                                                         ASTRONOMY 5

                                                       Lecture 18 Summary

                               GUTS AND THE INFLATIONARY UNIVERSE



It’s often said that you can’t get something for nothing,



but the Universe may be the ultimate free lunch.

                                                                    (((  Alan Guth, inventor of inflation

1) WHAT IS INFLATION?

Inflation is the concept that the Universe at some very early time in the past underwent a short period of wild and uncontrollable expansion…at a rate much faster than the gentle expansion before or since.  

Here is a graph of how the Universe would have expanded before, during, and after inflation in the “classic inflation” picture invented by Alan Guth in 1979.  The radius of the “observed universe” is the physical size of what is now our cosmic horizon (i.e., 14 billion lyr) at earlier times.  At the end of inflation, our present observable universe was about 1 meter (see below).
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2) Guth’s theory of inflation: Triggered by the GUT transition temperature.

a) Recall the concept of force unification from Lecture 17.   As the Universe cooled, the temperature fell through successive values where the four basic forces split apart from one another.  One theory says that the first splitting occurred at the moment of creation of the Universe, when gravity divided from the other three forces, creating space and time.  This happened at 10-43 sec and temperature 1028 K (see force splitting figure, Lecture 17).  The remaining triple force is called the Grand Unified Force, or GUT.

b) The next splitting occurred when the GUT force divided into the strong and electroweak forces.  This happened at 10-35 sec, when the temperature cooled to the GUT freezeout temperature of 1027 K.  

c) The duration of inflation is the time it takes for this GUT splitting to occur.  The act of splitting changes the physical properties of the Universe, which is what drives the wild expansion (see below).  The duration is estimated to be 10-32 sec in Guth’s original picture but depends on the exact theory of the Grand Unified Force, which is uncertain.  Thus, the exact details and the length of inflation are uncertain.

d) The amount that the Universe expands depends directly on the length of inflation.  For inflation that lasts 10-32 sec, the Universe expands by a factor of 1050 in radius.  This is very roughly as many powers of 10 that it expanded after that (see figure above).  Without inflation, the expansion factor during that time would have been only about a factor of 30.

e) Size of the observable Universe before and after inflation:

· The observable Universe is the farthest radius out to which we can see today.  It is the spherical volume of the Universe within the present cosmic horizon (see Lecture 2).  The radius of this sphere today is the distance that light has traveled since the beginning of time.  Multiplying the speed of light (3 x 1010 cm per sec) times the age of the Universe (14 billion years, or 4.4 x 1017 sec) we get roughly 1028 cm for the horizon radius today.

· The equation for the expansion of the Universe says that it has expanded by almost exactly a factor of 1026 from 10-32 sec to now.  Thus, the present horizon at the end of inflation was a sphere about 100 cm across (1 meter, or 3 feet).

· At the beginning of inflation, the observable Universe was about 1050 times smaller than that, or 10-48 cm.  This is much smaller than any known structure, even the tiniest elementary particle.

INFLATION BLEW UP THE OBSERVABLE UNIVERSE FROM SUB-QUANTUM SCALES (10-48 cm) TO MACROSCOPIC SIZE (1 meter).

3) Inflation is useful because it can solve several awful problems of standard Big Bang cosmology, of which we will mention only two:

a) Flatness problem:  Recall that in a universe with only matter plus critical density ((m = 1) the curvature of space is flat (Lecture 13).  Recall further that (m is not too far from 1 today (roughly 0.3, Lecture 13).  The flatness problem is that the Universe is surprisingly close to critical density (i.e., rather flat) today.  Universes tend to drift away from critical density as they expand…unless they start out virtually equal to critical density at the beginning.  If the Universe has expanded by, say, a factor of 1050 since some early time, it would have had to have begun with a density perfectly matched to the expansion velocity to within one part in 1050.  That means somewhere between

          0.99999999999999999999999999999999999999999999999999

                                                        and

         1.00000000000000000000000000000000000000000000000001

in order to have (m so close to 1 today.  In short,

THE EXPANSION RATE VERSUS THE MATTER CONTENT OF THE UNIVERSE IS MIRACULOUSLY BALANCED.  HOW DID THIS HAPPEN?

b) Isotropy problem:  The cosmic microwave background is nearly isotropic.  This means that it has virtually the same brightness in all directions (smooth to 1 part in 100,000, as we saw in Lecture 12).  The smoothness of the CMB means that the temperature of the Universe must have been essentially constant over the whole region cut through by the CMB “wall” to within a tiny fraction of a degree.  How could it have gotten so uniform?  The easy way is to wait for any temperature variations to smooth out naturally, as they will do if there is enough time.  Heat flows from hot places to cold ones, and the temperature will even out by itself.  

The problem is that there wasn’t enough time for this to happen in the standard Big Bang model.  The CMB radiation was emitted by matter at recombination when the Universe was only 400,000 years old.  Any temperature smoothing had to occur before that; otherwise there would be hot and cold patches on the CMB wall.  But heat cannot flow faster than the speed of light, so there was some maximum size over which the temperature could have evened out in only 400,000 years.  It turns out that the size of such a patch on the sky is only about 0.5 degree, or the size of the Moon.  This is much smaller than the CMB wall, which covers the whole sky.

HOW DID THE TEMPERATURE OF THE UNIVERSE GET SO UNIFORM SO FAST OVER THE WHOLE CMB WALL?

4) Inflation solves both of these problems:

a) Isotropy:  Before inflation started, tiny patches of the Universe would have evened out in temperature.  Then, inflation by a factor of 1050 was more than enough to blow up these tiny uniform patches to encompass the whole surface of the CMB today (and much more).  So the Universe would naturally look uniform on the largest scales we see today.

b) Flatness:  This is not so easy to see, as it is bound up in the equation for the expansion of the Universe.  This equation says that a period of inflation tends to drive the curvature of space toward being flat, rather like the surface of a balloon tends to become flatter as it is blown up.  In other words, inflation drives a universe towards critical density.  Quantitatively, if the Universe expanded by a factor of 1050 during inflation, this was just right to get it close to critical density today.

5) Deep background on inflation: You are not responsible for this!

Inflation comes naturally out of Grand Unified Theories of particle physics (GUTs).  GUTs predict unification of the strong and electroweak forces at 1027 K.  The unification scenario involves the existence of a new kind of energy density that is bound up in so-called “Higgs fields.”  Higgs fields are added to GUT theories as a way of giving particles (quarks and leptons) mass.  In the natural state of these theories, all particles seem to want to be massless, like the photon.  They acquire mass by interacting with the Higgs fields, and the energy density of the Higgs fields goes into mass and disappears.  In the Universe at the beginning of inflation before the GUT splitting, the overwhelming contributor to the energy density (and hence to gravity) were the Higgs fields.  Ordinary matter as we know it appeared only at the end of inflation, when the Higgs fields disappeared and their energy went into making normal particles.

In the Higgs-dominated Universe before inflation, there were very few particles, so the Universe was technically empty…it was a vacuum.  But the Higgs vacuum is very strange; it possesses positive energy density and, even stranger, negative pressure.  This negative pressure, when inserted into the General Relativity equation for the expansion, effectively acts like anti-gravity and generates an enormous cosmic repulsion, which is the driving force behind inflation.  During “normal” expansion of the Universe (like today), the matter that generates gravity becomes more dilute, and the effect of gravity becomes weaker as the Universe expands.  This keeps the expansion under control.  However, the Higgs phase was technically a vacuum, so there was nothing to become more dilute…nothingness cannot become smaller.  Hence the repulsive force remained constant…until the GUT splitting was over and the Higgs energy density went away.  This constant force that did not dilute despite expansion is the impetus behind inflation.

The net result of inflation is that the Universe emerged from the GUT transition at nearly the same temperature it entered with (1027 K) but 1050 times larger in radius and full of matter!  This represents a tremendous non-conservation of energy.  The non-conserved energy of the Higgs field is the ultimate source of all the particle energy of today’s Universe, Guth’s “ultimate free lunch.”  Inflation created the Universe out of (practically) nothing!

A final note: the electroweak force splitting at 1015 K is also thought to have its own separate set of Higgs fields.  But the temperature needed to create them is much lower (1015 K), which is the transition energy for the electroweak force split.  This energy ought to be accessible at the world’s largest accelerator, CERN, which is a European consortium in France and Switzerland.  A major goal at CERN is to create the electroweak Higgs fields, and thus verify that Higgs fields are not just a fantasy.  Fermilab is also racing to create the Higgs, but its energy (1 TeV) is much less than the energy of CERN (14 TeV), so CERN will probably win.

6) A summary of what GUTs and inflation do for cosmology:

· GUT transition involves Higgs fields, which trigger inflation, solving flatness and isotropy problems.

· GUTs work best with an extension of the Standard Model called Supersymmetry (Lecture 15).  Supersymmetry introduces a new partner particle for every particle in the Standard Model.  Most of these new particles are highly unstable, but the lightest one (lightest supersymmetric particle, or LSP) is the best candidate for dark matter.

· Inflation provides a way of taking small-scale quantum noise generated by the Uncertainty Principle and blowing it up to make the density ripples that seeded galaxies and large-scale structure (more on this in Lecture 20).
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