God and Cosmology

Of all of the evidence that exists for intelligent design in nature, I believe the strongest case lies in the interrelated areas of physics and cosmology.  These are the areas that raise the ultimate questions of why things are the way they are.  We ask ourselves why a universe exists, and how it came into existence in the first place.  But we also ask why it has the particular characteristics that it has.  It is an important question, because when we examine our universe and the laws of physics that describe it, we find that it is friendly to the existence of beings such as ourselves.  In fact, it seems unreasonably friendly.  If we imagine changing the laws of nature, we find that we don’t have to change things very much in order to make our universe essentially uninhabitable.  Apparently, only a limited range of parameters is consistent with life and intelligence. This is often referred to as cosmological fine-tuning. To many, this seems to be the strongest evidence that our universe was designed by a Creator with our existence in mind.
On the other hand, nonbelievers look at developments in cosmology through very different eyes.  For them, the enormous progress science has made in enhancing our understanding of the universe makes a Creator seem unnecessary.  When we didn’t have this knowledge, we felt forced to turn to supernatural explanations for our existence.  But now, they believe, we have found that the right way to approach all questions of this nature is by searching for natural mechanisms.  It has worked in the past, and, they hope, it will work again in the future.  Perhaps science can explain how the universe came into existence from nothing, essentially uncaused.  But also, perhaps science can find a natural explanation for the fine-tuning of the universe.

Aside from sheer luck, how might a nonbeliever explain why the universe’s properties are so remarkably suited for our existence?  The most common approach to this issue is called the multiverse hypothesis.  Our universe is, we are told, only one of a great many, perhaps unimaginably great, number of universes.  These universes have different laws of physics, and different values of their physical parameters.  So although the probability of any particular universe being fine-tuned for life is very small, the number of different universes is so great that it was inevitable that one perfectly suited for life would emerge at some point.  And of course, the inhabitants of that universe will marvel that their universe is so well suited for their existence.  So the appearance of intelligent design is nothing more than an illusion.

So what should we make of all of this?  What are the fine-tuning arguments?  How sound are they?  And could nonbelievers be right?  Could the multiverse hypothesis render these arguments obsolete?  That’s the focus of this paper.

But first, in order for these arguments to make sense, I’m going to have to present an overview of what we know about the laws of physics and the origins of our universe, and why we believe that our picture is accurate. Unfortunately, there are bound to be various points that you will have trouble following if you’re not at least somewhat acquainted with physics and cosmology.  I’ll do my best to try to make it comprehensible.  But don’t worry if you don’t understand everything.  You should still be able to get a feel for the overall picture.

The Laws of Physics
First of all, what do we know about the laws of physics?  Let’s deal first with the particles that make it up, and the interactions that they can experience.  As you are probably already aware, we are all made of atoms.  Every atom consists of an atomic nucleus, with orbiting electrons.  The nucleus consists of particles called protons and neutrons.  The electrons have negative charge, while the protons have positive charge of the same magnitude.  The neutrons have no net charge.  So atoms are normally electrically neutral, with the same number of electrons as protons.  The electrons remain bound to the atoms because they and the protons are oppositely charged.  Opposite charges attract, while charges of the same sign repel.  This is known as the electromagnetic force, or electromagnetic interaction.  It is one of four basic forces in nature.

If the nucleus contains lots of protons in close proximity, why doesn’t it simply fly apart because of the electrical repulsion?  There must be another force holding the protons and the neutrons together in the nucleus.  This force is called the strong nuclear force, or often simply the strong force.  It’s a very powerful force, but also very short range.  As a result, atomic nuclei cannot become arbitrarily large.  Only 92 distinct elements exist in nature.

Another force that exists is the weak nuclear force.  This force plays an important role in radioactive decay.  Although it may seem less important than the other forces, it actually plays a vital role, as we will see.

Finally, there is gravity.  Isaac Newton was the first to realize that all matter in the universe attracts all other matter.  Gravity is what holds us to the earth.  It keeps the moon in its orbit around our planet.  The planets in turn are gravitationally bound to the sun, and our solar system as a whole is gravitationally bound to our galaxy, the Milky Way.  And our galaxy is gravitationally interacting with other nearby galaxies.  When dealing with large distance scales, it’s the gravitational force that’s really important.  The electromagnetic force is far less important.  But it’s not because it’s not very strong.  On the contrary, the electromagnetic force is immensely stronger than the gravitational force.  But the electromagnetic force can be both attractive and repulsive.  Positive and negative charges can cancel each other out, and so it doesn’t play such an important role over large distance scales.

What is gravity?  Our current theory of gravity is Einstein’s theory of general relativity.  In this theory, gravity acts by warping space and time, causing objects to take different paths from what they would take if space and time were not distorted.  Einstein’s theory has been rigorously tested, and it has passed with flying colors.  Einstein’s theory is of immense importance to cosmology.
An area of physics that’s of vital importance is quantum mechanics.  In classical physics, the physics of Newton and Galileo, every particle has a definite position and speed.  But this is not so in quantum theory.  Every particle is described by a wave that is spread out in space.  So it doesn’t have a definite position.  It also doesn’t have a definite speed.  Heisenberg’s famous uncertainty principle says that if we try to get a more precise measurement in one quantity, it ends up increasing the uncertainty in our knowledge of the other.  But this is true not just of position and speed, but other quantities as well.  So there’s an inherent fuzziness to nature.
Quantum physics plays a vital role in the structure of atoms.  The most important is through something called the Pauli exclusion principle.  This says that there cannot be more than one electron in any given quantum state.  As a result, electrons orbit in a distinct shell structure.  They cannot all simply crowd together in the lowest possible energy state.  As it turns out, this is vital to atoms bonding together to form molecules, and, therefore, for the existence of life.
Quantum mechanics is also important in understanding the different interactions in nature.  There is a quantum theory of the electromagnetic force, called quantum electrodynamics.  In this theory, charges interact with each other by exchanging particles called photons. Photons are of huge importance in the universe – light is made up of photons.  Photons in light are sometimes called real photons, because we can readily detect them, and they exist for indefinite periods of time.
By contrast, when charged particles exchange photons, the particles are called virtual photons, because they exist for only a very short time. They can borrow energy, as long as they return it within a certain time. This is allowed by a form of Heisenberg’s uncertainty principle.  So a particle can create a photon, and the photon can travel through space to another charged particle, where it is absorbed.  This exchange ends up creating a force.

This is an example of what’s known as quantum field theory.  In classical physics, particles create fields, and the fields act on other particles.  So a charged particle creates an electric field, and then that field in turn acts on another particle present in the field.  In quantum physics, the field is associated with virtual photons.

This is true of other forces as well.  There is a particle called the gluon that is responsible for generating the strong nuclear force.  The quantum field theory for the strong force is called quantum chromodynamics. There are also particles that govern the weak force, called W and Z particles.  Physicists have succeeded in unifying the electromagnetic and weak forces into a single force, in something called electroweak theory.  Here the forces and particles are distinct at ordinary temperatures and energies.  But at extremely high temperatures and energies, they end up becoming essentially interchangeable.  Physicists are busy trying to unify the electroweak force with the strong and gravitational forces, but so far have failed to do this.  They have also failed to develop a quantum theory of gravity.
What are the elementary particles in nature?  We’ve already discussed the proton, neutron, electron, and photon.  But actually, the proton and neutron are not elementary particles, because they are made up of smaller constituents called quarks.  Every proton and neutron consists of three quarks. There are a total of six quarks, but only two are important in ordinary matter, the up and down quarks.  The others are unstable and quickly decay into up and down quarks.  A proton consists of two up quarks and a down quark.  A neutron consists of one up quark and two down quarks.  The masses of the up and down quarks are very nearly the same, which turns out to be of immense importance. Quarks, and everything made of quarks, can interact via the strong, electromagnetic, and weak force.

Then we also have six leptons – the electron, the muon, the tau, and a neutrino that goes with each.  Only the electron is important in ordinary matter; the muon and tau quickly decay into electrons.  These three particles can interact via the electromagnetic or weak force, but they cannot feel the strong force.  The neutrinos are particles that, like the photon, travel at the speed of light (or very nearly so). These only interact via the weak force (except for gravity, which affects all the particles).  So they don’t interact much at all; neutrinos from the sun pass through us all the time without having any effect on us.

In addition, each of these particles has something called an antiparticle.  This is a particle with similar properties, but opposite charge.  When a particle and an antiparticle meet, they annihilate each other, becoming pure energy, namely photons.  But the reverse happens too.  We can create particles from energy.  This is because of Einstein’s special theory of relativity, which says there is an equivalence between matter and energy.  Matter can be transformed into energy, and vice versa.  We do this routinely in particle accelerators.  The particles are created in pairs, a particle and antiparticle.
Finally, we once again have the exchange particles, the photon, gluon, and W and Z particles, which are responsible for the three forces we’ve discussed.  There’s another particle, called the graviton, which is believed to exist, and has never been detected.  It would play a role in the gravitational force, and would presumably play a crucial role in any quantum theory of gravity, which we don’t yet have.
The Big Bang
So that’s a brief tour of particle physics. Now what about cosmology?

First, let’s talk about how our universe is structured.  Stars are grouped into galaxies.  Our Milky Way galaxy probably contains a few hundred billion stars.  Galaxies can be clustered together; we are part of a collection of galaxies known as the Local Group, which includes Andromeda.  But our Local Group is in turn part of a larger cluster, which is part of a supercluster.  There are hundreds of billions of galaxies in the visible universe.
Are stars and planets the only matter that exist in the universe?  As it turns out, the answer is no.  There is a lot of matter out there that we can’t see, called dark matter.  We don’t know what it is, but whatever it is, it is highly noninteracting.  Like all other matter, it does generate gravity, though, which is how we know it exists.  We can’t explain the motions of stars in galaxies just by looking at visible matter alone.  We need the dark matter too.  In fact, from observations of star and gas cloud motions in galaxies, there appears to be several times as much dark matter as visible matter.  We believe that dark matter is of huge importance in the development of the universe.

What about the origins of the universe?  What do we know about how it all began?
For centuries people assumed the universe was static, that it was unchanging in time.  This all changed in the 1920s when Edwin Hubble was studying galaxies.  He looked at the spectrum produced by each of the galaxies.  By looking at how wavelengths in the spectrum were shifted, he was able to measure how fast each of the galaxies was moving toward or away from us. What Hubble noticed was that the galaxies’ light was almost always redshifted, i.e. shifted toward longer wavelengths.  This would happen if the galaxies were receding from us. (This is similar to the Doppler effect, which you may be familiar with, although strictly speaking it’s not really the Doppler effect.) And the further away the galaxy was, the more redshifted its light was, so it seemed to be receding faster.  The other galaxies seem to all be running away from us!

This was interpreted as implying that the universe was expanding.  In Einstein’s theory of general relativity, space itself can expand or contract.  In an expanding space, observers on any galaxy will all notice the same thing – they’ll notice all the other galaxies receding from them, and the further away they are, the faster they are receding.  A good analogy is with an expanding balloon.  Imagine putting dots on a balloon with a marker.  Now continually blow the balloon up to larger and larger size.  The dots will get further and further apart, and the further apart two dots are, the faster they’ll recede from each other.  Something like that is apparently happening with our universe.  As space expands, the wavelengths in light waves get stretched out too, which is the best way to understand the redshift.
But now imagine tracing the expansion backward in time, rather than forward in time.  Then all the galaxies would be moving closer and closer together.  Eventually, there must come a point where all of the galaxies meet and overlap.  So the universe can only be traced backward for a finite amount of time.  In other words, it must have had a beginning.  This creation event became known as the Big Bang.

Actually, this was originally intended as a derisive term; not everyone liked the idea.  For some, the idea of the universe having a beginning was too suggestive of a Creator.  There was an alternative suggested, called the Steady State theory, in which matter is continuously created out of nothing, filling in the gaps that open up as the universe continually expands.  Over time, however, the Big Bang was vindicated.  You might think that people would have learned not to let their antipathy to the idea of a Creator influence their judgment about whether a scientific theory is correct.  But this is a lesson that has not been learned; people are still making this mistake today.

In the Big Bang model, the universe began about 13.7 billion years ago, starting in an incredibly dense, hot state.  There were no stars, or galaxies, or planets, just a mix of particles.  As the universe expanded, it cooled.  A point was reached around 380,000 years after the Big Bang at which everything cooled to the point where electrons could become bonded to nuclei, and so atoms could form.  As time passed, the gas clumped together in various places, forming the first stars.  The stars ended up clumping together into galaxies, and the galaxies into clusters of galaxies, and the universe that we know today gradually took shape.
One piece of evidence that convinced cosmologists of the Big Bang was something called the cosmic microwave background.  Before everything cooled to the point where atoms could form, the universe was filled with photons, about one billion for every proton or electron.  These photons continually scattered off of particles, and the whole mixture was in thermal equilibrium.  But when atoms formed, the photons no longer scattered; they were able to travel freely through space.  We should be able to see these photons today, and they should exhibit what is called a blackbody spectrum.   This is just a particular function that indicates how much energy is present at each frequency in the spectrum.  But the photons should be immensely redshifted, because the universe has expanded so much in the time since.  In fact, we expect that the radiation should be characteristic of that emitted by an object at about three degrees Kelvin above absolute zero.  These photons would be in the microwave region of the spectrum.  As it turned out, this radiation does exist.  It’s called the cosmic microwave background radiation.  It exhibits a perfect blackbody spectrum, as predicted, and it corresponds to a temperature of about 2.73 degrees above absolute zero, about what is expected.
The Creation of Matter
An important question that astronomy and cosmology need to address is how all the elements came to be produced.  Life depends on carbon, hydrogen, and oxygen, as well as other, heavier elements.  Where did they come from?

Here’s how particles were created, according to the Big Bang model.  A tiny fraction of a second after the Big Bang, the universe was extremely hot.  There was so much energy around that particles and their antiparticles could be created.  So there were quarks and antiquarks, and electrons and antielectrons (or positrons), along with photons.  These particle-antiparticle pairs would annihilate into energy, but new pairs could be created.  As the universe cooled, though, there was no longer sufficient energy to create new particle pairs, and the pairs that did exist annihilated, creating photons.

You would think that all the pairs would annihilate, and the universe would be left with only photons.  But that obviously didn’t happen, since we are here.  There appears to be a slight asymmetry with particles and antiparticles that existed in the early universe.  For every billion antiparticles that were created, a billion and one particles were created.  So they didn’t completely annihilate.  One out of a billion particles was spared.  We are made of these lucky particles.  This, incidentally, is why photons outnumber protons and electrons by a billion to one.  No one understands why this asymmetry existed.  But it’s vitally important that it exists.  Without it, the universe would consist only of photons, and life could not exist.

At this point, then, there were quarks, electrons, photons, and neutrinos.  As the universe cooled further, quarks were able to bind together to form protons and neutrons.  The protons and neutrons initially were present in equal numbers, but as time went on protons were favored because of their slightly smaller mass.  At some point, around a few minutes after the Big Bang, protons outnumbered neutrons by seven to one.
At this point, the universe had cooled enough that stable nuclei could form.  Imagine you have 14 protons and 2 neutrons.  Two of the protons could fuse with the two neutrons to form a helium nucleus, with 12 protons left over, which are hydrogen nuclei. So one-fourth of the mass of this primordial plasma consists of helium-4, and three-quarters is ordinary hydrogen.  This is a bit of an oversimplification; actually, much smaller amounts of deuterium, tritium, helium-3 and lithium-7 were also produced.
The Big Bang didn’t make much of anything other than helium.  So how were all the elements heavier than helium produced?  You need high temperatures to have fusion, because the positive charges of nuclei repel, and it’s hard to get them close enough together for the strong force to act between them and allow them to bind together unless they come together at very high speed, which means very high temperature.  The other elements were produced in the interior of stars.  Helium fused to form carbon, and carbon fused with helium to form oxygen, and so forth.  The periodic table got built up, at least through iron.  Heavier elements than iron weren’t produced in any significant quantities, because fusion would use up energy rather than liberate energy.  Then how did those elements get created?  It was in supernovae.  Basically, when a massive star is at the end of its life, it runs out of fuel in its core.  The core collapses, and the energy released can blow the star apart in a spectacular explosion.  There is enough energy released for these heavier elements to be created.  But not only that, the supernova blows all of these elements heavier than helium out into space, where they can be recycled and form a part of solar systems in the future.  All of the atoms in our bodies other than hydrogen were created in these stellar furnaces.
Actually, we can use element abundances to test the Big Bang theory.  Let’s get back to the nucleosynthesis just after the Big Bang. For any given density of visible matter of the universe at that moment, we can calculate how much of each type of nucleus would have been produced.  We can then measure the element abundances from observed spectra, and see if there is a density at which the abundances match what is observed.  It turns out there is such a density.  This already is powerful evidence for the Big Bang; we wouldn’t expect that to happen if the theory was wrong.  But not only that, we can calculate what the density of visible matter should be today, because we know by how much the universe must have expanded in the time since.  When we do this, it agrees with the density of visible matter we observe in today’s universe.

The Geometry of the Universe

Our next topic is a little abstract, but it’s absolutely vital to cosmology.  It has to do with the geometry, in particular the curvature, of the universe.

Remember that Einstein’s theory of general relativity says that space is curved in the presence of matter, and that’s what causes gravity.  That’s true on small distance scales, such as our solar system, but it’s also true for the universe as a whole.  The space that fills the universe can overall have a net curvature due to the presence of all of the matter and energy in it.  But how can we picture this?
Really, we can’t picture a three-dimensional space curved into a fourth dimension.  But we can picture the situation with one less dimension, namely a two-dimensional region curved into a third dimension.  A two-dimensional region with zero curvature would be a flat plane.  We say that the space is flat.  A two-dimensional region with positive curvature would be a sphere, and a region with negative curvature would be shaped rather like a saddle.  With a negative curvature, the universe would be infinite in size.  With a positive curvature, it would be finite, although there would be no boundaries to it, any more than there are boundaries on the earth’s finite surface.  A flat universe could be either finite or infinite, although it’s not as easy to picture the finite case.

What determines the curvature of the universe?  It’s the density of matter and energy in it.  There is a particular density called the critical density.  If the average density of the universe equals the critical density, then space is flat. This is because the total energy of the universe is zero.  There is an enormous amount of positive energy associated with matter and radiation, but an equal amount of negative gravitational potential energy created by all of the gravitational interactions of the particles in the universe. The positive energy curves space one way, and the negative energy the other way, causing the curvature to be zero.  If the average density is greater than the critical density, then positive energy dominates, and it has positive curvature.  If it’s less, then it has negative curvature.

The curvature is also related to how the expansion rate of the universe changes over time.  As the universe expands, the attractive gravitational force of the matter causes the expansion to slow down, just as a ball thrown up into the air slows down.  If a ball is thrown not too fast, less than escape velocity, then it will slow down, come to a stop, and then fall back down.  This is what happens in a universe with density greater than the critical density; the universe would eventually stop expanding, then fall back in on itself in what’s called a Big Crunch.  If a ball is thrown at greater than escape velocity, then it will keep slowing down, and approach a nonzero value.  It will keep moving further away from the earth forever.  This is the situation with a universe with density less than the critical density; it will expand forever.  If a ball is thrown at exactly escape velocity, it will keep slowing down, getting closer and closer to zero speed, but never quite reach it.  This is the situation with a universe that is flat, whose density is equal to the critical density, and it will also expand forever.
Dark Energy
Or at least, that’s the way people understood it for a long time.  It was assumed that regardless of which universe we live in, expansion will always slow down.  But it turns out that it’s a little more complicated than that.  In 1998, to the surprise of many, observations of distant supernovae revealed that the universe’s expansion rate is increasing, not decreasing.  The expansion rate is actually accelerating!

How could this be?  Doesn’t Einstein’s theory of general relativity imply that the expansion can only slow down?  Well, it turns out there is more than one way for gravity to be generated in Einstein’s theory.  It can be generated by matter and energy, and this is always attractive.  But it can also be generated by pressure, and this can be either attractive or repulsive.  Suppose that the universe is filled with an energy field (call a dark energy field) that has a negative pressure to it. Then Einstein’s theory says that the field will tend to cause space to fall outward rather than inward.  This may seem counterintuitive.  If pressure is negative, rather like a rubber band, wouldn’t it cause the expansion to slow down?  But pressure in an energy field can’t do that.  Only differences in pressure between one point in space and another can affect space.  If the energy field has constant pressure, then the pressure doesn’t directly affect expansion.  But indirectly it can affect it, because the pressure curves space in such a way that there is a repulsion.  Of course, the energy in the field itself generates an attraction, but it turns out the repulsion is greater than the attraction if the energy density doesn’t change with time, or changes slowly enough.

So this complicates the previous discussion.  At first the expansion rate will slow down, but later on, as the visible and dark matter get more diluted but dark energy does not, the dark energy will dominate and the expansion rate will start to speed up again (unless the expansion halts and reverses first).  This apparently happened to our universe several billion years ago.
By the way, when we calculate the critical density, we now have three components to worry about.  There is not only the visible matter and the dark matter, but also the dark energy.  These mass-energies simply add.  If they add up to the critical density, then space is flat, but expansion will nonetheless accelerate.  As it turns out, the visible matter appears to be about 4% of the critical density, dark matter 23%, and dark energy 73%.  Notice that these add up to 100% of the critical density; we appear to be living in a universe that is either flat, or very nearly so.
But what exactly is this dark energy?  Really, we’re not sure.  It does appear to be some sort of vacuum energy.  Let me briefly explain what this is, because it will also become important in a later discussion.
I mentioned earlier about how quantum mechanics says physical quantities are often uncertain in value.  This also applies to fields as well.  Just as we can’t specify the position and speed of a particle at the same time, we can’t specify the field and its rate of change at the same time either.  That means a field can’t remain at a constant, zero value, for then we would know the values of both quantities with precision, namely zero.  Rather, the fields need to fluctuate in value.  But if fields are behaving like this, they contain energy.  So even empty space has energy. Another way of looking at this is in terms of particles.  For every field in nature that exists, there is a corresponding particle, and also vice versa.  For example, there is an electromagnetic field, and the corresponding particle is the photon.  But there is also an electron field to go along with the electron, and so on.  In a vacuum, particle-antiparticle pairs are continually appearing for brief instants of time, then annihilating.
Dark energy apparently consists of such a field, or a combination of fields.  But can we account for this with what we know?  Actually, no. When we try to add up the energies of all of the fields that we know of, corresponding to all of the particles that we know of, we get an answer that is absurdly large.  In fact, it’s about 10120 times greater than the dark energy field. So we’re baffled as to why the energy of the vacuum is so low.  In the past, people assumed there was some symmetry principle we didn’t know about that caused all the positive and negative vacuum energies to exactly cancel out.  But apparently such a principle doesn’t exist, because the discovery of the accelerating expansion of the universe shows the vacuum energy isn’t zero.
And it’s actually very important that the vacuum energy isn’t as big as theory predicts.  In a universe with vacuum energy density 10120 greater, the rate of acceleration of the expansion would be so great that we could not exist.  In fact, even if the vacuum energy density were only 10 times greater than it is, we probably couldn’t exist.  Then dark energy would have dominated the universe much earlier, during the critical period of galaxy formation.  It is highly doubtful that isolated stars could produce life, because it’s so important for the heavier elements spewed out into space by supernova explosions to become integrated into gas clouds that collapse and create new stars and solar systems.  And if the vacuum energy density were much greater than that, even star formation could be inhibited.  So this was a close call!  Just for this reason, we shouldn’t be here, and yet, somehow, we are.
Formation of Structure in the Universe

There is another question we need to address.  Immediately after the Big Bang, the universe was extremely uniform.  So how did all the structure in the universe – stars, galaxies, galaxy clusters – emerge?  It’s been shown that if the universe was perfectly smooth after the Big Bang, it would remain smooth for all time, and there would be no structure.  So the universe must not have been perfectly smooth after the Big Bang – there must have been a tiny degree of roughness.

So how did that tiny roughness lead to the very lumpy universe we know today?  The very early universe contained both visible and dark matter.  For the first 380,000 years, the visible matter existed in the form of a plasma, because it was too hot for atoms to form.  But since dark matter is noninteracting, it was able to start clumping right away.  The visible matter couldn’t clump, because it was so strongly coupled to the photons.  Remember, there were (and still are) a billion photons for every proton and electron.  If the visible matter tried to clump together, pressure from the photons would oppose it and force it apart again.  So as dark matter started gravitationally collecting together and becoming less smooth, visible matter around each overdense region of dark matter started falling inward, then rebounding under the photon pressure, then falling inward, and so on.  Basically, these are sound waves, rather like the sound waves in an organ pipe.  Except these organ pipes were roughly spherical.  After 380,000 years, the universe cooled to the point where atoms could form, and the photons decoupled from the visible matter, so it could now start to clump together around the clumps of dark matter that already existed.  First stars formed, then stars gathered together into galaxies, and galaxies into clusters of galaxies.
It’s actually really important that dark matter exists.  Suppose the universe contained only visible matter, not dark matter.  Then clumping couldn’t initiate until 380,000 years after the Big Bang.  Computer simulations show that it would be too late.  No stars would form, and we could not be here.  Of course, if the universe consisted only of dark matter and no visible matter, we couldn’t be here either.  We must have both to exist.

Not only that, but the degree of roughness is important too.  The roughness of the universe 380,000 years after the Big Bang was about one part in 105.  Suppose it was ten times smaller.  Then clumping would be too slow, and the expansion of the universe would prevent galaxies from forming.  But suppose it was ten times greater.  Then clumping would be so efficient that galaxies would contain stars that are closely packed, causing planetary orbits to become unstable. With even greater roughness, matter would collapse into black holes, rather than forming stars or galaxies.  There’s only a range of a couple of orders of magnitude or so within which the roughness can be in order for us to exist.  Fortunately, the universe does lie within that range.
By the way, you may wonder how we know that the roughness was one part in 105.  Actually, we can estimate it based on observations of clumpiness in the universe today.  But also, we’ve been able to confirm this through observations of the cosmic microwave background radiation.  Remember that up to 380,000 years after the Big Bang, visible matter was undergoing acoustic oscillations, essentially sound waves.  These oscillations caused the visible matter to have overdense and underdense regions.  But photons coming from regions of different density would have different temperature.  We would therefore find the temperature of the microwave background to vary slightly from place to place in the sky, and the variation should be about one part in 105.  This in fact was observed in the early 1990s.
Actually, we can do better than that in confirming that we understand what was going on in the universe 380,000 years after the Big Bang.  If we assume the Big Bang model and also add an extra ingredient called inflation (which we’ll discuss later), then we can compute a plot of the temperature fluctuation spectrum.  The plot tells us the degree of roughness of the microwave background over different angular sizes in the sky.  There is a clear harmonic structure, not so different from the harmonics of a musical instrument.  Why does this happen?  When we look at the microwave background, we are seeing a snapshot of what was happening at that time within a spherical surface 13.7 billion light years in radius.  The density varied from point to point on that surface, because of the oscillations of the cosmic organ pipes.  These pipes came in different sizes, and had different frequencies.  The bigger the pipe, the lower the frequency.  In any particular pipe, matter would start falling inward, and reach a maximum compression.  Then it would rebound, and reach a maximum rarefaction, then fall inward again and reach another compression, and so on.  The first peak is caused by pipes that have been caught in the act of experiencing their first compression 380,000 years after the Big Bang.  The second is from smaller pipes that have experienced their first rarefaction at that time.  The third is from still smaller pipes that experienced their second compression 380,000 years after the Big Bang.  And so on.  Actually, the shape of this plot depends on what assumptions we make about the density of visible matter, of dark matter, and of dark energy.
We’ve actually been able to test this over the last decade with the Wilkinson Microwave Anisotropy Probe (WMAP).  We can experimentally measure the temperature fluctuation spectrum.  We can then figure out which values of the density of visible matter, dark matter, and dark energy give the best fit.  When we take the density of visible matter, dark matter, and dark energy to be 4%, 23%, and 73% of the critical density, respectively, we get a very good fit. Note that these add up to 100%; the universe is apparently flat, or very nearly so. These numbers are consistent with what we get from completely independent observations of galaxies, distant supernovae, and cosmic element abundances.  The cosmic microwave background is a powerful diagnostic tool!  When we assume these same densities, we can also calculate a polarization spectrum, which agrees well with observations.
Summary of Evidence for the Big Bang
We’ll soon turn our attention fully to more cases of cosmic fine-tuning.  But the fine-tuning arguments depend heavily on the assumption that the Big Bang model is correct, and our understanding of cosmic evolution is solid.  If it’s not, then the basis for the arguments is removed.  So let’s review the evidence.

1. The spectra of galaxies is redshifted, and the further away they are, the more they are redshifted.  This is consistent with an expanding universe.  When we follow the expansion backward in time, we find everything coming together 13.7 billion years ago.  We can check this by measuring the ages of the oldest stars.  These are a little more than 13 billion years old.  So the two ages fit together well – the universe should be somewhat older than the oldest stars.  If the Big Bang were incorrect, we’d have to view this as an astonishing coincidence.
2. The observed abundances of hydrogen-1, hydrogen-2, helium-3, helium-4, and lithium 7 are in good agreement with what we would expect from the theory of primordial nucleosynthesis, given the observed density of our universe today.

3. There is cosmic microwave background radiation.  Its temperature is just below 3 degrees above absolute zero, it’s a perfect blackbody radiation curve, and its roughness is one part in 105, just as predicted by the Big Bang model.  When we plot the temperature fluctuation spectrum and polarization spectrum as a function of angular size, we find that we can make a good fit with theory, if we assume the same amount of visible and dark matter and dark energy that we deduce from independent observations.

4. We can run computer simulations that depict the evolution of the universe, in accordance with general relativity.  We use as our starting point the data from the cosmic microwave background, and evolve it forward in time to see what the universe would look like 13.7 billion years later.  What comes out from the simulations is strikingly similar to what our telescopes actually see – we see the same kind of structure, known as the galaxy web.

5. When we look at distant galaxies, we are also looking backward in time.  Very distant galaxies would be very young, and should look different from galaxies today.  In fact, they do look different; they look like what we’d expect if they were in an early stage of development.
Summary of Fine-Tuning Arguments

We’ve already presented a few examples of fine-tuning:

1. Electrons obey the Pauli exclusion principle.  If they didn’t, then atomic structure would be very different, and the chemistry of life wouldn’t exist.

2. There was a very slight asymmetry in the early universe of matter and antimatter.  If there were complete symmetry, the universe would today consist only of photons.

3. There is both dark and visible matter.  If there were only one and not the other, we wouldn’t be here.

4. The density of the dark energy field is small enough not to have disrupted the formation of structure early in the universe.  If it were a little bigger, then we wouldn’t be here, and actually, it should be immensely bigger, but isn’t for some unknown reason.

5. The degree of roughness in the early universe is in the right range for the formation of structure.

But there are still other examples of fine-tuning we can talk about.
The Neutron-Proton Mass Difference
The neutron has a slightly greater mass than the proton. If it were increased slightly, then protons couldn’t fuse to deuterium.  That’s a problem, because formation of deuterium is crucial in burning hydrogen to helium and creating the heavier elements.  So stars couldn’t exist.  On the other hand, let’s suppose we reduce the neutron mass to make it more nearly equal to the proton mass.  Then there would have been nearly equal numbers of protons and neutrons in the first few minutes after the Big Bang, while nucleosynthesis was going on.  The protons and neutrons would then fuse into deuterium and tritium, which would then fuse into helium-4, resulting in a universe consisting almost entirely of helium. But helium-burning stars can’t last long, at most 300 million years.  So intelligent beings would have to evolve from the most primitive life forms at a very rapid pace, probably unreasonably so.  Such stars are also rather unstable.  If the neutron mass were decreased further so that neutrons were a little less massive than protons, then neutrons would become energetically favored, and the universe would consist initially only of neutrons.  If the mass difference was very slight, neutrons could still fuse together later on to form deuterium.  Still, reducing the neutron mass still further relative to the proton mass would make the formation of deuterium energetically unfavorable, and the universe would almost certainly consist permanently of only neutrons.
Strength of the Weak Nuclear Force
What if we decreased the strength of the weak nuclear force by a factor of roughly 30 or more?  This may seem like a big change, but on a logarithmic scale it’s not such a big change.  The weak force is already about 100 times weaker than the electromagnetic force, and 105 times weaker than the strong force.  Moreover, the gravitational force is about 1039 times weaker than the strong force.  So when you look at the wide range of values force strengths can take, it’s not really such a big change.
One problem that would arise is in the ratio of neutrons to protons.  In the first moments after the Big Bang, neutrons and protons were created in essentially equal numbers.  But as the universe cooled, the mass difference became more important, and neutrons became less numerous than protons. This was because protons and neutrons could undergo collisions with electrons, positrons, and neutrinos via the weak force, and interconvert.  As the temperature decreased, the rate of conversion of neutrons to protons became greater than the rate of conversion of protons to neutrons.  At some point, the density of electrons, positrons, and neutrinos became low enough that they were no longer effective in causing conversion, and the neutron/proton number ratio froze out.  Still, beta decay allowed some additional conversion of neutrons into protons, and there ended up being seven protons for every neutron.  But what if the weak force were significantly weaker?  Then the ratio would have frozen when the particle density was much higher, and the universe was at a much higher temperature.  In that case, the ratio would be almost one-to-one.  Also, beta decay would not be a significant factor in converting neutrons into protons, since it occurs via the weak interaction, so we would have an almost even balance between protons and neutrons.  These would rapidly fuse into deuterium and tritium during Big Bang nucleosynthesis, which would rapidly fuse into helium-4.  Again, we would not have long-lived stars if they relied on helium burning for their energy generation.
Another problem that would arise is in supernova explosions.  We rely on these to create the heavier elements.  Neutrinos play an important role here.  As the core of a massive star collapses, enormous numbers of neutrinos flow outward.  These apply pressure on the outer layers of the star, causing them to be ejected from the star.  These are the layers that contain the elements needed for life.  But if the weak force were significantly weaker, then neutrinos wouldn’t interact as strongly, and most of them would pass right through the outer layer, so that the heavier elements might not be freed up.  On the other hand, if the weak force were much stronger, a potential problem could arise.  The neutrinos might interact so strongly with the inner layers that very few would make it to the outer layers, and again the heavier elements might not be freed up.  

Production of Carbon in Stars
In stars, hydrogen fuses to helium.  But then how does helium fuse into heavier elements?  You might think two helium-4 nuclei could simply fuse into beryllium-8.  But beryllium-8 is very unstable.  It should decay before it could capture another helium-4 nucleus to produce carbon-12.  So how does carbon form?  It turns out there is an excited state in carbon whose energy is just slightly above the combined mass-energies of three helium nuclei.  If we add in the kinetic energy of the fusing particles, we can make the energies essentially equal, and the probability of beryllium-helium fusion to carbon is far higher than you would expect.  If it wasn’t for this fortunate coincidence, carbon couldn’t be created in stars, along with oxygen and other elements vital for life, and we wouldn’t be here.  Furthermore, for fusion of carbon and helium to oxygen, the energy of the excited state in oxygen is beneficial. Creation of oxygen isn’t too fast or too slow, so that both exist in reasonable amounts.  These coincidences ultimately arise from the precise strengths of the strong and electromagnetic forces.
The Strong Force
What if we weakened the strong nuclear force by 50% or more?  Then the stability of all elements essential for carbon-based life would be compromised.  A slightly larger decrease would eliminate all elements except hydrogen.  Some have argued that an increase in the strength of the strong force would also be problematic, because protons would have fused in the early universe to form helium-2, leaving no hydrogen. However, these would have decayed into deuterium, and it is possible that deuterium-burning stars might exist.
The Electromagnetic and Gravitational Forces

Gravity is roughly 1037 times weaker than the electromagnetic force.  What if it were much stronger? A strengthening of the gravitational force would force stars to burn their fuel faster to maintain the internal pressure, and stars would have shorter lifetimes.  An increase by a factor of a few thousand would prevent stars from burning for more than a billion years.  Further increases would reduce the lifetime still further.  This would reduce the time available for intelligent life to evolve.  Of course, if the gravitational force were weakened too much, then that could cause other problems.  Matter might not be able to clump together to form stars and galaxies; or even if they did, planets might not be able to form.
The Existence of Three Spatial Dimensions

We live in a three-dimensional universe, and we take it for granted.  But actually, there doesn’t seem to be any reason why there couldn’t be more than three spatial dimensions, or fewer.  We may have a difficult time picturing more than three dimensions in our minds, but then our brains are wired for a three-dimensional universe.  Mathematically, we can work with any number of dimensions as well as we can with three, and there doesn’t seem to be any reason in principle why there have to be three.

Why is this important?  If we assume the same laws of physics that exist in our universe, we find that a universe with a different number of dimensions would either be too simple and dull or too chaotic to support life.  For example, planetary orbits would be unstable, an obvious problem for the evolution of life.
Conclusion Regarding Fine-Tuning

Overall, the case is quite strong that changing many of the parameters of our universe by amounts that are not unreasonably large would inhibit or completely prevent the formation of intelligent life.  Now, it is true that if we “de-tune” the universe by changing one parameter, we may be able to “re-tune” the universe by changing another parameter along with it.  For example, weakening the strong nuclear force by itself would render nuclei unstable, but weakening the electromagnetic force as well may allow nuclei to become stable again.  Increasing the lumpiness of the initial conditions of the universe alone might cause everything to collapse into black holes, but if we also weaken gravity, then stars and galaxies might still be able to form.  So I’m not saying that our universe is the only universe that could exist that would support life.  Undoubtedly, there are other possible universes that could also support life. But they are clearly going to be a tiny fraction of the set of all possible universes.  If that were not the case, it is very unlikely we would happen to find ourselves on an island of habitability surrounded by a large sea of uninhabitable universes.  The fine-tuning demands an explanation.
The Multiverse Hypothesis

As I mentioned earlier, atheists have turned to the multiverse hypothesis for an explanation of the fine-tuning of our universe.  How viable an alternative is this to design?

If we imagine an ensemble of independently existing universes, I think it’s clear this is not a good alternative to design.  Why would someone who thinks the existence of a single God is implausible think the existence of an enormous number of independently existing universes is plausible?  Scientists normally try to unify everything.  Why suppose a large number of universes rather than a single God?  To me, this seems crazy.  Only someone with a very strong materialist bias could think this made any sense.

On the other hand, there is another possibility for us to consider.  What if the different universes did not arise independently, but all arose from the same physical entity?  Then it could be legitimate to argue that these are not even really separate universes, but different pockets within a single vast universe, or megaverse, as some would call it.  This is a possibility that I think cannot be quickly dismissed; we must examine it carefully.  But first, we need to go back and cover a little bit more territory in cosmology and physics.
Some Cosmological Puzzles
Although the Big Bang model explained a lot and made very accurate predictions about many things, cosmologists were still bothered by some issues with it.  It wasn’t really a problem with wrong predictions; it was just that the initial conditions of the universe seemed overly contrived.  Here’s what I mean.

When we look at the cosmic microwave background, the temperature is very nearly the same everywhere we look, to within one part in 105.  That’s even true of regions in the sky that are directly opposite each other.  How do things end up at the same temperature?  Normally, it’s because they’ve been in thermal contact with each other long enough to end up in equilibrium. But how could regions on opposite sides of the sky ever have been in thermal contact with one another?  After all, radiation from the primordial plasma in one direction in the sky is just now getting to us, after traveling through space for 13.7 billion years.  And so it certainly hasn’t had a chance to reach the matter in the opposite direction yet, much less did it have the time to do it when the universe was 380,000 years old. So if these regions were never in contact, why did they have the same temperature?  This was known as the horizon problem.

Another issue was known as the flatness problem.  When we look at the universe today, it really does appear to be geometrically flat, at least to within about 1% or so.  You might say, maybe that’s just an accident.  But the problem is that if it’s that close to being flat now, it must have been much closer to being flat in the past.  That’s because as the universe expands and slows down because of gravitational attraction, the deviation from critical density just keeps growing.  So if the average density of the universe differed from the critical density by even a very tiny amount in the early universe, that difference would have been enormously amplified over time, and the universe could be very far from the critical density today.  Put another way, if it were just a tiny bit off being flat in the early universe, it could be very far from flat today, since a flat universe corresponds to a universe being at the critical density. So it must have started off extremely close to the critical density. And actually, it’s really important that it was fine-tuned in this way.  Remember that a universe at the critical density is one whose expansion rate gradually slows over time, approaching zero as time goes on.  (The discovery of dark energy changes this, but since dark energy didn’t dominate until fairly recently in the universe’s history, it’s actually not important here.)  This is actually ideal for the development of stars and galaxies, and therefore for the development of life.  If the average density was just a little below the critical density, then the expansion rate would slow down too gradually, threatening the formation of galaxies.  Making the average density even smaller could threaten even the formation of stars.  On the other hand, if the average density were just a little above the critical density, the expansion rate would slow down too rapidly, and the universe would have collapsed in on itself in a Big Crunch before dark energy had a chance to kick in and stop it.  In other words, if this fine-tuning didn’t exist, we wouldn’t be here.

You might say, why not just accept the fine-tuning?  We’ve seen other examples of fine-tuning, although none as dramatic as the fine-tuning of the universe’s density.  But scientists will try to see if they can find a natural mechanism to explain the fine-tuning.  Normally, that would be highly implausible.  Why would a natural mechanism just happen to fine-tune a parameter so that it’s compatible with life?  Wouldn’t that itself be evidence of intelligent design?  But here the situation might be different, because the perfectly fine-tuned universe would be one that is perfectly flat.  If it were some arbitrary nonzero curvature, that would be another matter.  But being flat means a curvature of exactly zero.  What if there was a mechanism that could have flattened out the universe’s geometry?  Then the density of the universe would have been driven to the critical density, and the universe’s expansion rate would have ended up fine-tuned for the development of life.  But is there a mechanism that could have done this?

Inflation
Actually, there is.  Remember I said that if the universe’s expansion rate is slowing as a result of gravitational attraction, then the average density gets rapidly driven away from the critical density.  But what if the universe’s expansion rate were accelerating as a result of gravitational repulsion?  Then Einstein’s equations say that the average density is rapidly driven toward the critical density.  And we’ve already seen that there’s something that can do that, namely dark energy, which we believe is a form of vacuum energy.  Of course, dark energy kicked in way too late to have any relevance to this.  But what if there were another vacuum energy, much higher in density, which existed in the very early universe?  This would have caused an exponentially growing expansion of space, flattening it out, driving the average density to the critical density, and leaving the expansion rate of the universe perfectly fine-tuned for the formation of galaxies and stars.

One way of looking at it is this.  Let’s say you have a tiny ball.  It will have a very large curvature to it.  But now let’s say you enormously expand the ball.  Then the surface will be much less sharply curved; indeed to a bug crawling around on the ball’s surface, it could appear to be perfectly flat.  Similarly, if the early universe underwent an enormous expansion without a change in density (remember vacuum energy density remains constant, unlike the density of matter and radiation, which get diluted as the universe expands), then the curvature would be driven toward zero.
Just such a mechanism was proposed by a physicist named Alan Guth in the early 1980s.  He actually wasn’t originally trying to find a solution to these problems; he was actually working on something called the magnetic monopole problem.  A magnetic monopole is simply an isolated north or south pole, something we don’t observe in our universe, but which grand unified theories indicate should be present in abundance.  Inflation solved this problem, by diluting the magnetic monopoles.  He then realized it solved the other problems as well.

So what exactly was this vacuum energy?  Guth thought of it as the energy associated with various fields that were already a part of grand unified theories, but this ended up not working and was pretty much abandoned.  Instead, the idea was to have a single field, specifically for the purpose of carrying out the inflation, called the inflaton field.  Now the energy density would be a function of the field’s value.  Normally, the energy density of a field approaches zero as the field’s value approaches zero. But not with the inflaton field.  Its energy is actually very high when the field has zero value, and gets lower as the field’s value increases, eventually reaching zero before going back up again.  So let’s say the field has for some reason acquired a value of zero, and is located at the top of the curve. As the universe cooled, the field initially stayed at high energy, but then started changing value.  It can be shown from quantum field theory that the field would behave much like a ball rolling down a hill that is shaped like the energy density curve. It would start out moving slowly, then roll down the hill faster and faster, then eventually come to rest at the bottom, after friction dampened out any oscillations.  Similarly, the inflaton field would gradually decrease in energy, then decrease faster, finally reaching the bottom, where its energy is zero.

By this point the exponential expansion would have made the universe truly enormous, with an enormous amount of vacuum energy. (At the same time the universe’s gravitational energy became enormously negative, so the total energy was unchanged.) But when the field reached zero, this vacuum energy was lost.  It had to go somewhere.  But where?  It would go into creating matter, radiation, and heat.  So according to the theory of inflation, matter, radiation, the intense heat of the early universe, and the rapid expansion of the early universe were all byproducts of the inflaton field.  Inflation was the cause of the “Bang” in the Big Bang.

It turns out inflation can solve another problem as well.  Remember that in order for us to be here, the early universe had to be slightly rough.  But where did that roughness come from?  You just had to assume it was there, as an initial condition.  But inflation accounts for the slight initial roughness.  The reason is that the field would have been subject to quantum fluctuations as it rolled down the energy density hill.  In some places, quantum fluctuations would cause the field to roll down a little faster, in others a little slower.  In some places, then, inflation would terminate a bit early, in others a bit late. Where it terminated early, the matter would end being slightly diluted and would be underdense, and where it terminated late, it would be slightly overdense. Now, you might think that this couldn’t really matter, because quantum fluctuations happen on such a small scale that they couldn’t produce the large patches of overdense and underdense regions that need to have existed after inflation terminated.  But space expands so rapidly during inflation that fluctuations on a microscopic scale can get stretched out over large distances.  An important mystery of the universe has now been solved, according to proponents of inflation.
Eternal Inflation and Spontaneous Symmetry Breaking
So what does this have to do with the fine-tuning arguments?  Inflation seems to offer the prospect of not just one universe being created, but many universes.  It’s because of something called eternal inflation.  As the inflaton field decays, quantum fluctuations cause some places to decay more slowly than others.  In fact, in a very few places, at a time when most points in space have experienced a complete decay of the field, the inflaton field will still possess the same energy it had at the beginning, as quantum fluctuations kick the ball up the hill at the same average rate at which the field naturally decays.  You might think that since this is extremely improbable, it happens in so few places that it doesn’t matter.  But at these locations, unlike places where the field has decayed, space is still exponentially expanding at an extraordinary rate.  So after the field has decayed almost everywhere, there is actually more space in a high-energy state than there was at the beginning.  As points in this newly created space decay, new universes are continually being created.  All of these universes are now disconnected from each other – in between universes consisting of regions where the field has decayed into matter and radiation, space is still expanding at an extraordinary rate, causing the universes to be separated further and further.  But they all originated in the same process.  This is called eternal inflation.
Of course, if all of these universes have the same laws of physics and share the same set of physical parameters, then having many universes rather than one doesn’t solve the fine-tuning problem.  There has to be a way for the different universes to acquire quite different characteristics.  A possible mechanism for accomplishing this is called spontaneous symmetry breaking.  I’ll explain it with an analogy.  Suppose you place a pencil on a table, balanced on its tip.  This is an equilibrium situation, but it’s not a stable situation.  If the pencil sways just the tiniest amount in one direction due to, e.g. an air current, then the deviation snowballs, and the pencil falls.  So it always falls pretty fast.  But the original situation was a symmetric state, whereas the final situation is asymmetric.  A high-energy, symmetric state has decayed into a lower-energy, but asymmetric state.  The symmetry of the situation has been spontaneously broken.  We call this spontaneous symmetry breaking.
There are actually many examples of this process in nature.  But in particular, spontaneous symmetry breaking plays a role in current theories of particle physics.  For example, in electroweak theory there is a symmetry involving the electromagnetic and weak forces that cause them to be essentially the same at very high temperatures, but when the temperature drops, the symmetry is broken, and the two forces behave very differently.  But there may be more than one way for the symmetry to be broken. Just as a pencil placed on its tip may fall one way in one trial, and another way in another trial, if the universe were rerun at the beginning, the symmetry might break differently. However, the laws and parameters of the universe would not end up being any different.  They could be different, however, with a theory that unifies the electromagnetic and weak forces with the other forces.  If eternal inflation creates a huge number of different universes, spontaneous symmetry breaking could cause different universes to emerge with different values of physical parameters. So a possible mechanism exists for generating an enormous number of universes with different physical constants, and perhaps even different laws, and it’s based on principles that have already been developed for other reasons; inflation and spontaneous symmetry breaking were not proposed in order to make the multiverse work, but because they seemed to be able to explain observations, and even make accurate predictions of new observations.
String Theory

Still, spontaneous symmetry breaking would need to be able to generate a pretty wide range of parameters and physical laws to have much of a chance of accidentally stumbling on a universe fine-tuned for life.  Do we have any reason to believe there are so many possible universes?  According to multiverse advocates, there is, and it’s called string theory, or superstring theory.

String theory was originally developed in order to unify particles and forces.  The basic idea is this.  Every elementary particle is not a point entity, but a tiny filament of vibrating energy called a string.  And there is only one kind of string.  But a string can exist in different states, and different states will cause the string to exhibit different properties.  So we would interpret these as different elementary particles. So all the particles are now unified.  But since the different forces in nature are transmitted through particles, the four forces are now unified as well. And we have at least the prospect of achieving a long-sought goal in physics, which is a quantum description of gravity.
There is a curious thing about string theory, though – it only seems to work in a ten-dimensional spacetime, i.e. nine spatial dimensions plus one time dimension.  Yet we live in a three-dimensional universe.  So how could this be?  To solve this problem, it was supposed that six of the spatial dimensions are extremely small, far too small for us to detect.  For an analogy, think of a soda straw.  It’s big along one dimension, but there is a second dimension where it’s small, and curled up in a circle.  From a distance, you might not even notice the small dimension, but if you were a little bug crawling on the straw, you would notice it, and could even walk around it and back to your starting point.  Similarly, in string theory the six extra dimensions are very small and are curled up.
What does this have to do with the multiverse?  Some string theorists have argued that there are an enormous number of different ways to curl up, or compactify, these extra dimensions, and they believe that each way of curling them up would lead to different physical parameters and even different laws of physics.  In fact, when other elements are added in, it’s been estimated there are perhaps 10500 different possible universes that could exist.  If eternal inflation is able to create all of these universes through symmetry breaking (compactification is string theory’s version of spontaneous symmetry breaking), then surely in at least one of them, the laws would be fine-tuned for life to exist.  Then beings that evolved in that universe would naturally marvel at how fine-tuned their universe is for their existence.
Problems with the Multiverse Hypothesis

So have inflationary cosmology and string theory rendered God obsolete?  Listening to some scientists, you would think the answer is yes.  But there are problems with the multiverse hypothesis.

One is simply the highly speculative nature of the idea.  First, we have to assume that the theory of inflation is correct, that there was a period of exponential expansion in the first tiny fraction of a second of the universe’s existence.  Now, it is true that inflation is consistent with a wide range of observations. Doesn’t this mean that inflation is essentially a fact?  Not necessarily, because it is not a unique prediction of inflation.  In fact, an alternative model has been proposed by Paul Steinhardt and Neil Turok.  They have suggested a cyclic model of the universe based on string theory, in which our universe and another parallel universe periodically collide with each other, with each collision representing a new Big Bang. There is no inflation in their model, which is remarkable because Steinhardt was a pioneer in inflationary cosmology.  But their model also predicts the uniformity, the flatness, and the harmonics in the fluctuation spectrum of the microwave background (or at least that is what they claim).  The reason I bring this up is not because I think we should abandon inflation and embrace their model, because I actually think inflation is overall a better explanation.  The point is that the predictions of inflation are not unique; it is possible to come up with a viable alternative that leads to the same predictions.  Maybe the correct explanation is something that no one has even thought of yet.
Actually, we may be able to get an answer to this question in the not-too-distant future.  A satellite, called Planck, has been launched that will be able to make very precise measurements of the microwave background.  In particular, it will be able to look with much greater precision at the polarization of the microwave background.  Inflation predicts that intense gravitational waves should have been generated by the inflation process, in accordance with Einstein’s general theory of relativity.  These gravitational waves should have created a special type of polarization in the cosmic microwave background, called B-mode polarization.  So far, this has not been detected, but maybe it’s because WMAP wasn’t sensitive enough.  But Planck should be able to detect it. If Planck fails to find the B-mode polarization, inflation could really be in trouble.  If it does find it, then most likely inflation is correct.

But even if inflation is correct, is there necessarily eternal inflation?  Many would say that once you accept inflation, you pretty much have to accept eternal inflation as well, since there doesn’t seem to be a way for it to completely stop.  Quantum fluctuations will always prevent some regions from having their vacuum energy densities decay, so the expansion will always go on.  But this assumes that our theories about the mechanism of inflation are correct.  What if inflation is true, but our theories about how it works are incorrect?  Then you might have inflation, but not eternal inflation.

But even if eternal inflation is true and many universes are created, can we be sure that these universes would be very different from each other?  People are counting on string theory to save the day here.  With perhaps 10500 possible different laws of physics and physical parameters consistent with string theory, there should be universes consistent with life by accident.  But how solid is superstring theory?  The theory has never made a specific prediction that has been verified by experiment or observation.  Not only that, but existing versions of the theory that we can examine in any detail do not accurately describe our universe. Theorists are hoping that M-theory, a theory involving two-dimensional membranes in ten spatial dimensions, may lead to a string theory that does accurately model our universe. It is fair to say that string theory is not so much a theory, as it is a hope that a theory might someday exist.
But don’t take my word for it.  Leonard Susskind was an early pioneer in string theory, and is today a big advocate of the multiverse.  Here’s a comment he made in his book The Cosmic Landscape:  String Theory and the Illusion of Intelligent Design:

Elegance requires that the number of defining equations be small. Five is better than ten, and one is better than five. On this score, one might facetiously say that String Theory is the ultimate epitome of elegance.  With all the years that String Theory has been studied, no one has ever found a single defining equation!  The number at present count is zero.  We know neither what the fundamental equations of the theory are nor even if it has any.  Well then, what is the theory, if not a collection of defining equations?  We really don’t know.

So how solid is the multiverse concept as a whole?  Here’s a comment by Martin Rees, a very prominent advocate:

If one does not believe in providential design, but still thinks the fine-tuning needs some explanation, there is another perspective – a highly speculative one, so I should reiterate my health warning at this stage.  It is the one I much prefer, however, even though in our present state of knowledge any such preference can be no more than a hunch.
But here’s another issue.  Let’s suppose the inflationary superstring multiverse is someday confirmed somehow by careful observation.  Even so, the fine-tuning problem will not go away if the multiverse itself is fine-tuned.  And it does appear that this is the case.  Here is a comment about inflation that Paul Steinhardt (as mentioned before, an early pioneer of inflation) and Neil Turok make in their book Endless Universe: Beyond the Big Bang:
For all its strengths, the inflationary model rests on a significant number of unproven assumptions.  The first, that the Big Bang was the beginning of time, immediately forces a second.  To explain how the universe became so smooth and flat within the first second, the existence of a powerful new element, inflationary energy, has to be assumed.  To perform its task, the inflationary energy must have specially tuned properties.  Although the tuning is an unattractive feature, cosmologists accepted it because inflation seemed like the only idea that had a chance of resolving the cosmological problems of the early universe.

So inflation requires some amount of tuning itself.  But we also need other ingredients to make it work.  General relativity is needed, so that vacuum fields can create gravitational repulsion.  Otherwise, the inflaton field won’t be able to do its job. String theory requires there to be nine spatial dimensions (or ten in M-theory). If the actual number is not nine, then the universe would be extremely chaotic, and could not support life.  It must also be possible for some dimensions to be compactified, and in a wide variety of ways.  And it must be possible for the way the extra dimensions are curled up to spontaneously change, since if they are always curled up in the same way then only one set of laws and parameters will exist in the multiverse.
Conclusions
So why do we seem to find it hard to get away from fine-tuning?  I think the reason is quite simple.  Any cosmic design – a universe or multiverse – that is capable of generating and supporting life is going to have to have special properties, because the ability to create life, or to create a huge number of universes with varying laws of physics, is a highly nontrivial capability.  Put another way, for any design that is capable of creating life, there must be an enormous number of alternative designs that are just as possible but would never create life, no matter how much time had passed.  So the multiverse hypothesis raises the question – why does the cosmos happen to conveniently have the properties needed for it to work?  Is it sheer dumb luck?  This is a question that atheists never seem to ask.  But if there is a God, then it makes sense that the universe has properties that support life, because we were intended to be here.
Of course, atheists always argue that to postulate the existence of a Creator doesn’t get us anywhere, because we don’t have an explanation of why the Creator exists.  This supposedly means we haven’t made any progress.  But this is a blatant double standard, because the same argument can be made against the multiverse; if it does exist, we don’t know why.  Not only that, we don’t know why it happens to have the special properties that it possesses.  Does this mean that in postulating the multiverse, we haven’t made any progress?

Another objection is that this is a “God of the gaps” type argument.  In the past many people have sought supernatural explanations to fill in gaps in our understanding of nature, but in time natural mechanisms were often found that filled in the gaps.  To invoke God, we are told, is just another gap argument.  But this is not really a gap.  A gap exists when you have a natural system in some state, and later it is in some different state, and you want to find an explanation for how it got that way.  But we are talking here about a creation event.  How did anything material come to exist in the first place? And why does it have the remarkable ability to generate something that can ultimately create life?
Atheists also sometimes complain that any God capable of creating the universe must be just as fine-tuned as the universe we are trying to explain, so the problem of fine-tuning has simply been pushed back.  And if God were a material being dependent on physical processes for his existence, I think this would be a valid criticism.  But of course we don’t think of God that way.  We think of him as a spiritual being.  Would a spiritual being have to be fine-tuned?  What would fine-tuning even mean for such a being?  No one seems capable of answering this question. For material processes, which are quantifiable, we can do it, but not for a spiritual entity. But if we can’t answer this question, how can a case be built for the fine-tuning of God?  I think it’s evident that the real issue is that many people simply have decided in advance that under no circumstances will they accept anything that is not in accordance with a purely materialistic worldview.  It is this bias that leads them to reject the existence of a Creator.  But for anyone who is genuinely open-minded, I think the advantage of believing in a Creator is fairly evident.  By choosing to believe in God, we are not claiming to have a complete understanding of everything.  But at least we have an explanation of why beings such as ourselves exist; we understand that we are not an accident.  And that is a lot of progress.
