                                                         ASTRONOMY 5

                                                       Lecture 20-21 Summary

THE FORMATION OF STRUCTURE --- GALAXIES, CLUSTERS, VOIDS

   

If you can look into the seeds of time,




And say which grain will grow and which will not, 



            Speak.            ((( Shakespeare, Macbeth

To see the world in a grain of sand and heaven in a wild flower.  Hold infinity in the palm of your hand and eternity in an hour.



((( William Blake, Auguries of Innocence

1) The Universe contains clumpy structure today on a wide variety of scales:

· Galaxies: 107 to 1012 solar masses, diameters up to 100,000 light years

· Clusters of galaxies:  1015 solar masses, diameters to 10 million light years
· Large-scale structure:  superclusters and “walls” up to 1016 solar masses, diameters to 100 million light years, separated by… 
· Voids:  empty regions with diameters up to 300 million light years
The arrangement of walls and voids on the largest scales is reminiscent of a bubble-like structure.

On still larger scales, the Universe seems to be uniform.  The “end of greatness”

seems to have been reached.

2) The Hubble expansion is seen to be slightly irregular around clumps and voids, showing large-scale velocity perturbations.  For example, the Milky Way and our Local Group of galaxies is moving with a velocity of about 600 km/s (1.3 million miles per hour) in the direction of a big supercluster of galaxies in the southern hemisphere called the Great Attractor.  We know this because the cosmic microwave background radiation is slightly brighter in this direction, indicating motion with respect to the “absolute rest frame” of the Universe.
3) The clumpiness and velocities go together.  They are both caused by the Gravitational Instability Picture (GIP).  In GIP, structure forms via the action of gravity.  The seeds of structure are tiny density fluctuations in the early Universe.  Regions of high initial density slow down the Hubble expansion in their neighborhood and pull nearby matter into them.  Low-density regions expand abnormally fast, matter runs away from them and is pulled onto nearby peaks.  The whole process is unstable, so that even a very small initial density fluctuation grows larger and becomes amplified with time.  This is shown in computer simulations of structure formation.
An analogy from human experience: “the rich get richer (clumps) and the poor get poorer (voids).”

A region that is going to collapse starts out expanding for a while until its expansion is turned around by gravity; then it falls back together.  This is just like the chalk with less than escape veolity falling back to Earth after traveling outward for a time.
4) An amplified picture of the initial density fluctuations might look like this.  The graph shows the matter density at some early time, say, just after recombination when the Universe became neutral at an age of about 106 million years.  The fluctuating density is plotted along some random direction through space (with the variations greatly exaggerated).  Wherever the density is above a critical horizontal line, that region has enough matter that it will stop expanding and collapse.  Regions below the line will expand to make voids.   


This pattern of density enhancements, with small waves on top of big waves, forms structure hierarchically.  The highest peaks have the strongest enhancements, and they collapse first.  They make the first proto-galaxies, starting at about 1 billion years after the Big Bang.  These objects pull in neighboring clumps of matter and grow to become larger galaxies over the next few billion years.  Finally, very large-scale groups of galaxies fall together to make clusters, and finally superclusters.  The key to making hierarchical structure is to have small-scale density peaks superimposed on longer waves, like those shown.

5) Models of this gravitational clustering indicate that only very small density fluctuations are needed to grow galaxies over the lifetime of the Universe.  The amplitude of the needed fluctuations is actually only about 1 part in 100,000 to make galaxies like those we see.   Can we find observational evidence of such mild early fluctuations?

Yes!!!!  The seeds of structure formation can be seen in the cosmic microwave background radiation, making it slightly brighter by 1 part in 100,000 in certain directions compared to others.  These are the CMB “measles” mentioned in Lecture 12.  The measles were first detected by the COBE (Cosmic Background Explorer) satellite in 1990, but the view was blurry.  A high-resolution map of the whole sky was made in 2004 by the WMAP satellite.  

6) We now understand the cause of galaxies, but where did the fluctuations come from in the first place?  We think that the fluctuations are quantum noise generated during inflation!   Remember the picture:

· Due to the Uncertainty Principle, quantum fluctuations in the energy density were continually being created due to the continual creation of  “virtual” particle/antiparticle pairs (the “seething vacuum”).

· Normally such fluctuations would die away, but during inflation the Universe was expanding so rapidly that particle pairs were torn apart from one another before they could annihilate.  Each fluctuation then became “real” and permanently frozen in, meanwhile being blown up to macroscopic size.  Fluctuations as small as the Planck length wound up being bigger than the observable Universe today.

GALAXIES AND LARGE-SCALE STRUCTURE ARE THE FROZEN-IN FOSSILS OF QUANTUM NOISE FROM 10-35 TO 10-32 SEC.  THE WHOLE MILKY WAY IS THE DESCENDANT OF A TINY QUANTUM FLUCTUATION!

7) Summary of main events in galaxy and structure formation:

Step 1 (  Inflation (10-35 to 10-32 sec):  quantum fluctuations are born and blown up to “large” scales (future voids and superclusters are about 1 cm across at exit from inflation).  These are the matter seeds for later growth.

Step 2 (  End of inflation to 400,000 years (just before recombination).  Nothing much happens because the Universe is too full of hot photons (cosmic microwave background radiation) and a gas of thermal photons does not respond to gravity (take this on faith).  The matter seeds lie dormant.

Step 3 (   400,000 years:  recombination.  Nascent density seeds leave their imprint on CMB radiation “wall.”  Discovered by humans (using the COBE satellite) 14 billion years later.  At about same time, the gravity of matter (both dark and ordinary) begins to win out over the photons (which are cooling), and the Gravitational Instability begins to kick in.  Matter peaks begin to grow by gravitationally attracting nearby matter. The start of the gravity era is right around recombination (as it happens).  Size of the Universe about 1/1000th present size. Redshift z is therefore also about 1000 (from the relation a = 1/(1+z)).

Step 4 (   0.5 billion years:  the first, small proto-galaxies collapse.  Size of Universe about 1/15th present size.  Redshift z is about 14.

Step 5 (   0.5 ( 5 billion years:  small proto-galaxies collide and merge to form Milky Way-sized galaxies.  This is the most active phase of star formation.  Galaxies are still full of gas and are making stars rapidly.  Galaxy collisions cause some gas to fall to galaxy centers, where it builds black holes and fuels quasars in the process (Lecture 9).  This is therefore also the quasar era.  Redshifts z are 15 down to 1.

Step 6 (   5 billion years to now:  galaxies cluster hierarchically by congregating into groups and clusters, some of which grow to form superclusters.  Voids get larger and emptier as galaxies fall out of them into clusters.  Galaxies use up all the matter in their vicinities and stop accreting new matter; they also stop colliding so rapidly because the expansion is making them get farther apart.  The Hubble sequence forms as gas settles undisturbed to form symmetric, rotating, gaseous whirlpools in spiral galaxies.  A small fraction of these suffers late mergers and is transformed into pure spheroids (ellipticals).  Redshifts z from 1 down to 0 (now).

8) This picture leads to a rough theory for the Hubble sequence:
· Elliptical galaxies turned all their gas into stars before or during their last collision.  They have suffered many strong collisions during their history.  This agrees with the fact that ellipticals are found mainly in clusters of galaxies, where collisions are frequent.
· Spiral galaxies have been undisturbed by major mergers for a long time.  They live in isolated regions and acquire most of their gas non-disruptively via smooth infall and minor mergers.  Their disks have been making stars gradually over billions of years.  Any stars formed before the last major merger went into the bulge.
9) WHY ARE GALAXIES SURROUNDED BY DARK MATTER HALOS?  WHY IS THE ORDINARY ATOMIC MATTER MORE AT THE CENTER AND THE DARK MATTER (DM) MORE ON THE OUTSIDE?  The explanation comes from the different physics obeyed by dark matter:
· DM does not absorb or emit photons because it is invisible in telescopes.  It therefore cannot be atomic matter because atoms interact with photons.  For the same reason, it cannot feel the electromagnetic force because that is produced by emitting and absorbing virtual photons. 
· DM cannot interact very strong with itself either, because the density of DM at the centers of galaxies is actually quite high.  If DM felt the strong force, the DM particles would collide with each other, like particles in an accelerator, and we would see flashes of radiation from galaxy centers using gamma-ray satellite telescopes.  These also are not seen.
· The only forces left are gravity and the weak interaction.  We know that DM generates gravity because it is detected using galaxy rotation curves.  It also holds clusters of galaxies together.  The combination of feeling gravity plus the weak force is what we call weakly interacting.  This describes DM.
· When galaxies start to condense, the DM and atomic matter is uniformly mixed because both types are well mixed coming out of the Big Bang.  When a galaxy collapses, its clouds of DM and gas (atoms) fall inward.  The DM particles pass by one another since they are weakly interacting, but the gas atoms collide and get hot.  The hot gas radiates away its energy, which causes it to sink to the center.  This is where the stars form, surrounded by an invisible halo of DM that did not sink.
10) Let us now summarize the three reasons why we think that dark matter is a weakly interacting elementary particle:
a) Dark matter has not been detected by photons at any wavelength.  We therefore think it cannot feel the electromagnetic force and cannot be charged but must be neutral.  Lack of charge means it cannot be ordinary atomic matter.
b) Dark matter has not been detected in any laboratory particle detector on Earth.  This means its particles are probably moving through the detector without colliding with detector particles, like neutrinos.  Neutrinos are an example of a weakly interacting particle and feel only the weak force and gravity.       

(Note: neutrinos are a small part of the dark matter but cannot be all of it.  Neutrinos don’t weigh enough individually to contribute much to the matter density of the Universe.)

c) NEW REASON: If dark matter is weakly interacting, it will not radiate energy during galaxy formation (because it cannot emit thermal photons).  This means it stays on the outside of galaxies and naturally forms extended halos like those we see.
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