticeable changes in size, shape, and color, reflect the birth rate of stars. Younger stars form in an environment with more of the heavier elements. Radio sources, quasar and clusters of galaxies also change. This evolution is a key part of our universe
Evolution of Stars

Because stars form heavy elements, they offer us more evidence of a changing universe. Light from stars is released in nuclear reactions at their centers. As a star burns its hydrogen fuel into helium and then burns helium into heavier elements, the properties of the star's emitted light change. This evolution has been shown by observing stars of different ages and plotting their properties. When some stars explode (become supernovae) at the end of their lives, they project the remaining material into space. The heaviest elements are born through this explosive process. The first stars contained very few heavy elements, but more modern stars were formed from the waste material from supernovae, so they contain more heavy elements. Eventually so much hydrogen and helium will be fused into heavier elements that much less will be available to make stars like our Sun. 

The Ongoing Cosmic Dance

As stars go through formation and various stages, so do galaxies. This simulation shows how two galaxies are gravitationally attracted to each other and then glide past each other because of the acceleration caused by their gravity. In their cosmic dance, gravity stretches out their arms until they are once again pulled towards each other. This ongoing merging of galaxies is occuring throughout the universe. In their dance, individual stars do not collide although some may escape the single galaxy that results. In fact, in 3 billion years, our Milky Way will collide with the Andromeda Galaxy.
Evolution of Galaxies

When we look very far away and thus far back in time, we generally see smaller and more irregular galaxies. These primordial galaxies often merge and the orbits of the stars are changed. The resulting bigger galaxy forms a more regular shape, such as elliptical or spiral, like our own Milky Way. This collection of images, courtesy WMAP and NASA, shows pictures of different aged galaxies. Notice how the galaxies from 2 billion years after the Big Bang are irregular and blob-like, while the galaxies of today have a more definite shape.

Big Bang Evidence Summary

In fact, we can determine enough details about the early universe to put together a history of the universe from shortly after the Big Bang until our present day. We can even speculate about the fate of the universe in the future. None of this evidence proves this theory but when you take all of the evidence together, plus the cosmological principle and general relativity scientist are confident they know the conditions of the early universe.

Making of a Scientific Model

At this point, we know enough to make a scientific model of the universe. Such a scientific model is created according to particular rules. First, we determine the initial contents and conditions. Then, we determine how they would interact according to the laws of physics. Through these calculations we create a "model" that can y be used to predict what will happen in the future. Finally, we check to see whether evidence exists for those things our model predicted. In the next section, we start with the initial conditions of a hot and dense universe and use the laws of physics to see what happens at every stage. The end result will be a model for all of cosmology.
Era 1

"...we have a viable theory of the universe back to about 10 -30...second. At that time the currently observable universe was smaller than the smallest dot on your TV screen, and less time had passed than it takes for light to cross that dot."-George Smoot
Unknown

The early part of this era is mysterious and scientists are working to understand it more clearly.  We will return to this early time after we discuss what is known from the later part of this era,  inflation and onward. The early part of this era is mysterious and scientists are working to understand it more clearly.  We will return to this early time after we discuss what is known from the later part of this era,  inflation and onward.
Inflation 

During Era 1, an unusual energy drove the universe through a rapid, accelerating expansion. During this inflationary period, the universe increased in size on the order of 10 to the 30th power in approximately 1 second.

Expansion and Acceleration

The universe is not accelerating, but it is still expanding. This is a very important misconception to address. We know that inflation during Era 1 was characterized by a very large accelerationg. Just because this large acceleration eventually ended does not mean that expansion ended also; it only means that the rate of expansion decreased. In an analogous way, imagine that you're driving a car and accelerating (going faster and faster). Just because you suddenly take your foot off of the gas pedal does not mean the car stops moving forward! It only means that the car moves forward at a slower rate. By the same reasoning, an end to the large acceleration during inflation did not mean that the universe stopped expanding; it just expanded more slowly.
Consequences of Inflation

Imagine that the universe is the surface of a ball. As inflation causes the ball to expand, the curvature of the ball lessens as well, as the diagram shows. Thus, as the universe expands, it starts to appear more and more flat.
Inflation

Due to inflation, space was pretty much homogeneous. However, Quantum Mechanicsg  tells us that, on small scales there must be fluctuations in the energy density of space. These fluctuations were on the order of 1 part in 100,000. As they occured, the rapid expansion of inflation stretched the fluctuations to astronomical scales. These fluctuations are the seeds that later formed galaxies and clusters of galaxies. Our own galaxy is the result of one such quantum fluctuation

Inflation

Before 10 ^-44 seconds.. What happened before 10^-44 seconds? What were the initial conditions? How did the Big Bang start or did it?  What laws applied? What is time? Well, inflation appears to wipe out the clues that might answer these questions.  Inflation spreads out any initial conditions so that they are so diluted the chance of finding anything from before inflation would be like finding the needle in the haystack

Scientists Debate

Scientists have debated these questions. Some say there is no point in discussing "before".  Some say there was a space-time foam. Some say if the exact conditions didn't exist as they did, humans couldn't have evolved and therefore these questions couldn't have existed since there would be no humans to ask them. We do know that as we go backwards in time the density of the universe was so great (Planck  density 10^93 g/cm^3 at 10^-43 sec) that the rules of Physics may not hold.  General relativity is not valid because the quantum fluctuations are too great.
E = mc2

A lot of energy makes a little matter. Matter is just one of the many forms of energy. As the universe expands, it also cools. with this cooling, the intense concentration of energy from the beginning of the universe spreads out. Although energy can take the form of matter, and matter can convert back into another form of energy, the universe has cooled enough that a significant amount of energy stays in the form of matter.

Fundamental Particles

These are the fundamental particles that came into being at the birth of the universe. As antiparticle is the same as its corresponding particle, but with exactly the opposite charge.

Quark – Gluon Plasma

Era 2: 10 – 12 Seconds. At this time, the universe is a hot mess of plasma soup with essentially equal parts of antimatter and matter.

Matter to Energy

Era 2: 10 – 12 Seconds. When a particle and its antiparticle collide, their mass is converted into pure energy during an explosive annihilation. This process can be reversed to produce a particle/ antiparticle pair from pure energy.

Inequalities of Matter 

Era 2: 10 – 12 Seconds. When a particle and its antiparticle collide, their mass is converted into pure energy during an explosive annihilation. This process can be reversed to produce a particle/ antiparticle pair from pure energy.

Quarks Come Together

Era 2: 10 –12 Seconds: Due to circumstances yet unknown, the ratio of antimatter to matter became unequal. The excess matter in quarks, came together in a specific collection of three quarks to make either a proton or a neutron while the rest annihilated away. By 102 seconds, all protons and neutrons had formed. 
Atomic Nuclei Form

102 seconds: At this time, the protons and neutrons come together to form nuclei.

The Surface of Last Scattering

The formation of atoms at the very end of Era 2 and the beginning of Era 3 corresponds directly with the decoupling (or separation) of light and matter.  In other words, the first moment when atoms formed is the same moment that light and matter stopped constantly interacting with one another, and photons were suddenly able to travel freely. 

For this reason, we call this moment the "surface of last scattering;" light from this period is observed today as the Cosmic Microwave Background!

Atoms Form

Era 3: 3 x 105 years. After many thousands of years, the universe’s expansion causes it to cool enough so that nuclei and electrons can come together to form atoms.


Ask Oleg:



Did You Know?

When we were discussing the animation for atom formation we got into a debate about the appearance of the electron. Electrons have a dual nature: particle and wave. When they act like particles we think of them as negatively charged balls and that is how chemists view them during bonding and chemical reactions. When electrons act as waves around the nucleus they are represented as a cloud. That is why we show the electrons zooming around the nucleus as a negative particle but when the electron is caught by the nucleus we show it as a wave forming the electron cloud. Also notice that the cloud does not continuously shrink but goes in steps representing the quantization of the electron (wave) energy levels.

Celestial Bodies Form

3 x 108 years: Atoms come together to form the first stars and galaxies.

Formation of Galaxies

About 3 x 108 years ago, temperatures grew cool enough that matter and light became seperate things.  Fluctuations in the cosmic microwave background caused small changes in temperatures which allowed clumps of matter to collect, while areas of less dense matter continued to expand
Dark matter and Galaxies

Era 3: 3 x 108 years. Although gravity causes matter to clump itself together in the formation of galaxies, recently, scientists have found evidence that cold dark matter also played a major role pulling primeval galaxies together. Evidence of this dark matter (since it can’t be seen with light) is the otherwise unexplained magnitude of gravitational force. This dark matter formed “shadow” clusters while the photons were still tearing apart ordinary matter. Once light and matter decoupled, the gravity of the dark matter collected ordinary matter into these clusters forming what we now see today.

Today’s Universe

Today the formation and aging of stars and galaxies continues while the universe expands. As we have already learned, after inflation at the end of Era 1, the expansion rate began to decelerate or slow down. We would expect the same situation to be occuring today, but what we have found through observation is the exact opposite: Today, the universe has an accelerating expansion

Chunk by Chunk

To better understand the significance of expansion of the universe, let's look at a sample chunk of it. In this way, we can follow how size changes as we move forwards and backwards in time. Keep in mind that only the size of the cube will change. The galaxies inside the cube will stay the same size!

Linear Expansion

Now let’s imagine that we can follow how the sixe of our chunk of universe changes through time. Since the universe is expanding, we know that sixe increases as time passes, as this graph shows. If we are only looking at a small intercal of time, it looks like this relationship between size and time doesn’t change, that is, the rate of expansion is constant ( a straight line). If this were the case, then the universe would expand forever at the same speed. Drag the point on the graph to see how our sample piece of universe gets bigger or smaller as you move forwards or backwards in time.

Expansion Types

However, if we look at a much larger timespan, say 5 billion years ago, we see that in fact, the rate of expansion does not necessarily stay the same. Just as with Inflation in Era I, the expansion rate changed from rapid acceleration to deceleration, the expansion rate since Era I has also changed, the importance of the rate of expansion is key to the eventual fate of the universe. Imagine if the rate of expansion rapidly slowed down, or decelerated. Eventually expansion would stop and the universe would start contracting inward in a “Big Crunch!” In this way, our path is linked to our future. Observations now tell us tha tour universe is changing with time accordint to the blue lune: that is, it is accelerating! Click on the links below the graph to see what each expansion would look like.
Newton’s Cannon Metaphor

Imagine that the speed of these cannon balls is the same as the speed of the expansion of the universe. When the ball’s speed is accelerating, so is the expansion of the universe.

The Universe Today

What is the status of the universe today? We know the universe is expanding! What do we know about the expansion? Is the rate of expansion constant? or does the expansion slow down? or does the expansion accelerate? In order to find the right answer, we have to make observations. Observed redshifts from far away galaxies, using supernovae explosions as standard candles in order to measure their distance, tell us how the expansion rate of the universe has changed in the past.  We learn from these observations that the expansion of the universe has been accelerating for the past 9 billion years! How do we know about this?
The Accelerating Universe

This is an extension of the plot previously shown. The white dots show data from distant supernovae. The curves are based on theoretical calculations from different assumptions about the expansion rate. The red curve, which the best fit to the supernovae data shows that billions of years ago the expansion of the universe began to accelerate (you cannot fit these data with a straight line, they curve upward)/ Before the supernova research, astrophysicists believed the expansion history of our universe could lie in the gold region where the expansion is slowed by the force of gravity. How is this acceleration possible?

The Dark Side…

There is no explanation from "classical" physics to explain the acceleration of expansion. The acceleration indicates that gravity (which slows down the expansion) is counterbalanced by a mysterious repelling force called Dark Energy. The outward pressure of this dark energy seems to be pushing the universe to expand faster and faster, and may lead the universe to expand forever. Most of the universe is made of dark energy, but at this time we know almost nothing about what dark energy is. Note that dark energy has the exact opposite effect of gravity. While gravity is attractive, dark energy is repulsive.

The Future of the Universe

The calculations of the expanding universe can also be extrapolated into the future. This is shown in the picture. The future of the expansion history of our universe - whether it will speed up, slow down or even possibly reverse, finally collapsing - depends not only on the accelerating dark energy, but also on the counterbalancing force of gravity. The strength of gravity however depends on the matter density of the universe. When astronomers were trying to measure the matter density of the universe, they found a value which was much too low to explain, for example, the orbital velocities of stars in a galaxy. A new mystery arises: Dark Matter.
What is Dark Matter?

The type of matter made up of atoms accounts for the visible mass in galaxies and clusters. But this falls far short of the total mass needed to bind them together gravitationally and explain their internal motions. So an extraordinary different type of matter, not made of atoms, must exist; it is called "dark matter" because it is not directly visible. What is dark energy? What is dark matter? These are two of the great questions facing cosmology and particle physics.

Evidence of Dark Matter

We "see" visible matter because of light and its mass interacts through gravity. We can't see this missing dark  matter because it only interacts through gravity. We know this dark matter is there because there is more gravity than the visible matter in the universe could produce. Evidence of this "extra" gravity include: Huge gas clouds confined in space that ordinary matter’s gravity was not large enough to explain, Density of the universe is just right to make a flat curve, 95% of the matter of the universe is MISSING, Unexpected rotational velocity of galaxies.

The Pull of Dark Matter

The amount of visible matter in the universe does not provide enough gravity to have allowed large scale structures like stars and galaxies to have formed.  With only visible matter the universe would continue to expand apart forever.  In fact, the density of visible matter is so small it only provides 1-10% of the known density of the universe. Dark matter makes up the rest of this density thus having allowed galaxies to form and causing the universe to be flat.

Unexpected Rotational Velocity

As seen in our solar system, the further out the planet is the slower its angular velocity appears to be.  That is why it takes Pluto much longer to go once around the sun than it takes the Earth. Astronomers have observed that galaxies and clusters don't follow this pattern. Instead, the outer most stars and galaxies travel with an angular momentum fast enough to rip their galaxies apart.  Ordinary matter could not provide enough gravity to hold these rapidly moving bodies in place.   Dark matter halos around these galaxies supply the "missing" gravity to allow these stars to behave this way.

The many faces of the Crab Nebula

For astronomers, different kinds of light are very useful as they each carry different information about the celestial object. The following images were take at different wavelengths from the same object.
The Unanswered Questions

So that’s the end? We’ve covered everything there is to know about the universe? Wrong! There’s still a lot we don’t know or can’t explain about our universe: Are there undiscovered laws of nature? Is there a Grad Unified Theory? What is dark energy? What is dark matter? What happened during the unknown part of Era 1? Why are there so many kinds of particles? Why did antimatter vanish?

But in the end, who knows…
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