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Cosmology
§ is the scientific study of the large scale properties of the 

Universe as a whole.

§ addresses questions like:
§ Is the Universe (in)finite in spatial extent?
§ Is the Universe (in)finite in temporal extent?
§ What are the possible geometries of the Universe?
§ What is the fate of the Universe?



Conclusion
Theory & observational evidence imply that:

§ the Universe is flat & infinite in spatial extent

§ the Universe began w/ a “Big Bang” 13.8 billion years ago

§ a hypothesized early-time inflationary expansion explains most
of the puzzles of FRW cosmology

§ the Universe is currently undergoing accelerated expansion & is 
predicted to continue to do so indefinitely!



§ describes the 
curvature of spacetime

§ describes the matter
& energy in spacetime

In 1915, Einstein publishes his
General Theory of Relativity

https://www.aip.org/sites/default/files/styles/einstein_full/public/e
instein_slideshow/einstein-calendar-cover2015.jpg?itok=5q5C8sNe
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Matter tells space
how to curve,

Space tells matter
how to move

When forced to summarize the general 
theory of relativity in one sentence; time
and space and gravity have no separate 
existence from matter.

- Albert Einstein

Sean M. Carrol, Spacetime and Geometry: An Introduction 
to Einstein’s General Relativity (Addison Wesley, 2004)



Friedmann-Robertson-Walker (FRW) 
cosmology…

Cosmological Principle

On sufficiently large distance scales, the Universe is

1. spatially isotropic
2. spatially homogeneous

Þ Maximally symmetric space



For a Homogeneous & Isotropic Universe…
3 possible geometries 

http://wmap.gsfc.nasa.gov/media/990006/990006_2048.jpg

Recent data 
indicates that 
the Universe 

is flat



§ The density (r), pressure (p), and curvature (κ) of the Universe determine 
the time evolution of the scale factor (a).

§ The matter & energy content consists of 
radiation, pressureless matter & vacuum energy.
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FRW cosmology



§ For radiation:
§ For pressureless matter:
§ For vacuum energy:

FRW cosmology

Choose an equation of state for each fluid component…

w = 1/3
<latexit sha1_base64="3L3gtn+c/on9THp/XmCIYQcMzfg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU01UsB6EghePFYwttKFsttN26WYTdjdKCf0NXjyoePUPefPfuG1z0OqDgcd7M8zMCxPBtXHdL6ewtLyyulZcL21sbm3vlHf37nWcKoY+i0WsWiHVKLhE33AjsJUopFEosBmOrqd+8wGV5rG8M+MEg4gOJO9zRo2V/Mcr7+SsW664VXcG8pd4OalAjka3/NnpxSyNUBomqNZtz01MkFFlOBM4KXVSjQllIzrAtqWSRqiDbHbshBxZpUf6sbIlDZmpPycyGmk9jkLbGVEz1IveVPzPa6emXwsyLpPUoGTzRf1UEBOT6eekxxUyI8aWUKa4vZWwIVWUGZtPyYbgLb78l/in1cuqe3teqdfyNIpwAIdwDB5cQB1uoAE+MODwBC/w6kjn2Xlz3uetBSef2YdfcD6+ASESjbw=</latexit><latexit sha1_base64="3L3gtn+c/on9THp/XmCIYQcMzfg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU01UsB6EghePFYwttKFsttN26WYTdjdKCf0NXjyoePUPefPfuG1z0OqDgcd7M8zMCxPBtXHdL6ewtLyyulZcL21sbm3vlHf37nWcKoY+i0WsWiHVKLhE33AjsJUopFEosBmOrqd+8wGV5rG8M+MEg4gOJO9zRo2V/Mcr7+SsW664VXcG8pd4OalAjka3/NnpxSyNUBomqNZtz01MkFFlOBM4KXVSjQllIzrAtqWSRqiDbHbshBxZpUf6sbIlDZmpPycyGmk9jkLbGVEz1IveVPzPa6emXwsyLpPUoGTzRf1UEBOT6eekxxUyI8aWUKa4vZWwIVWUGZtPyYbgLb78l/in1cuqe3teqdfyNIpwAIdwDB5cQB1uoAE+MODwBC/w6kjn2Xlz3uetBSef2YdfcD6+ASESjbw=</latexit><latexit sha1_base64="3L3gtn+c/on9THp/XmCIYQcMzfg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU01UsB6EghePFYwttKFsttN26WYTdjdKCf0NXjyoePUPefPfuG1z0OqDgcd7M8zMCxPBtXHdL6ewtLyyulZcL21sbm3vlHf37nWcKoY+i0WsWiHVKLhE33AjsJUopFEosBmOrqd+8wGV5rG8M+MEg4gOJO9zRo2V/Mcr7+SsW664VXcG8pd4OalAjka3/NnpxSyNUBomqNZtz01MkFFlOBM4KXVSjQllIzrAtqWSRqiDbHbshBxZpUf6sbIlDZmpPycyGmk9jkLbGVEz1IveVPzPa6emXwsyLpPUoGTzRf1UEBOT6eekxxUyI8aWUKa4vZWwIVWUGZtPyYbgLb78l/in1cuqe3teqdfyNIpwAIdwDB5cQB1uoAE+MODwBC/w6kjn2Xlz3uetBSef2YdfcD6+ASESjbw=</latexit>

w = 0
<latexit sha1_base64="aUBdKLU2i67N6qlQsfrKtz86HqY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFsB6EghePFY0ttKFstpN26WYTdjdKCf0JXjyoePUfefPfuG1z0NYHA4/3ZpiZFySCa+O6305hZXVtfaO4Wdra3tndK+8fPOg4VQw9FotYtQOqUXCJnuFGYDtRSKNAYCsYXU/91iMqzWN5b8YJ+hEdSB5yRo2V7p6u3F654lbdGcgyqeWkAjmavfJXtx+zNEJpmKBad2puYvyMKsOZwEmpm2pMKBvRAXYslTRC7WezUyfkxCp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmrDuZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmGUFt8eZl4Z9XLqnt7XmnU8zSKcATHcAo1uIAG3EATPGAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QM/kY1F</latexit><latexit sha1_base64="aUBdKLU2i67N6qlQsfrKtz86HqY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFsB6EghePFY0ttKFstpN26WYTdjdKCf0JXjyoePUfefPfuG1z0NYHA4/3ZpiZFySCa+O6305hZXVtfaO4Wdra3tndK+8fPOg4VQw9FotYtQOqUXCJnuFGYDtRSKNAYCsYXU/91iMqzWN5b8YJ+hEdSB5yRo2V7p6u3F654lbdGcgyqeWkAjmavfJXtx+zNEJpmKBad2puYvyMKsOZwEmpm2pMKBvRAXYslTRC7WezUyfkxCp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmrDuZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmGUFt8eZl4Z9XLqnt7XmnU8zSKcATHcAo1uIAG3EATPGAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QM/kY1F</latexit><latexit sha1_base64="aUBdKLU2i67N6qlQsfrKtz86HqY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFsB6EghePFY0ttKFstpN26WYTdjdKCf0JXjyoePUfefPfuG1z0NYHA4/3ZpiZFySCa+O6305hZXVtfaO4Wdra3tndK+8fPOg4VQw9FotYtQOqUXCJnuFGYDtRSKNAYCsYXU/91iMqzWN5b8YJ+hEdSB5yRo2V7p6u3F654lbdGcgyqeWkAjmavfJXtx+zNEJpmKBad2puYvyMKsOZwEmpm2pMKBvRAXYslTRC7WezUyfkxCp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmrDuZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmGUFt8eZl4Z9XLqnt7XmnU8zSKcATHcAo1uIAG3EATPGAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QM/kY1F</latexit>

w = �1
<latexit sha1_base64="tyXwamUvu6pMu3BPA4eflDUAvtQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURwXoQCl48VjC20Iay2W7apbubsLtRSuhf8OJBxau/yJv/xk2bg7Y+GHi8N8PMvDDhTBvX/XZKK6tr6xvlzcrW9s7uXnX/4EHHqSLUJzGPVSfEmnImqW+Y4bSTKIpFyGk7HN/kfvuRKs1ieW8mCQ0EHkoWMYJNLj1dn3n9as2tuzOgZeIVpAYFWv3qV28Qk1RQaQjHWnc9NzFBhpVhhNNppZdqmmAyxkPatVRiQXWQzW6dohOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF71c/M/rpiZqBBmTSWqoJPNFUcqRiVH+OBowRYnhE0swUczeisgIK0yMjadiQ/AWX14m/nn9qu7eXdSajSKNMhzBMZyCB5fQhFtogQ8ERvAMr/DmCOfFeXc+5q0lp5g5hD9wPn8AquONfQ==</latexit><latexit sha1_base64="tyXwamUvu6pMu3BPA4eflDUAvtQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURwXoQCl48VjC20Iay2W7apbubsLtRSuhf8OJBxau/yJv/xk2bg7Y+GHi8N8PMvDDhTBvX/XZKK6tr6xvlzcrW9s7uXnX/4EHHqSLUJzGPVSfEmnImqW+Y4bSTKIpFyGk7HN/kfvuRKs1ieW8mCQ0EHkoWMYJNLj1dn3n9as2tuzOgZeIVpAYFWv3qV28Qk1RQaQjHWnc9NzFBhpVhhNNppZdqmmAyxkPatVRiQXWQzW6dohOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF71c/M/rpiZqBBmTSWqoJPNFUcqRiVH+OBowRYnhE0swUczeisgIK0yMjadiQ/AWX14m/nn9qu7eXdSajSKNMhzBMZyCB5fQhFtogQ8ERvAMr/DmCOfFeXc+5q0lp5g5hD9wPn8AquONfQ==</latexit><latexit sha1_base64="tyXwamUvu6pMu3BPA4eflDUAvtQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURwXoQCl48VjC20Iay2W7apbubsLtRSuhf8OJBxau/yJv/xk2bg7Y+GHi8N8PMvDDhTBvX/XZKK6tr6xvlzcrW9s7uXnX/4EHHqSLUJzGPVSfEmnImqW+Y4bSTKIpFyGk7HN/kfvuRKs1ieW8mCQ0EHkoWMYJNLj1dn3n9as2tuzOgZeIVpAYFWv3qV28Qk1RQaQjHWnc9NzFBhpVhhNNppZdqmmAyxkPatVRiQXWQzW6dohOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF71c/M/rpiZqBBmTSWqoJPNFUcqRiVH+OBowRYnhE0swUczeisgIK0yMjadiQ/AWX14m/nn9qu7eXdSajSKNMhzBMZyCB5fQhFtogQ8ERvAMr/DmCOfFeXc+5q0lp5g5hD9wPn8AquONfQ==</latexit>

p = w⇢
<latexit sha1_base64="/XkP7CBVAPIYTaF+HGnAZtR3DgM=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSJ4KrsiWA9CwYvHCq4ttEvJptk2NJuEJKuUpT/CiwcVr/4fb/4b03YP2vpg4PHeDDPzYsWZsb7/7a2srq1vbJa2yts7u3v7lYPDByMzTWhIJJe6HWNDORM0tMxy2laa4jTmtBWPbqZ+65Fqw6S4t2NFoxQPBEsYwdZJLXX91NVD2atU/Zo/A1omQUGqUKDZq3x1+5JkKRWWcGxMJ/CVjXKsLSOcTsrdzFCFyQgPaMdRgVNqonx27gSdOqWPEqldCYtm6u+JHKfGjNPYdabYDs2iNxX/8zqZTepRzoTKLBVkvijJOLISTX9HfaYpsXzsCCaauVsRGWKNiXUJlV0IweLLyyQ8r13V/LuLaqNepFGCYziBMwjgEhpwC00IgcAInuEV3jzlvXjv3se8dcUrZo7gD7zPH7d3j1I=</latexit><latexit sha1_base64="/XkP7CBVAPIYTaF+HGnAZtR3DgM=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSJ4KrsiWA9CwYvHCq4ttEvJptk2NJuEJKuUpT/CiwcVr/4fb/4b03YP2vpg4PHeDDPzYsWZsb7/7a2srq1vbJa2yts7u3v7lYPDByMzTWhIJJe6HWNDORM0tMxy2laa4jTmtBWPbqZ+65Fqw6S4t2NFoxQPBEsYwdZJLXX91NVD2atU/Zo/A1omQUGqUKDZq3x1+5JkKRWWcGxMJ/CVjXKsLSOcTsrdzFCFyQgPaMdRgVNqonx27gSdOqWPEqldCYtm6u+JHKfGjNPYdabYDs2iNxX/8zqZTepRzoTKLBVkvijJOLISTX9HfaYpsXzsCCaauVsRGWKNiXUJlV0IweLLyyQ8r13V/LuLaqNepFGCYziBMwjgEhpwC00IgcAInuEV3jzlvXjv3se8dcUrZo7gD7zPH7d3j1I=</latexit><latexit sha1_base64="/XkP7CBVAPIYTaF+HGnAZtR3DgM=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSJ4KrsiWA9CwYvHCq4ttEvJptk2NJuEJKuUpT/CiwcVr/4fb/4b03YP2vpg4PHeDDPzYsWZsb7/7a2srq1vbJa2yts7u3v7lYPDByMzTWhIJJe6HWNDORM0tMxy2laa4jTmtBWPbqZ+65Fqw6S4t2NFoxQPBEsYwdZJLXX91NVD2atU/Zo/A1omQUGqUKDZq3x1+5JkKRWWcGxMJ/CVjXKsLSOcTsrdzFCFyQgPaMdRgVNqonx27gSdOqWPEqldCYtm6u+JHKfGjNPYdabYDs2iNxX/8zqZTepRzoTKLBVkvijJOLISTX9HfaYpsXzsCCaauVsRGWKNiXUJlV0IweLLyyQ8r13V/LuLaqNepFGCYziBMwjgEhpwC00IgcAInuEV3jzlvXjv3se8dcUrZo7gD7zPH7d3j1I=</latexit>



Using our equation of state, 
the Conservation of Energy equation can be solved…

The total density as a function of the scale factor is…

where

Here we’ve set κ = 0, inline with observation

⇢(a) = ⇢crit

✓
⌦v +

⌦m

a3
+

⌦r

a4

◆

<latexit sha1_base64="QeRbS9kQl0b3xR3YbmtsJZM3uqo="></latexit><latexit sha1_base64="QeRbS9kQl0b3xR3YbmtsJZM3uqo="></latexit><latexit sha1_base64="QeRbS9kQl0b3xR3YbmtsJZM3uqo="></latexit>

⇢(a) =
⇢0

a3(1+w)
<latexit sha1_base64="gx5TbagJ7rzQmcKnSO8Md8HibZA=">AAACCXicbVDLSsNAFJ3UV62vqEs30SK0CCVRwboQCm5cVjC20MQwmU7aoZNJmJkoJWTtxl9x40LFrX/gzr9x0mahrQcunDnnXube48eUCGma31ppYXFpeaW8Wllb39jc0rd3bkWUcIRtFNGId30oMCUM25JIirsxxzD0Ke74o8vc79xjLkjEbuQ4xm4IB4wEBEGpJE/fd/gwqsH6hRNwiNL85ZlZCu/Sk5p19FDPMk+vmg1zAmOeWAWpggJtT/9y+hFKQswkolCInmXG0k0hlwRRnFWcROAYohEc4J6iDIZYuOnklMw4VErfCCKuikljov6eSGEoxDj0VWcI5VDMern4n9dLZNB0U8LiRGKGph8FCTVkZOS5GH3CMZJ0rAhEnKhdDTSEKhOp0quoEKzZk+eJfdw4b5jXp9VWs0ijDPbAAagBC5yBFrgCbWADBB7BM3gFb9qT9qK9ax/T1pJWzOyCP9A+fwA1mZl8</latexit><latexit sha1_base64="gx5TbagJ7rzQmcKnSO8Md8HibZA=">AAACCXicbVDLSsNAFJ3UV62vqEs30SK0CCVRwboQCm5cVjC20MQwmU7aoZNJmJkoJWTtxl9x40LFrX/gzr9x0mahrQcunDnnXube48eUCGma31ppYXFpeaW8Wllb39jc0rd3bkWUcIRtFNGId30oMCUM25JIirsxxzD0Ke74o8vc79xjLkjEbuQ4xm4IB4wEBEGpJE/fd/gwqsH6hRNwiNL85ZlZCu/Sk5p19FDPMk+vmg1zAmOeWAWpggJtT/9y+hFKQswkolCInmXG0k0hlwRRnFWcROAYohEc4J6iDIZYuOnklMw4VErfCCKuikljov6eSGEoxDj0VWcI5VDMern4n9dLZNB0U8LiRGKGph8FCTVkZOS5GH3CMZJ0rAhEnKhdDTSEKhOp0quoEKzZk+eJfdw4b5jXp9VWs0ijDPbAAagBC5yBFrgCbWADBB7BM3gFb9qT9qK9ax/T1pJWzOyCP9A+fwA1mZl8</latexit><latexit sha1_base64="gx5TbagJ7rzQmcKnSO8Md8HibZA=">AAACCXicbVDLSsNAFJ3UV62vqEs30SK0CCVRwboQCm5cVjC20MQwmU7aoZNJmJkoJWTtxl9x40LFrX/gzr9x0mahrQcunDnnXube48eUCGma31ppYXFpeaW8Wllb39jc0rd3bkWUcIRtFNGId30oMCUM25JIirsxxzD0Ke74o8vc79xjLkjEbuQ4xm4IB4wEBEGpJE/fd/gwqsH6hRNwiNL85ZlZCu/Sk5p19FDPMk+vmg1zAmOeWAWpggJtT/9y+hFKQswkolCInmXG0k0hlwRRnFWcROAYohEc4J6iDIZYuOnklMw4VErfCCKuikljov6eSGEoxDj0VWcI5VDMern4n9dLZNB0U8LiRGKGph8FCTVkZOS5GH3CMZJ0rAhEnKhdDTSEKhOp0quoEKzZk+eJfdw4b5jXp9VWs0ijDPbAAagBC5yBFrgCbWADBB7BM3gFb9qT9qK9ax/T1pJWzOyCP9A+fwA1mZl8</latexit>

§ For radiation:
§ For pressureless matter:
§ For vacuum energy:

w = 1/3
<latexit sha1_base64="dbPoe3iJDhhxO9tr9mKi/w0yFzw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU020oB6EghePFYwttKFsttN26WYTdjdKCf0NXjyoePUPefPfuG1z0OqDgcd7M8zMCxPBtXHdL6ewtLyyulZcL21sbm3vlHf37nWcKoY+i0WsWiHVKLhE33AjsJUopFEosBmOrqd+8wGV5rG8M+MEg4gOJO9zRo2V/Mcr7+SsW664VXcG8pd4OalAjka3/NnpxSyNUBomqNZtz01MkFFlOBM4KXVSjQllIzrAtqWSRqiDbHbshBxZpUf6sbIlDZmpPycyGmk9jkLbGVEz1IveVPzPa6emfxFkXCapQcnmi/qpICYm089JjytkRowtoUxxeythQ6ooMzafkg3BW3z5L/FPq5dV97ZWqdfyNIpwAIdwDB6cQx1uoAE+MODwBC/w6kjn2Xlz3uetBSef2YdfcD6+AR/ejbg=</latexit><latexit sha1_base64="dbPoe3iJDhhxO9tr9mKi/w0yFzw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU020oB6EghePFYwttKFsttN26WYTdjdKCf0NXjyoePUPefPfuG1z0OqDgcd7M8zMCxPBtXHdL6ewtLyyulZcL21sbm3vlHf37nWcKoY+i0WsWiHVKLhE33AjsJUopFEosBmOrqd+8wGV5rG8M+MEg4gOJO9zRo2V/Mcr7+SsW664VXcG8pd4OalAjka3/NnpxSyNUBomqNZtz01MkFFlOBM4KXVSjQllIzrAtqWSRqiDbHbshBxZpUf6sbIlDZmpPycyGmk9jkLbGVEz1IveVPzPa6emfxFkXCapQcnmi/qpICYm089JjytkRowtoUxxeythQ6ooMzafkg3BW3z5L/FPq5dV97ZWqdfyNIpwAIdwDB6cQx1uoAE+MODwBC/w6kjn2Xlz3uetBSef2YdfcD6+AR/ejbg=</latexit><latexit sha1_base64="dbPoe3iJDhhxO9tr9mKi/w0yFzw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU020oB6EghePFYwttKFsttN26WYTdjdKCf0NXjyoePUPefPfuG1z0OqDgcd7M8zMCxPBtXHdL6ewtLyyulZcL21sbm3vlHf37nWcKoY+i0WsWiHVKLhE33AjsJUopFEosBmOrqd+8wGV5rG8M+MEg4gOJO9zRo2V/Mcr7+SsW664VXcG8pd4OalAjka3/NnpxSyNUBomqNZtz01MkFFlOBM4KXVSjQllIzrAtqWSRqiDbHbshBxZpUf6sbIlDZmpPycyGmk9jkLbGVEz1IveVPzPa6emfxFkXCapQcnmi/qpICYm089JjytkRowtoUxxeythQ6ooMzafkg3BW3z5L/FPq5dV97ZWqdfyNIpwAIdwDB6cQx1uoAE+MODwBC/w6kjn2Xlz3uetBSef2YdfcD6+AR/ejbg=</latexit>

w = 0
<latexit sha1_base64="rUu2wvOWh0olmsNQNVWlNWrocrI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mloB6EghePFY0ttKFstpN26WYTdjdKCf0JXjyoePUfefPfuG1z0NYHA4/3ZpiZFySCa+O6305hZXVtfaO4Wdra3tndK+8fPOg4VQw9FotYtQOqUXCJnuFGYDtRSKNAYCsYXU/91iMqzWN5b8YJ+hEdSB5yRo2V7p6u3F654lbdGcgyqeWkAjmavfJXtx+zNEJpmKBad2puYvyMKsOZwEmpm2pMKBvRAXYslTRC7WezUyfkxCp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDCz7hMUoOSzReFqSAmJtO/SZ8rZEaMLaFMcXsrYUOqKDM2nZINobb48jLxzqqXVfe2XmnU8zSKcATHcAo1OIcG3EATPGAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QM+XY1B</latexit><latexit sha1_base64="rUu2wvOWh0olmsNQNVWlNWrocrI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mloB6EghePFY0ttKFstpN26WYTdjdKCf0JXjyoePUfefPfuG1z0NYHA4/3ZpiZFySCa+O6305hZXVtfaO4Wdra3tndK+8fPOg4VQw9FotYtQOqUXCJnuFGYDtRSKNAYCsYXU/91iMqzWN5b8YJ+hEdSB5yRo2V7p6u3F654lbdGcgyqeWkAjmavfJXtx+zNEJpmKBad2puYvyMKsOZwEmpm2pMKBvRAXYslTRC7WezUyfkxCp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDCz7hMUoOSzReFqSAmJtO/SZ8rZEaMLaFMcXsrYUOqKDM2nZINobb48jLxzqqXVfe2XmnU8zSKcATHcAo1OIcG3EATPGAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QM+XY1B</latexit><latexit sha1_base64="rUu2wvOWh0olmsNQNVWlNWrocrI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mloB6EghePFY0ttKFstpN26WYTdjdKCf0JXjyoePUfefPfuG1z0NYHA4/3ZpiZFySCa+O6305hZXVtfaO4Wdra3tndK+8fPOg4VQw9FotYtQOqUXCJnuFGYDtRSKNAYCsYXU/91iMqzWN5b8YJ+hEdSB5yRo2V7p6u3F654lbdGcgyqeWkAjmavfJXtx+zNEJpmKBad2puYvyMKsOZwEmpm2pMKBvRAXYslTRC7WezUyfkxCp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDCz7hMUoOSzReFqSAmJtO/SZ8rZEaMLaFMcXsrYUOqKDM2nZINobb48jLxzqqXVfe2XmnU8zSKcATHcAo1OIcG3EATPGAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QM+XY1B</latexit>

w = �1
<latexit sha1_base64="yGbiGL6KyPebluyMRthi2MRqP+M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnoQCl48VjC20Iay2W7apbubsLtRSuhf8OJBxau/yJv/xk2bg7Y+GHi8N8PMvDDhTBvX/XZKK6tr6xvlzcrW9s7uXnX/4EHHqSLUJzGPVSfEmnImqW+Y4bSTKIpFyGk7HN/kfvuRKs1ieW8mCQ0EHkoWMYJNLj1dn3n9as2tuzOgZeIVpAYFWv3qV28Qk1RQaQjHWnc9NzFBhpVhhNNppZdqmmAyxkPatVRiQXWQzW6dohOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF71c/M/rpia6DDImk9RQSeaLopQjE6P8cTRgihLDJ5Zgopi9FZERVpgYG0/FhuAtvrxM/PP6Vd29a9SajSKNMhzBMZyCBxfQhFtogQ8ERvAMr/DmCOfFeXc+5q0lp5g5hD9wPn8Aqa+NeQ==</latexit><latexit sha1_base64="yGbiGL6KyPebluyMRthi2MRqP+M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnoQCl48VjC20Iay2W7apbubsLtRSuhf8OJBxau/yJv/xk2bg7Y+GHi8N8PMvDDhTBvX/XZKK6tr6xvlzcrW9s7uXnX/4EHHqSLUJzGPVSfEmnImqW+Y4bSTKIpFyGk7HN/kfvuRKs1ieW8mCQ0EHkoWMYJNLj1dn3n9as2tuzOgZeIVpAYFWv3qV28Qk1RQaQjHWnc9NzFBhpVhhNNppZdqmmAyxkPatVRiQXWQzW6dohOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF71c/M/rpia6DDImk9RQSeaLopQjE6P8cTRgihLDJ5Zgopi9FZERVpgYG0/FhuAtvrxM/PP6Vd29a9SajSKNMhzBMZyCBxfQhFtogQ8ERvAMr/DmCOfFeXc+5q0lp5g5hD9wPn8Aqa+NeQ==</latexit><latexit sha1_base64="yGbiGL6KyPebluyMRthi2MRqP+M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnoQCl48VjC20Iay2W7apbubsLtRSuhf8OJBxau/yJv/xk2bg7Y+GHi8N8PMvDDhTBvX/XZKK6tr6xvlzcrW9s7uXnX/4EHHqSLUJzGPVSfEmnImqW+Y4bSTKIpFyGk7HN/kfvuRKs1ieW8mCQ0EHkoWMYJNLj1dn3n9as2tuzOgZeIVpAYFWv3qV28Qk1RQaQjHWnc9NzFBhpVhhNNppZdqmmAyxkPatVRiQXWQzW6dohOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF71c/M/rpia6DDImk9RQSeaLopQjE6P8cTRgihLDJ5Zgopi9FZERVpgYG0/FhuAtvrxM/PP6Vd29a9SajSKNMhzBMZyCBxfQhFtogQ8ERvAMr/DmCOfFeXc+5q0lp5g5hD9wPn8Aqa+NeQ==</latexit>

FRW cosmology

⌦i =
⇢i
⇢crit

<latexit sha1_base64="r2ubvbli7b0/NjTZLPMUKBr3PG4=">AAACF3icbVC7SgNBFJ31GeNr1dJmMQhWcSMBtRACNnZGMCaQDcvsZDYZMo9l5q4Ylv0MG3/FxkLFVjv/xsmj0MQDwxzOuZfLOVHCmQHf/3YWFpeWV1YLa8X1jc2tbXdn986oVBPaIIor3YqwoZxJ2gAGnLYSTbGIOG1Gg8uR37yn2jAlb2GY0I7APcliRjBYKXSPg2tBezhkF0GsMckC3Vchyyd/FgCTw0BE6iEjmkGe56Fb8sv+GN48qUxJCU1RD92voKtIKqgEwrEx7YqfQCfDGhjhNC8GqaEJJgPco21LJRbUdLJxsNw7tErXi5W2T4I3Vn9vZFgYMxSRnRQY+mbWG4n/ee0U4rNOxmSSApVkcihOuQfKG7XkdZmmBPjQEjxKzohH+tgWBLbLoi2hMht5njROyudl/6ZaqlWnbRTQPjpAR6iCTlENXaE6aiCCHtEzekVvzpPz4rw7H5PRBWe6s4f+wPn8Ad0bob0=</latexit><latexit sha1_base64="r2ubvbli7b0/NjTZLPMUKBr3PG4=">AAACF3icbVC7SgNBFJ31GeNr1dJmMQhWcSMBtRACNnZGMCaQDcvsZDYZMo9l5q4Ylv0MG3/FxkLFVjv/xsmj0MQDwxzOuZfLOVHCmQHf/3YWFpeWV1YLa8X1jc2tbXdn986oVBPaIIor3YqwoZxJ2gAGnLYSTbGIOG1Gg8uR37yn2jAlb2GY0I7APcliRjBYKXSPg2tBezhkF0GsMckC3Vchyyd/FgCTw0BE6iEjmkGe56Fb8sv+GN48qUxJCU1RD92voKtIKqgEwrEx7YqfQCfDGhjhNC8GqaEJJgPco21LJRbUdLJxsNw7tErXi5W2T4I3Vn9vZFgYMxSRnRQY+mbWG4n/ee0U4rNOxmSSApVkcihOuQfKG7XkdZmmBPjQEjxKzohH+tgWBLbLoi2hMht5njROyudl/6ZaqlWnbRTQPjpAR6iCTlENXaE6aiCCHtEzekVvzpPz4rw7H5PRBWe6s4f+wPn8Ad0bob0=</latexit><latexit sha1_base64="r2ubvbli7b0/NjTZLPMUKBr3PG4=">AAACF3icbVC7SgNBFJ31GeNr1dJmMQhWcSMBtRACNnZGMCaQDcvsZDYZMo9l5q4Ylv0MG3/FxkLFVjv/xsmj0MQDwxzOuZfLOVHCmQHf/3YWFpeWV1YLa8X1jc2tbXdn986oVBPaIIor3YqwoZxJ2gAGnLYSTbGIOG1Gg8uR37yn2jAlb2GY0I7APcliRjBYKXSPg2tBezhkF0GsMckC3Vchyyd/FgCTw0BE6iEjmkGe56Fb8sv+GN48qUxJCU1RD92voKtIKqgEwrEx7YqfQCfDGhjhNC8GqaEJJgPco21LJRbUdLJxsNw7tErXi5W2T4I3Vn9vZFgYMxSRnRQY+mbWG4n/ee0U4rNOxmSSApVkcihOuQfKG7XkdZmmBPjQEjxKzohH+tgWBLbLoi2hMht5njROyudl/6ZaqlWnbRTQPjpAR6iCTlENXaE6aiCCHtEzekVvzpPz4rw7H5PRBWe6s4f+wPn8Ad0bob0=</latexit>



§ For radiation dominated:
§ For matter dominated:
§ For vacuum energy dominated:

Using our equation of state, 
the FRW eqns can be solved for 1 fluid…

for

for w = �1
<latexit sha1_base64="tyXwamUvu6pMu3BPA4eflDUAvtQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURwXoQCl48VjC20Iay2W7apbubsLtRSuhf8OJBxau/yJv/xk2bg7Y+GHi8N8PMvDDhTBvX/XZKK6tr6xvlzcrW9s7uXnX/4EHHqSLUJzGPVSfEmnImqW+Y4bSTKIpFyGk7HN/kfvuRKs1ieW8mCQ0EHkoWMYJNLj1dn3n9as2tuzOgZeIVpAYFWv3qV28Qk1RQaQjHWnc9NzFBhpVhhNNppZdqmmAyxkPatVRiQXWQzW6dohOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF71c/M/rpiZqBBmTSWqoJPNFUcqRiVH+OBowRYnhE0swUczeisgIK0yMjadiQ/AWX14m/nn9qu7eXdSajSKNMhzBMZyCB5fQhFtogQ8ERvAMr/DmCOfFeXc+5q0lp5g5hD9wPn8AquONfQ==</latexit><latexit sha1_base64="tyXwamUvu6pMu3BPA4eflDUAvtQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURwXoQCl48VjC20Iay2W7apbubsLtRSuhf8OJBxau/yJv/xk2bg7Y+GHi8N8PMvDDhTBvX/XZKK6tr6xvlzcrW9s7uXnX/4EHHqSLUJzGPVSfEmnImqW+Y4bSTKIpFyGk7HN/kfvuRKs1ieW8mCQ0EHkoWMYJNLj1dn3n9as2tuzOgZeIVpAYFWv3qV28Qk1RQaQjHWnc9NzFBhpVhhNNppZdqmmAyxkPatVRiQXWQzW6dohOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF71c/M/rpiZqBBmTSWqoJPNFUcqRiVH+OBowRYnhE0swUczeisgIK0yMjadiQ/AWX14m/nn9qu7eXdSajSKNMhzBMZyCB5fQhFtogQ8ERvAMr/DmCOfFeXc+5q0lp5g5hD9wPn8AquONfQ==</latexit><latexit sha1_base64="tyXwamUvu6pMu3BPA4eflDUAvtQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURwXoQCl48VjC20Iay2W7apbubsLtRSuhf8OJBxau/yJv/xk2bg7Y+GHi8N8PMvDDhTBvX/XZKK6tr6xvlzcrW9s7uXnX/4EHHqSLUJzGPVSfEmnImqW+Y4bSTKIpFyGk7HN/kfvuRKs1ieW8mCQ0EHkoWMYJNLj1dn3n9as2tuzOgZeIVpAYFWv3qV28Qk1RQaQjHWnc9NzFBhpVhhNNppZdqmmAyxkPatVRiQXWQzW6dohOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF71c/M/rpiZqBBmTSWqoJPNFUcqRiVH+OBowRYnhE0swUczeisgIK0yMjadiQ/AWX14m/nn9qu7eXdSajSKNMhzBMZyCB5fQhFtogQ8ERvAMr/DmCOfFeXc+5q0lp5g5hD9wPn8AquONfQ==</latexit>

a(t) = a0t
2/3(1+w)

<latexit sha1_base64="xKzsvUX2ijKQR9i5zdM4ZbWQwak=">AAAB/HicbVDLSsNAFJ3UV62v+Ni5CRahRahJFawLoeDGZQVjC20Mk+mkHTp5MHOj1FD8FTcuVNz6Ie78G6dtFtp64MLhnHu59x4v5kyCaX5ruYXFpeWV/GphbX1jc0vf3rmVUSIItUnEI9HysKSchdQGBpy2YkFx4HHa9AaXY795T4VkUXgDw5g6Ae6FzGcEg5JcfQ+XoHyBXRPu0urxSck6eiiPXL1oVswJjHliZaSIMjRc/avTjUgS0BAIx1K2LTMGJ8UCGOF0VOgkksaYDHCPthUNcUClk06uHxmHSukafiRUhWBM1N8TKQ6kHAae6gww9OWsNxb/89oJ+DUnZWGcAA3JdJGfcAMiYxyF0WWCEuBDRTARTN1qkD4WmIAKrKBCsGZfnid2tXJeMa9Pi/ValkYe7aMDVEIWOkN1dIUayEYEPaJn9IretCftRXvXPqatOS2b2UV/oH3+ANxMkxE=</latexit><latexit sha1_base64="xKzsvUX2ijKQR9i5zdM4ZbWQwak=">AAAB/HicbVDLSsNAFJ3UV62v+Ni5CRahRahJFawLoeDGZQVjC20Mk+mkHTp5MHOj1FD8FTcuVNz6Ie78G6dtFtp64MLhnHu59x4v5kyCaX5ruYXFpeWV/GphbX1jc0vf3rmVUSIItUnEI9HysKSchdQGBpy2YkFx4HHa9AaXY795T4VkUXgDw5g6Ae6FzGcEg5JcfQ+XoHyBXRPu0urxSck6eiiPXL1oVswJjHliZaSIMjRc/avTjUgS0BAIx1K2LTMGJ8UCGOF0VOgkksaYDHCPthUNcUClk06uHxmHSukafiRUhWBM1N8TKQ6kHAae6gww9OWsNxb/89oJ+DUnZWGcAA3JdJGfcAMiYxyF0WWCEuBDRTARTN1qkD4WmIAKrKBCsGZfnid2tXJeMa9Pi/ValkYe7aMDVEIWOkN1dIUayEYEPaJn9IretCftRXvXPqatOS2b2UV/oH3+ANxMkxE=</latexit><latexit sha1_base64="xKzsvUX2ijKQR9i5zdM4ZbWQwak=">AAAB/HicbVDLSsNAFJ3UV62v+Ni5CRahRahJFawLoeDGZQVjC20Mk+mkHTp5MHOj1FD8FTcuVNz6Ie78G6dtFtp64MLhnHu59x4v5kyCaX5ruYXFpeWV/GphbX1jc0vf3rmVUSIItUnEI9HysKSchdQGBpy2YkFx4HHa9AaXY795T4VkUXgDw5g6Ae6FzGcEg5JcfQ+XoHyBXRPu0urxSck6eiiPXL1oVswJjHliZaSIMjRc/avTjUgS0BAIx1K2LTMGJ8UCGOF0VOgkksaYDHCPthUNcUClk06uHxmHSukafiRUhWBM1N8TKQ6kHAae6gww9OWsNxb/89oJ+DUnZWGcAA3JdJGfcAMiYxyF0WWCEuBDRTARTN1qkD4WmIAKrKBCsGZfnid2tXJeMa9Pi/ValkYe7aMDVEIWOkN1dIUayEYEPaJn9IretCftRXvXPqatOS2b2UV/oH3+ANxMkxE=</latexit>

= eH(t�t0)
<latexit sha1_base64="qukqyW81exLfCUA04lVjAyvmvvY=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBDiwbARwXgQAl5yjOCaQLKG2UlvMmT24UxvICz5Di8eVLz6M978GyfJHjSxoKGo6qa7y4ul0Gjb39bK6tr6xmZuK7+9s7u3Xzg4fNBRojg4PJKRanlMgxQhOChQQitWwAJPQtMb3k795giUFlF4j+MY3ID1Q+ELztBI7g08pvUSnmPXPpt0C0W7bM9Al0klI0WSodEtfHV6EU8CCJFLpnW7Ysfopkyh4BIm+U6iIWZ8yPrQNjRkAWg3nR09oadG6VE/UqZCpDP190TKAq3HgWc6A4YDvehNxf+8doJ+1U1FGCcIIZ8v8hNJMaLTBGhPKOAox4YwroS5lfIBU4yjySlvQqgsvrxMnIvyddm+uyzWqlkaOXJMTkiJVMgVqZE6aRCHcPJEnskrebNG1ov1bn3MW1esbOaI/IH1+QPNLJD6</latexit><latexit sha1_base64="qukqyW81exLfCUA04lVjAyvmvvY=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBDiwbARwXgQAl5yjOCaQLKG2UlvMmT24UxvICz5Di8eVLz6M978GyfJHjSxoKGo6qa7y4ul0Gjb39bK6tr6xmZuK7+9s7u3Xzg4fNBRojg4PJKRanlMgxQhOChQQitWwAJPQtMb3k795giUFlF4j+MY3ID1Q+ELztBI7g08pvUSnmPXPpt0C0W7bM9Al0klI0WSodEtfHV6EU8CCJFLpnW7Ysfopkyh4BIm+U6iIWZ8yPrQNjRkAWg3nR09oadG6VE/UqZCpDP190TKAq3HgWc6A4YDvehNxf+8doJ+1U1FGCcIIZ8v8hNJMaLTBGhPKOAox4YwroS5lfIBU4yjySlvQqgsvrxMnIvyddm+uyzWqlkaOXJMTkiJVMgVqZE6aRCHcPJEnskrebNG1ov1bn3MW1esbOaI/IH1+QPNLJD6</latexit><latexit sha1_base64="qukqyW81exLfCUA04lVjAyvmvvY=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBDiwbARwXgQAl5yjOCaQLKG2UlvMmT24UxvICz5Di8eVLz6M978GyfJHjSxoKGo6qa7y4ul0Gjb39bK6tr6xmZuK7+9s7u3Xzg4fNBRojg4PJKRanlMgxQhOChQQitWwAJPQtMb3k795giUFlF4j+MY3ID1Q+ELztBI7g08pvUSnmPXPpt0C0W7bM9Al0klI0WSodEtfHV6EU8CCJFLpnW7Ysfopkyh4BIm+U6iIWZ8yPrQNjRkAWg3nR09oadG6VE/UqZCpDP190TKAq3HgWc6A4YDvehNxf+8doJ+1U1FGCcIIZ8v8hNJMaLTBGhPKOAox4YwroS5lfIBU4yjySlvQqgsvrxMnIvyddm+uyzWqlkaOXJMTkiJVMgVqZE6aRCHcPJEnskrebNG1ov1bn3MW1esbOaI/IH1+QPNLJD6</latexit>

w 6= �1
<latexit sha1_base64="730sjcn2KWzlEaf96mx3C0CzrHk=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSQiWG8FLx4rGFtoQ9lsp+3SzSbd3Sgl9E948aDi1d/jzX/jts1BWx8MPN6bYWZemAiujet+Oyura+sbm4Wt4vbO7t5+6eDwQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HwZuo3HlFpHst7M04wiGhf8h5n1Fip+dSWOCLnXqdUdivuDGSZeDkpQ456p/TV7sYsjVAaJqjWLc9NTJBRZTgTOCm2U40JZUPax5alkkaog2x274ScWqVLerGyJQ2Zqb8nMhppPY5C2xlRM9CL3lT8z2ulplcNMi6T1KBk80W9VBATk+nzpMsVMiPGllCmuL2VsAFVlBkbUdGG4C2+vEz8i8p1xb27LNeqeRoFOIYTOAMPrqAGt1AHHxgIeIZXeHNGzovz7nzMW1ecfOYI/sD5/AGQoI8o</latexit><latexit sha1_base64="730sjcn2KWzlEaf96mx3C0CzrHk=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSQiWG8FLx4rGFtoQ9lsp+3SzSbd3Sgl9E948aDi1d/jzX/jts1BWx8MPN6bYWZemAiujet+Oyura+sbm4Wt4vbO7t5+6eDwQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HwZuo3HlFpHst7M04wiGhf8h5n1Fip+dSWOCLnXqdUdivuDGSZeDkpQ456p/TV7sYsjVAaJqjWLc9NTJBRZTgTOCm2U40JZUPax5alkkaog2x274ScWqVLerGyJQ2Zqb8nMhppPY5C2xlRM9CL3lT8z2ulplcNMi6T1KBk80W9VBATk+nzpMsVMiPGllCmuL2VsAFVlBkbUdGG4C2+vEz8i8p1xb27LNeqeRoFOIYTOAMPrqAGt1AHHxgIeIZXeHNGzovz7nzMW1ecfOYI/sD5/AGQoI8o</latexit><latexit sha1_base64="730sjcn2KWzlEaf96mx3C0CzrHk=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSQiWG8FLx4rGFtoQ9lsp+3SzSbd3Sgl9E948aDi1d/jzX/jts1BWx8MPN6bYWZemAiujet+Oyura+sbm4Wt4vbO7t5+6eDwQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HwZuo3HlFpHst7M04wiGhf8h5n1Fip+dSWOCLnXqdUdivuDGSZeDkpQ456p/TV7sYsjVAaJqjWLc9NTJBRZTgTOCm2U40JZUPax5alkkaog2x274ScWqVLerGyJQ2Zqb8nMhppPY5C2xlRM9CL3lT8z2ulplcNMi6T1KBk80W9VBATk+nzpMsVMiPGllCmuL2VsAFVlBkbUdGG4C2+vEz8i8p1xb27LNeqeRoFOIYTOAMPrqAGt1AHHxgIeIZXeHNGzovz7nzMW1ecfOYI/sD5/AGQoI8o</latexit>

NOTICE:  
Early-time, decelerated expansion

As t® 0, a(t) ® 0 ∴ Big Bang!
a(t) ⇠ eHt

<latexit sha1_base64="Y/QsbIOhrlkrwjwvxpOVJchypyw=">AAAB93icbVBNTwIxEO36ifjBqkcvjcQEL2QxJOqNxAtHTFwhgZV0Sxca2u6mnTXBDb/Eiwc1Xv0r3vw3FtiDgi+Z5OW9mczMCxPBDXjet7O2vrG5tV3YKe7u7R+U3MOjexOnmjKfxiLWnZAYJrhiPnAQrJNoRmQoWDsc38z89iPThsfqDiYJCyQZKh5xSsBKfbdEKnDeM1xi9pA1Ydp3y17VmwOvklpOyihHq+9+9QYxTSVTQAUxplvzEggyooFTwabFXmpYQuiYDFnXUkUkM0E2P3yKz6wywFGsbSnAc/X3REakMRMZ2k5JYGSWvZn4n9dNIboKMq6SFJiii0VRKjDEeJYCHnDNKIiJJYRqbm/FdEQ0oWCzKtoQassvrxL/onpd9W7r5UY9T6OATtApqqAaukQN1EQt5COKUvSMXtGb8+S8OO/Ox6J1zclnjtEfOJ8/XjaSaA==</latexit><latexit sha1_base64="Y/QsbIOhrlkrwjwvxpOVJchypyw=">AAAB93icbVBNTwIxEO36ifjBqkcvjcQEL2QxJOqNxAtHTFwhgZV0Sxca2u6mnTXBDb/Eiwc1Xv0r3vw3FtiDgi+Z5OW9mczMCxPBDXjet7O2vrG5tV3YKe7u7R+U3MOjexOnmjKfxiLWnZAYJrhiPnAQrJNoRmQoWDsc38z89iPThsfqDiYJCyQZKh5xSsBKfbdEKnDeM1xi9pA1Ydp3y17VmwOvklpOyihHq+9+9QYxTSVTQAUxplvzEggyooFTwabFXmpYQuiYDFnXUkUkM0E2P3yKz6wywFGsbSnAc/X3REakMRMZ2k5JYGSWvZn4n9dNIboKMq6SFJiii0VRKjDEeJYCHnDNKIiJJYRqbm/FdEQ0oWCzKtoQassvrxL/onpd9W7r5UY9T6OATtApqqAaukQN1EQt5COKUvSMXtGb8+S8OO/Ox6J1zclnjtEfOJ8/XjaSaA==</latexit><latexit sha1_base64="Y/QsbIOhrlkrwjwvxpOVJchypyw=">AAAB93icbVBNTwIxEO36ifjBqkcvjcQEL2QxJOqNxAtHTFwhgZV0Sxca2u6mnTXBDb/Eiwc1Xv0r3vw3FtiDgi+Z5OW9mczMCxPBDXjet7O2vrG5tV3YKe7u7R+U3MOjexOnmjKfxiLWnZAYJrhiPnAQrJNoRmQoWDsc38z89iPThsfqDiYJCyQZKh5xSsBKfbdEKnDeM1xi9pA1Ydp3y17VmwOvklpOyihHq+9+9QYxTSVTQAUxplvzEggyooFTwabFXmpYQuiYDFnXUkUkM0E2P3yKz6wywFGsbSnAc/X3REakMRMZ2k5JYGSWvZn4n9dNIboKMq6SFJiii0VRKjDEeJYCHnDNKIiJJYRqbm/FdEQ0oWCzKtoQassvrxL/onpd9W7r5UY9T6OATtApqqAaukQN1EQt5COKUvSMXtGb8+S8OO/Ox6J1zclnjtEfOJ8/XjaSaA==</latexit>

a(t) ⇠ t1/2
<latexit sha1_base64="Ry8sDV5Lj+UDuiaghHKME1wBZYM=">AAAB+HicbVBNTwIxEO36ifi16tFLIzHBC+4SEvVG4sUjJq6QwEq6pUBD2920syRkwz/x4kGNV3+KN/+NBfag4EsmeXlvJjPzokRwA5737aytb2xubRd2irt7+weH7tHxo4lTTVlAYxHrVkQME1yxADgI1ko0IzISrBmNbmd+c8y04bF6gEnCQkkGivc5JWClruuSMlx0DJcYnjL/sjrtuiWv4s2BV4mfkxLK0ei6X51eTFPJFFBBjGn7XgJhRjRwKti02EkNSwgdkQFrW6qIZCbM5pdP8blVergfa1sK8Fz9PZERacxERrZTEhiaZW8m/ue1U+hfhxlXSQpM0cWifiowxHgWA+5xzSiIiSWEam5vxXRINKFgwyraEPzll1dJUK3cVLz7Wqley9MooFN0hsrIR1eoju5QAwWIojF6Rq/ozcmcF+fd+Vi0rjn5zAn6A+fzB18lklc=</latexit><latexit sha1_base64="Ry8sDV5Lj+UDuiaghHKME1wBZYM=">AAAB+HicbVBNTwIxEO36ifi16tFLIzHBC+4SEvVG4sUjJq6QwEq6pUBD2920syRkwz/x4kGNV3+KN/+NBfag4EsmeXlvJjPzokRwA5737aytb2xubRd2irt7+weH7tHxo4lTTVlAYxHrVkQME1yxADgI1ko0IzISrBmNbmd+c8y04bF6gEnCQkkGivc5JWClruuSMlx0DJcYnjL/sjrtuiWv4s2BV4mfkxLK0ei6X51eTFPJFFBBjGn7XgJhRjRwKti02EkNSwgdkQFrW6qIZCbM5pdP8blVergfa1sK8Fz9PZERacxERrZTEhiaZW8m/ue1U+hfhxlXSQpM0cWifiowxHgWA+5xzSiIiSWEam5vxXRINKFgwyraEPzll1dJUK3cVLz7Wqley9MooFN0hsrIR1eoju5QAwWIojF6Rq/ozcmcF+fd+Vi0rjn5zAn6A+fzB18lklc=</latexit><latexit sha1_base64="Ry8sDV5Lj+UDuiaghHKME1wBZYM=">AAAB+HicbVBNTwIxEO36ifi16tFLIzHBC+4SEvVG4sUjJq6QwEq6pUBD2920syRkwz/x4kGNV3+KN/+NBfag4EsmeXlvJjPzokRwA5737aytb2xubRd2irt7+weH7tHxo4lTTVlAYxHrVkQME1yxADgI1ko0IzISrBmNbmd+c8y04bF6gEnCQkkGivc5JWClruuSMlx0DJcYnjL/sjrtuiWv4s2BV4mfkxLK0ei6X51eTFPJFFBBjGn7XgJhRjRwKti02EkNSwgdkQFrW6qIZCbM5pdP8blVergfa1sK8Fz9PZERacxERrZTEhiaZW8m/ue1U+hfhxlXSQpM0cWifiowxHgWA+5xzSiIiSWEam5vxXRINKFgwyraEPzll1dJUK3cVLz7Wqley9MooFN0hsrIR1eoju5QAwWIojF6Rq/ozcmcF+fd+Vi0rjn5zAn6A+fzB18lklc=</latexit>

a(t) ⇠ t2/3
<latexit sha1_base64="g1KWZUT+YIdf9SEWTwWU2m5Y69s=">AAAB+HicbVBNT8JAEN3iF+JX1aOXjcQEL9giiXoj8eIREyskUMl22cKG3bbZnZKQhn/ixYMar/4Ub/4bF+hBwZdM8vLeTGbmBYngGhzn2yqsrW9sbhW3Szu7e/sH9uHRo45TRZlHYxGrdkA0EzxiHnAQrJ0oRmQgWCsY3c781pgpzePoASYJ8yUZRDzklICRerZNKnDe1VxieMpqF5fTnl12qs4ceJW4OSmjHM2e/dXtxzSVLAIqiNYd10nAz4gCTgWblrqpZgmhIzJgHUMjIpn2s/nlU3xmlD4OY2UqAjxXf09kRGo9kYHplASGetmbif95nRTCaz/jUZICi+hiUZgKDDGexYD7XDEKYmIIoYqbWzEdEkUomLBKJgR3+eVV4tWqN1Xnvl5u1PM0iugEnaIKctEVaqA71EQeomiMntErerMy68V6tz4WrQUrnzlGf2B9/gBiL5JZ</latexit><latexit sha1_base64="g1KWZUT+YIdf9SEWTwWU2m5Y69s=">AAAB+HicbVBNT8JAEN3iF+JX1aOXjcQEL9giiXoj8eIREyskUMl22cKG3bbZnZKQhn/ixYMar/4Ub/4bF+hBwZdM8vLeTGbmBYngGhzn2yqsrW9sbhW3Szu7e/sH9uHRo45TRZlHYxGrdkA0EzxiHnAQrJ0oRmQgWCsY3c781pgpzePoASYJ8yUZRDzklICRerZNKnDe1VxieMpqF5fTnl12qs4ceJW4OSmjHM2e/dXtxzSVLAIqiNYd10nAz4gCTgWblrqpZgmhIzJgHUMjIpn2s/nlU3xmlD4OY2UqAjxXf09kRGo9kYHplASGetmbif95nRTCaz/jUZICi+hiUZgKDDGexYD7XDEKYmIIoYqbWzEdEkUomLBKJgR3+eVV4tWqN1Xnvl5u1PM0iugEnaIKctEVaqA71EQeomiMntErerMy68V6tz4WrQUrnzlGf2B9/gBiL5JZ</latexit><latexit sha1_base64="g1KWZUT+YIdf9SEWTwWU2m5Y69s=">AAAB+HicbVBNT8JAEN3iF+JX1aOXjcQEL9giiXoj8eIREyskUMl22cKG3bbZnZKQhn/ixYMar/4Ub/4bF+hBwZdM8vLeTGbmBYngGhzn2yqsrW9sbhW3Szu7e/sH9uHRo45TRZlHYxGrdkA0EzxiHnAQrJ0oRmQgWCsY3c781pgpzePoASYJ8yUZRDzklICRerZNKnDe1VxieMpqF5fTnl12qs4ceJW4OSmjHM2e/dXtxzSVLAIqiNYd10nAz4gCTgWblrqpZgmhIzJgHUMjIpn2s/nlU3xmlD4OY2UqAjxXf09kRGo9kYHplASGetmbif95nRTCaz/jUZICi+hiUZgKDDGexYD7XDEKYmIIoYqbWzEdEkUomLBKJgR3+eVV4tWqN1Xnvl5u1PM0iugEnaIKctEVaqA71EQeomiMntErerMy68V6tz4WrQUrnzlGf2B9/gBiL5JZ</latexit>

Late-time, accelerated expansion

FRW cosmology



The constant a0 can be chosen so that…

so that where      is the present time.
The total density, at the present time, becomes…

where 

FRW cosmology

a(t) =

✓
t

t0

◆2/3(1+w)

<latexit sha1_base64="QNjN0dZj5R1AQc5grx7vvNiw5Q4=">AAACEnicbVBNS8NAEN3Ur1q/oh69BIvQKtSkCtaDUPDisYKxhaaWzXbTLt18sDtRSsh/8OJf8eJBxasnb/4bt20O2vpg4PHeDDPz3IgzCab5reUWFpeWV/KrhbX1jc0tfXvnVoaxINQmIQ9Fy8WSchZQGxhw2ooExb7LadMdXo795j0VkoXBDYwi2vFxP2AeIxiU1NUPcQnKFw6nHpQcT2CSQJpA10wdwfoDKN8l1eOTknX0UE67etGsmBMY88TKSBFlaHT1L6cXktinARCOpWxbZgSdBAtghNO04MSSRpgMcZ+2FQ2wT2UnmfyUGgdK6RleKFQFYEzU3xMJ9qUc+a7q9DEM5Kw3Fv/z2jF4tU7CgigGGpDpIi/mBoTGOCCjxwQlwEeKYCKYutUgA6ySARVjQYVgzb48T+xq5bxiXp8W67UsjTzaQ/uohCx0huroCjWQjQh6RM/oFb1pT9qL9q59TFtzWjazi/5A+/wBW9Gcug==</latexit><latexit sha1_base64="QNjN0dZj5R1AQc5grx7vvNiw5Q4=">AAACEnicbVBNS8NAEN3Ur1q/oh69BIvQKtSkCtaDUPDisYKxhaaWzXbTLt18sDtRSsh/8OJf8eJBxasnb/4bt20O2vpg4PHeDDPz3IgzCab5reUWFpeWV/KrhbX1jc0tfXvnVoaxINQmIQ9Fy8WSchZQGxhw2ooExb7LadMdXo795j0VkoXBDYwi2vFxP2AeIxiU1NUPcQnKFw6nHpQcT2CSQJpA10wdwfoDKN8l1eOTknX0UE67etGsmBMY88TKSBFlaHT1L6cXktinARCOpWxbZgSdBAtghNO04MSSRpgMcZ+2FQ2wT2UnmfyUGgdK6RleKFQFYEzU3xMJ9qUc+a7q9DEM5Kw3Fv/z2jF4tU7CgigGGpDpIi/mBoTGOCCjxwQlwEeKYCKYutUgA6ySARVjQYVgzb48T+xq5bxiXp8W67UsjTzaQ/uohCx0huroCjWQjQh6RM/oFb1pT9qL9q59TFtzWjazi/5A+/wBW9Gcug==</latexit><latexit sha1_base64="QNjN0dZj5R1AQc5grx7vvNiw5Q4=">AAACEnicbVBNS8NAEN3Ur1q/oh69BIvQKtSkCtaDUPDisYKxhaaWzXbTLt18sDtRSsh/8OJf8eJBxasnb/4bt20O2vpg4PHeDDPz3IgzCab5reUWFpeWV/KrhbX1jc0tfXvnVoaxINQmIQ9Fy8WSchZQGxhw2ooExb7LadMdXo795j0VkoXBDYwi2vFxP2AeIxiU1NUPcQnKFw6nHpQcT2CSQJpA10wdwfoDKN8l1eOTknX0UE67etGsmBMY88TKSBFlaHT1L6cXktinARCOpWxbZgSdBAtghNO04MSSRpgMcZ+2FQ2wT2UnmfyUGgdK6RleKFQFYEzU3xMJ9qUc+a7q9DEM5Kw3Fv/z2jF4tU7CgigGGpDpIi/mBoTGOCCjxwQlwEeKYCKYutUgA6ySARVjQYVgzb48T+xq5bxiXp8W67UsjTzaQ/uohCx0huroCjWQjQh6RM/oFb1pT9qL9q59TFtzWjazi/5A+/wBW9Gcug==</latexit>

a(t0) = 1
<latexit sha1_base64="kI6RjAcbjDEhtLFya5JLfyfV7Z0=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lEsB6EghePFYwttKFstpt26WYTdydCKf0TXjyoePX3ePPfuG1z0NYHA4/3ZpiZF6ZSGHTdb2dldW19Y7OwVdze2d3bLx0cPpgk04z7LJGJboXUcCkU91Gg5K1UcxqHkjfD4c3Ubz5xbUSi7nGU8iCmfSUiwShaqUUr2HXPrr1uqexW3RnIMvFyUoYcjW7pq9NLWBZzhUxSY9qem2IwphoFk3xS7GSGp5QNaZ+3LVU05iYYz+6dkFOr9EiUaFsKyUz9PTGmsTGjOLSdMcWBWfSm4n9eO8OoFoyFSjPkis0XRZkkmJDp86QnNGcoR5ZQpoW9lbAB1ZShjahoQ/AWX14m/nn1qureXZTrtTyNAhzDCVTAg0uowy00wAcGEp7hFd6cR+fFeXc+5q0rTj5zBH/gfP4A4c6Otg==</latexit><latexit sha1_base64="kI6RjAcbjDEhtLFya5JLfyfV7Z0=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lEsB6EghePFYwttKFstpt26WYTdydCKf0TXjyoePX3ePPfuG1z0NYHA4/3ZpiZF6ZSGHTdb2dldW19Y7OwVdze2d3bLx0cPpgk04z7LJGJboXUcCkU91Gg5K1UcxqHkjfD4c3Ubz5xbUSi7nGU8iCmfSUiwShaqUUr2HXPrr1uqexW3RnIMvFyUoYcjW7pq9NLWBZzhUxSY9qem2IwphoFk3xS7GSGp5QNaZ+3LVU05iYYz+6dkFOr9EiUaFsKyUz9PTGmsTGjOLSdMcWBWfSm4n9eO8OoFoyFSjPkis0XRZkkmJDp86QnNGcoR5ZQpoW9lbAB1ZShjahoQ/AWX14m/nn1qureXZTrtTyNAhzDCVTAg0uowy00wAcGEp7hFd6cR+fFeXc+5q0rTj5zBH/gfP4A4c6Otg==</latexit><latexit sha1_base64="kI6RjAcbjDEhtLFya5JLfyfV7Z0=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lEsB6EghePFYwttKFstpt26WYTdydCKf0TXjyoePX3ePPfuG1z0NYHA4/3ZpiZF6ZSGHTdb2dldW19Y7OwVdze2d3bLx0cPpgk04z7LJGJboXUcCkU91Gg5K1UcxqHkjfD4c3Ubz5xbUSi7nGU8iCmfSUiwShaqUUr2HXPrr1uqexW3RnIMvFyUoYcjW7pq9NLWBZzhUxSY9qem2IwphoFk3xS7GSGp5QNaZ+3LVU05iYYz+6dkFOr9EiUaFsKyUz9PTGmsTGjOLSdMcWBWfSm4n9eO8OoFoyFSjPkis0XRZkkmJDp86QnNGcoR5ZQpoW9lbAB1ZShjahoQ/AWX14m/nn1qureXZTrtTyNAhzDCVTAg0uowy00wAcGEp7hFd6cR+fFeXc+5q0rTj5zBH/gfP4A4c6Otg==</latexit>

t0
<latexit sha1_base64="qU3zyxrkjt1Ol4iwudNrmUo0Aq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxWNLbQhrLZbtqlm03YnQgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTx6NEmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fjm5nffuLaiEQ94CTlQUyHSkSCUbTSPfbdfrXm1t05yCrxClKDAq1+9as3SFgWc4VMUmO6nptikFONgkk+rfQyw1PKxnTIu5YqGnMT5PNTp+TMKgMSJdqWQjJXf0/kNDZmEoe2M6Y4MsveTPzP62YYNYJcqDRDrthiUZRJggmZ/U0GQnOGcmIJZVrYWwkbUU0Z2nQqNgRv+eVV4l/Ur+vu3WWt2SjSKMMJnMI5eHAFTbiFFvjAYAjP8ApvjnRenHfnY9FacoqZY/gD5/MHboqNZA==</latexit><latexit sha1_base64="qU3zyxrkjt1Ol4iwudNrmUo0Aq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxWNLbQhrLZbtqlm03YnQgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTx6NEmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fjm5nffuLaiEQ94CTlQUyHSkSCUbTSPfbdfrXm1t05yCrxClKDAq1+9as3SFgWc4VMUmO6nptikFONgkk+rfQyw1PKxnTIu5YqGnMT5PNTp+TMKgMSJdqWQjJXf0/kNDZmEoe2M6Y4MsveTPzP62YYNYJcqDRDrthiUZRJggmZ/U0GQnOGcmIJZVrYWwkbUU0Z2nQqNgRv+eVV4l/Ur+vu3WWt2SjSKMMJnMI5eHAFTbiFFvjAYAjP8ApvjnRenHfnY9FacoqZY/gD5/MHboqNZA==</latexit><latexit sha1_base64="qU3zyxrkjt1Ol4iwudNrmUo0Aq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxWNLbQhrLZbtqlm03YnQgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTx6NEmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fjm5nffuLaiEQ94CTlQUyHSkSCUbTSPfbdfrXm1t05yCrxClKDAq1+9as3SFgWc4VMUmO6nptikFONgkk+rfQyw1PKxnTIu5YqGnMT5PNTp+TMKgMSJdqWQjJXf0/kNDZmEoe2M6Y4MsveTPzP62YYNYJcqDRDrthiUZRJggmZ/U0GQnOGcmIJZVrYWwkbUU0Z2nQqNgRv+eVV4l/Ur+vu3WWt2SjSKMMJnMI5eHAFTbiFFvjAYAjP8ApvjnRenHfnY9FacoqZY/gD5/MHboqNZA==</latexit>

⇢(a) = ⇢crit (⌦v,0 + ⌦m,0 + ⌦r,0)
<latexit sha1_base64="OPcDf7W0aQCX4B+Ka7X3SjMj6FQ="></latexit><latexit sha1_base64="OPcDf7W0aQCX4B+Ka7X3SjMj6FQ="></latexit><latexit sha1_base64="OPcDf7W0aQCX4B+Ka7X3SjMj6FQ="></latexit>

⌦v,0 = 0.691
<latexit sha1_base64="5nKJ7GQqeay3B1xzfveti87OUKI=">AAAB+nicbVBNS8NAEN34WetXrEcvi0XwIGEjou1BKHjxZgVjC20Im+22XbqbhN1NsYT8FS8eVLz6S7z5b9y2OWjrg4HHezPMzAsTzpRG6NtaWV1b39gsbZW3d3b39u2DyqOKU0moR2Iey3aIFeUsop5mmtN2IikWIaetcHQz9VtjKhWLowc9Sagv8CBifUawNlJgV7p3gg5wkI3PUH6NnMu6G9hV5KAZ4DJxC1IFBZqB/dXtxSQVNNKEY6U6Lkq0n2GpGeE0L3dTRRNMRnhAO4ZGWFDlZ7Pbc3hilB7sx9JUpOFM/T2RYaHURISmU2A9VIveVPzP66S6X/MzFiWpphGZL+qnHOoYToOAPSYp0XxiCCaSmVshGWKJiTZxlU0I7uLLy8Q7d+oOur+oNmpFGiVwBI7BKXDBFWiAW9AEHiDgCTyDV/Bm5daL9W59zFtXrGLmEPyB9fkDTZyS0Q==</latexit><latexit sha1_base64="5nKJ7GQqeay3B1xzfveti87OUKI=">AAAB+nicbVBNS8NAEN34WetXrEcvi0XwIGEjou1BKHjxZgVjC20Im+22XbqbhN1NsYT8FS8eVLz6S7z5b9y2OWjrg4HHezPMzAsTzpRG6NtaWV1b39gsbZW3d3b39u2DyqOKU0moR2Iey3aIFeUsop5mmtN2IikWIaetcHQz9VtjKhWLowc9Sagv8CBifUawNlJgV7p3gg5wkI3PUH6NnMu6G9hV5KAZ4DJxC1IFBZqB/dXtxSQVNNKEY6U6Lkq0n2GpGeE0L3dTRRNMRnhAO4ZGWFDlZ7Pbc3hilB7sx9JUpOFM/T2RYaHURISmU2A9VIveVPzP66S6X/MzFiWpphGZL+qnHOoYToOAPSYp0XxiCCaSmVshGWKJiTZxlU0I7uLLy8Q7d+oOur+oNmpFGiVwBI7BKXDBFWiAW9AEHiDgCTyDV/Bm5daL9W59zFtXrGLmEPyB9fkDTZyS0Q==</latexit><latexit sha1_base64="5nKJ7GQqeay3B1xzfveti87OUKI=">AAAB+nicbVBNS8NAEN34WetXrEcvi0XwIGEjou1BKHjxZgVjC20Im+22XbqbhN1NsYT8FS8eVLz6S7z5b9y2OWjrg4HHezPMzAsTzpRG6NtaWV1b39gsbZW3d3b39u2DyqOKU0moR2Iey3aIFeUsop5mmtN2IikWIaetcHQz9VtjKhWLowc9Sagv8CBifUawNlJgV7p3gg5wkI3PUH6NnMu6G9hV5KAZ4DJxC1IFBZqB/dXtxSQVNNKEY6U6Lkq0n2GpGeE0L3dTRRNMRnhAO4ZGWFDlZ7Pbc3hilB7sx9JUpOFM/T2RYaHURISmU2A9VIveVPzP66S6X/MzFiWpphGZL+qnHOoYToOAPSYp0XxiCCaSmVshGWKJiTZxlU0I7uLLy8Q7d+oOur+oNmpFGiVwBI7BKXDBFWiAW9AEHiDgCTyDV/Bm5daL9W59zFtXrGLmEPyB9fkDTZyS0Q==</latexit>

⌦m,0 = 0.309
<latexit sha1_base64="LYBEW9VPZuUNBDqWNZUeo6BiMso=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSyCBwlbFWwPQsGLNysYW2hD2Gw37dLdJOxuxBLyV7x4UPHqL/Hmv3Hb5qCtDwYe780wMy9IOFMaoW+rtLK6tr5R3qxsbe/s7tn71QcVp5JQl8Q8lt0AK8pZRF3NNKfdRFIsAk47wfh66nceqVQsju71JKGewMOIhYxgbSTfrvZvBR1iPxOnKL9Czjlq+nYNOWgGuEzqBamBAm3f/uoPYpIKGmnCsVK9Okq0l2GpGeE0r/RTRRNMxnhIe4ZGWFDlZbPbc3hslAEMY2kq0nCm/p7IsFBqIgLTKbAeqUVvKv7n9VIdNryMRUmqaUTmi8KUQx3DaRBwwCQlmk8MwUQycyskIywx0SauigmhvvjyMnHPnKaD7i5qrUaRRhkcgiNwAurgErTADWgDFxDwBJ7BK3izcuvFerc+5q0lq5g5AH9gff4AOZWSxA==</latexit><latexit sha1_base64="LYBEW9VPZuUNBDqWNZUeo6BiMso=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSyCBwlbFWwPQsGLNysYW2hD2Gw37dLdJOxuxBLyV7x4UPHqL/Hmv3Hb5qCtDwYe780wMy9IOFMaoW+rtLK6tr5R3qxsbe/s7tn71QcVp5JQl8Q8lt0AK8pZRF3NNKfdRFIsAk47wfh66nceqVQsju71JKGewMOIhYxgbSTfrvZvBR1iPxOnKL9Czjlq+nYNOWgGuEzqBamBAm3f/uoPYpIKGmnCsVK9Okq0l2GpGeE0r/RTRRNMxnhIe4ZGWFDlZbPbc3hslAEMY2kq0nCm/p7IsFBqIgLTKbAeqUVvKv7n9VIdNryMRUmqaUTmi8KUQx3DaRBwwCQlmk8MwUQycyskIywx0SauigmhvvjyMnHPnKaD7i5qrUaRRhkcgiNwAurgErTADWgDFxDwBJ7BK3izcuvFerc+5q0lq5g5AH9gff4AOZWSxA==</latexit><latexit sha1_base64="LYBEW9VPZuUNBDqWNZUeo6BiMso=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSyCBwlbFWwPQsGLNysYW2hD2Gw37dLdJOxuxBLyV7x4UPHqL/Hmv3Hb5qCtDwYe780wMy9IOFMaoW+rtLK6tr5R3qxsbe/s7tn71QcVp5JQl8Q8lt0AK8pZRF3NNKfdRFIsAk47wfh66nceqVQsju71JKGewMOIhYxgbSTfrvZvBR1iPxOnKL9Czjlq+nYNOWgGuEzqBamBAm3f/uoPYpIKGmnCsVK9Okq0l2GpGeE0r/RTRRNMxnhIe4ZGWFDlZbPbc3hslAEMY2kq0nCm/p7IsFBqIgLTKbAeqUVvKv7n9VIdNryMRUmqaUTmi8KUQx3DaRBwwCQlmk8MwUQycyskIywx0SauigmhvvjyMnHPnKaD7i5qrUaRRhkcgiNwAurgErTADWgDFxDwBJ7BK3izcuvFerc+5q0lq5g5AH9gff4AOZWSxA==</latexit>

⌦r,0 ⇠ 10�4
<latexit sha1_base64="icj1gDYD8KHNHvDcQbHVZd97vrU=">AAACAXicbVBNS8NAEN3Ur1q/op7ES7AIHrRspGDFS8GLNysYW2hi2Gw37dLdJOxuhBKCF/+KFw8qXv0X3vw3btsctPXBwOO9GWbmBQmjUkH4bZQWFpeWV8qrlbX1jc0tc3vnTsapwMTBMYtFJ0CSMBoRR1HFSCcRBPGAkXYwvBz77QciJI2jWzVKiMdRP6IhxUhpyTf33GtO+sjPxDHMXUm5e2HD++yknvtmFdbgBNY8sQtSBQVavvnl9mKcchIpzJCUXRsmysuQUBQzklfcVJIE4SHqk66mEeJEetnkhdw61ErPCmOhK1LWRP09kSEu5YgHupMjNZCz3lj8z+umKmx4GY2SVJEITxeFKbNUbI3zsHpUEKzYSBOEBdW3WniABMJKp1bRIdizL88T57R2XoM39WqzUaRRBvvgABwBG5yBJrgCLeAADB7BM3gFb8aT8WK8Gx/T1pJRzOyCPzA+fwAxt5Ys</latexit><latexit sha1_base64="icj1gDYD8KHNHvDcQbHVZd97vrU=">AAACAXicbVBNS8NAEN3Ur1q/op7ES7AIHrRspGDFS8GLNysYW2hi2Gw37dLdJOxuhBKCF/+KFw8qXv0X3vw3btsctPXBwOO9GWbmBQmjUkH4bZQWFpeWV8qrlbX1jc0tc3vnTsapwMTBMYtFJ0CSMBoRR1HFSCcRBPGAkXYwvBz77QciJI2jWzVKiMdRP6IhxUhpyTf33GtO+sjPxDHMXUm5e2HD++yknvtmFdbgBNY8sQtSBQVavvnl9mKcchIpzJCUXRsmysuQUBQzklfcVJIE4SHqk66mEeJEetnkhdw61ErPCmOhK1LWRP09kSEu5YgHupMjNZCz3lj8z+umKmx4GY2SVJEITxeFKbNUbI3zsHpUEKzYSBOEBdW3WniABMJKp1bRIdizL88T57R2XoM39WqzUaRRBvvgABwBG5yBJrgCLeAADB7BM3gFb8aT8WK8Gx/T1pJRzOyCPzA+fwAxt5Ys</latexit><latexit sha1_base64="icj1gDYD8KHNHvDcQbHVZd97vrU=">AAACAXicbVBNS8NAEN3Ur1q/op7ES7AIHrRspGDFS8GLNysYW2hi2Gw37dLdJOxuhBKCF/+KFw8qXv0X3vw3btsctPXBwOO9GWbmBQmjUkH4bZQWFpeWV8qrlbX1jc0tc3vnTsapwMTBMYtFJ0CSMBoRR1HFSCcRBPGAkXYwvBz77QciJI2jWzVKiMdRP6IhxUhpyTf33GtO+sjPxDHMXUm5e2HD++yknvtmFdbgBNY8sQtSBQVavvnl9mKcchIpzJCUXRsmysuQUBQzklfcVJIE4SHqk66mEeJEetnkhdw61ErPCmOhK1LWRP09kSEu5YgHupMjNZCz3lj8z+umKmx4GY2SVJEITxeFKbNUbI3zsHpUEKzYSBOEBdW3WniABMJKp1bRIdizL88T57R2XoM39WqzUaRRBvvgABwBG5yBJrgCLeAADB7BM3gFb8aT8WK8Gx/T1pJRzOyCPzA+fwAxt5Ys</latexit>



Observational evidence implies…

The Hubble parameter can be 
calculated theoretically…

The Hubble Parameter…

H0 = 72± 7 (km/s)/Mpc
<latexit sha1_base64="5+s1gOZXGepiMbG2GUTPjcRXzZ0=">AAACDXicbVDLSsNAFJ34rPUVdelmsBTqpk1LoYoIBTfdCBWMLTQhTKbTduhMEmYmYgn5Ajf+ihsXKm7du/NvnLZZaOuBC2fOuZe59/gRo1JZ1rexsrq2vrGZ28pv7+zu7ZsHh3cyjAUmNg5ZKLo+koTRgNiKKka6kSCI+4x0/PHV1O/cEyFpGNyqSURcjoYBHVCMlJY8s9jyrMtGzYk4bDgXJYf74UMy5hWZnlbmj+sIp55ZsMrWDHCZVDNSABnanvnl9EMccxIozJCUvaoVKTdBQlHMSJp3YkkihMdoSHqaBogT6Sazc1JY1EofDkKhK1Bwpv6eSBCXcsJ93cmRGslFbyr+5/ViNThzExpEsSIBnn80iBlUIZxmA/tUEKzYRBOEBdW7QjxCAmGlE8zrEKqLJy8Tu1Y+L1s39UKznqWRA8fgBJRAFTRAE7RAG9gAg0fwDF7Bm/FkvBjvxse8dcXIZo7AHxifP4AWmrQ=</latexit><latexit sha1_base64="5+s1gOZXGepiMbG2GUTPjcRXzZ0=">AAACDXicbVDLSsNAFJ34rPUVdelmsBTqpk1LoYoIBTfdCBWMLTQhTKbTduhMEmYmYgn5Ajf+ihsXKm7du/NvnLZZaOuBC2fOuZe59/gRo1JZ1rexsrq2vrGZ28pv7+zu7ZsHh3cyjAUmNg5ZKLo+koTRgNiKKka6kSCI+4x0/PHV1O/cEyFpGNyqSURcjoYBHVCMlJY8s9jyrMtGzYk4bDgXJYf74UMy5hWZnlbmj+sIp55ZsMrWDHCZVDNSABnanvnl9EMccxIozJCUvaoVKTdBQlHMSJp3YkkihMdoSHqaBogT6Sazc1JY1EofDkKhK1Bwpv6eSBCXcsJ93cmRGslFbyr+5/ViNThzExpEsSIBnn80iBlUIZxmA/tUEKzYRBOEBdW7QjxCAmGlE8zrEKqLJy8Tu1Y+L1s39UKznqWRA8fgBJRAFTRAE7RAG9gAg0fwDF7Bm/FkvBjvxse8dcXIZo7AHxifP4AWmrQ=</latexit><latexit sha1_base64="5+s1gOZXGepiMbG2GUTPjcRXzZ0=">AAACDXicbVDLSsNAFJ34rPUVdelmsBTqpk1LoYoIBTfdCBWMLTQhTKbTduhMEmYmYgn5Ajf+ihsXKm7du/NvnLZZaOuBC2fOuZe59/gRo1JZ1rexsrq2vrGZ28pv7+zu7ZsHh3cyjAUmNg5ZKLo+koTRgNiKKka6kSCI+4x0/PHV1O/cEyFpGNyqSURcjoYBHVCMlJY8s9jyrMtGzYk4bDgXJYf74UMy5hWZnlbmj+sIp55ZsMrWDHCZVDNSABnanvnl9EMccxIozJCUvaoVKTdBQlHMSJp3YkkihMdoSHqaBogT6Sazc1JY1EofDkKhK1Bwpv6eSBCXcsJ93cmRGslFbyr+5/ViNThzExpEsSIBnn80iBlUIZxmA/tUEKzYRBOEBdW7QjxCAmGlE8zrEKqLJy8Tu1Y+L1s39UKznqWRA8fgBJRAFTRAE7RAG9gAg0fwDF7Bm/FkvBjvxse8dcXIZo7AHxifP4AWmrQ=</latexit>

H0 =
ȧ(t0)

a(t0)
=

2

3(1 + w)

1

t0
⌘ 1

tH
<latexit sha1_base64="OvKsaeyzik8KDdOw1QHaiMDfdl4="></latexit><latexit sha1_base64="OvKsaeyzik8KDdOw1QHaiMDfdl4="></latexit><latexit sha1_base64="OvKsaeyzik8KDdOw1QHaiMDfdl4="></latexit>

= 2.3⇥ 10�18 s�1
<latexit sha1_base64="L+EmJN1UNvsGeH07r0rkWq6hIy4=">AAACCnicbVDLSsNAFJ3UV62vqEs3Q4vgxpDUghURCm5cVjC20MQymU7aoZMHMxOxhOzd+CtuXKi49Qvc+TdO2iy09cDAuefcy517vJhRIU3zWystLa+srpXXKxubW9s7+u7erYgSjomNIxbxrocEYTQktqSSkW7MCQo8Rjre+DL3O/eECxqFN3ISEzdAw5D6FCOppL5evagbJ46kARHQMu/SY6uZOedO4EUPqcjyOuvrNdMwp4CLxCpIDRRo9/UvZxDhJCChxAwJ0bPMWLop4pJiRrKKkwgSIzxGQ9JTNERquZtOb8ngoVIG0I+4eqGEU/X3RIoCISaBpzoDJEdi3svF/7xeIv2mm9IwTiQJ8WyRnzAoI5gHAweUEyzZRBGEOVV/hXiEOMJSxVdRIVjzJy8Su26cGeZ1o9ZqFGmUwQGogiNggVPQAlegDWyAwSN4Bq/gTXvSXrR37WPWWtKKmX3wB9rnD/MJmUc=</latexit><latexit sha1_base64="L+EmJN1UNvsGeH07r0rkWq6hIy4=">AAACCnicbVDLSsNAFJ3UV62vqEs3Q4vgxpDUghURCm5cVjC20MQymU7aoZMHMxOxhOzd+CtuXKi49Qvc+TdO2iy09cDAuefcy517vJhRIU3zWystLa+srpXXKxubW9s7+u7erYgSjomNIxbxrocEYTQktqSSkW7MCQo8Rjre+DL3O/eECxqFN3ISEzdAw5D6FCOppL5evagbJ46kARHQMu/SY6uZOedO4EUPqcjyOuvrNdMwp4CLxCpIDRRo9/UvZxDhJCChxAwJ0bPMWLop4pJiRrKKkwgSIzxGQ9JTNERquZtOb8ngoVIG0I+4eqGEU/X3RIoCISaBpzoDJEdi3svF/7xeIv2mm9IwTiQJ8WyRnzAoI5gHAweUEyzZRBGEOVV/hXiEOMJSxVdRIVjzJy8Su26cGeZ1o9ZqFGmUwQGogiNggVPQAlegDWyAwSN4Bq/gTXvSXrR37WPWWtKKmX3wB9rnD/MJmUc=</latexit><latexit sha1_base64="L+EmJN1UNvsGeH07r0rkWq6hIy4=">AAACCnicbVDLSsNAFJ3UV62vqEs3Q4vgxpDUghURCm5cVjC20MQymU7aoZMHMxOxhOzd+CtuXKi49Qvc+TdO2iy09cDAuefcy517vJhRIU3zWystLa+srpXXKxubW9s7+u7erYgSjomNIxbxrocEYTQktqSSkW7MCQo8Rjre+DL3O/eECxqFN3ISEzdAw5D6FCOppL5evagbJ46kARHQMu/SY6uZOedO4EUPqcjyOuvrNdMwp4CLxCpIDRRo9/UvZxDhJCChxAwJ0bPMWLop4pJiRrKKkwgSIzxGQ9JTNERquZtOb8ngoVIG0I+4eqGEU/X3RIoCISaBpzoDJEdi3svF/7xeIv2mm9IwTiQJ8WyRnzAoI5gHAweUEyzZRBGEOVV/hXiEOMJSxVdRIVjzJy8Su26cGeZ1o9ZqFGmUwQGogiNggVPQAlegDWyAwSN4Bq/gTXvSXrR37WPWWtKKmX3wB9rnD/MJmUc=</latexit>

a(t) = a0t
2/3(1+w)

<latexit sha1_base64="jow6XMS3d2ffhjLICDnIHDCcj4E=">AAAB/HicbVDLSsNAFJ3UV62v+Ni5CRahRahJLagLoeDGZQVjC20Mk+mkHTp5MHOj1FD8FTcuVNz6Ie78G6dtFtp64MLhnHu59x4v5kyCaX5ruYXFpeWV/GphbX1jc0vf3rmVUSIItUnEI9HysKSchdQGBpy2YkFx4HHa9AaXY795T4VkUXgDw5g6Ae6FzGcEg5JcfQ+XoHyBXRPu0urxSck6eiiPXL1oVswJjHliZaSIMjRc/avTjUgS0BAIx1K2LTMGJ8UCGOF0VOgkksaYDHCPthUNcUClk06uHxmHSukafiRUhWBM1N8TKQ6kHAae6gww9OWsNxb/89oJ+GdOysI4ARqS6SI/4QZExjgKo8sEJcCHimAimLrVIH0sMAEVWEGFYM2+PE/sauW8Yl7XivValkYe7aMDVEIWOkV1dIUayEYEPaJn9IretCftRXvXPqatOS2b2UV/oH3+ANsYkw0=</latexit><latexit sha1_base64="jow6XMS3d2ffhjLICDnIHDCcj4E=">AAAB/HicbVDLSsNAFJ3UV62v+Ni5CRahRahJLagLoeDGZQVjC20Mk+mkHTp5MHOj1FD8FTcuVNz6Ie78G6dtFtp64MLhnHu59x4v5kyCaX5ruYXFpeWV/GphbX1jc0vf3rmVUSIItUnEI9HysKSchdQGBpy2YkFx4HHa9AaXY795T4VkUXgDw5g6Ae6FzGcEg5JcfQ+XoHyBXRPu0urxSck6eiiPXL1oVswJjHliZaSIMjRc/avTjUgS0BAIx1K2LTMGJ8UCGOF0VOgkksaYDHCPthUNcUClk06uHxmHSukafiRUhWBM1N8TKQ6kHAae6gww9OWsNxb/89oJ+GdOysI4ARqS6SI/4QZExjgKo8sEJcCHimAimLrVIH0sMAEVWEGFYM2+PE/sauW8Yl7XivValkYe7aMDVEIWOkV1dIUayEYEPaJn9IretCftRXvXPqatOS2b2UV/oH3+ANsYkw0=</latexit><latexit sha1_base64="jow6XMS3d2ffhjLICDnIHDCcj4E=">AAAB/HicbVDLSsNAFJ3UV62v+Ni5CRahRahJLagLoeDGZQVjC20Mk+mkHTp5MHOj1FD8FTcuVNz6Ie78G6dtFtp64MLhnHu59x4v5kyCaX5ruYXFpeWV/GphbX1jc0vf3rmVUSIItUnEI9HysKSchdQGBpy2YkFx4HHa9AaXY795T4VkUXgDw5g6Ae6FzGcEg5JcfQ+XoHyBXRPu0urxSck6eiiPXL1oVswJjHliZaSIMjRc/avTjUgS0BAIx1K2LTMGJ8UCGOF0VOgkksaYDHCPthUNcUClk06uHxmHSukafiRUhWBM1N8TKQ6kHAae6gww9OWsNxb/89oJ+GdOysI4ARqS6SI/4QZExjgKo8sEJcCHimAimLrVIH0sMAEVWEGFYM2+PE/sauW8Yl7XivValkYe7aMDVEIWOkV1dIUayEYEPaJn9IretCftRXvXPqatOS2b2UV/oH3+ANsYkw0=</latexit>

using 

Reindl et al., ApJ 624, 532 (2005)

14⇥ 109 years
<latexit sha1_base64="tvGmBU6ZD7l+FmNE2CPIFC+a+wU=">AAACA3icbVBNS8NAEN3Ur1q/oh57WSyCp5JIQYuXghePFYwtNLFstpt26W427G7EEHrw4l/x4kHFq3/Cm//GbZuDtj4YeLw3w8y8MGFUacf5tkorq2vrG+XNytb2zu6evX9wq0QqMfGwYEJ2Q6QIozHxNNWMdBNJEA8Z6YTjy6nfuSdSURHf6CwhAUfDmEYUI22kvl11G76mnCjoOndN/8LnoXjIM4KkmvTtmlN3ZoDLxC1IDRRo9+0vfyBwykmsMUNK9Vwn0UGOpKaYkUnFTxVJEB6jIekZGiOzN8hnT0zgsVEGMBLSVKzhTP09kSOuVMZD08mRHqlFbyr+5/VSHZ0HOY2TVJMYzxdFKYNawGkicEAlwZplhiAsqbkV4hGSCGuTW8WE4C6+vEy803qz7lw3aq1GkUYZVMEROAEuOAMtcAXawAMYPIJn8ArerCfrxXq3PuatJauYOQR/YH3+AAdylz4=</latexit><latexit sha1_base64="tvGmBU6ZD7l+FmNE2CPIFC+a+wU=">AAACA3icbVBNS8NAEN3Ur1q/oh57WSyCp5JIQYuXghePFYwtNLFstpt26W427G7EEHrw4l/x4kHFq3/Cm//GbZuDtj4YeLw3w8y8MGFUacf5tkorq2vrG+XNytb2zu6evX9wq0QqMfGwYEJ2Q6QIozHxNNWMdBNJEA8Z6YTjy6nfuSdSURHf6CwhAUfDmEYUI22kvl11G76mnCjoOndN/8LnoXjIM4KkmvTtmlN3ZoDLxC1IDRRo9+0vfyBwykmsMUNK9Vwn0UGOpKaYkUnFTxVJEB6jIekZGiOzN8hnT0zgsVEGMBLSVKzhTP09kSOuVMZD08mRHqlFbyr+5/VSHZ0HOY2TVJMYzxdFKYNawGkicEAlwZplhiAsqbkV4hGSCGuTW8WE4C6+vEy803qz7lw3aq1GkUYZVMEROAEuOAMtcAXawAMYPIJn8ArerCfrxXq3PuatJauYOQR/YH3+AAdylz4=</latexit><latexit sha1_base64="tvGmBU6ZD7l+FmNE2CPIFC+a+wU=">AAACA3icbVBNS8NAEN3Ur1q/oh57WSyCp5JIQYuXghePFYwtNLFstpt26W427G7EEHrw4l/x4kHFq3/Cm//GbZuDtj4YeLw3w8y8MGFUacf5tkorq2vrG+XNytb2zu6evX9wq0QqMfGwYEJ2Q6QIozHxNNWMdBNJEA8Z6YTjy6nfuSdSURHf6CwhAUfDmEYUI22kvl11G76mnCjoOndN/8LnoXjIM4KkmvTtmlN3ZoDLxC1IDRRo9+0vfyBwykmsMUNK9Vwn0UGOpKaYkUnFTxVJEB6jIekZGiOzN8hnT0zgsVEGMBLSVKzhTP09kSOuVMZD08mRHqlFbyr+5/VSHZ0HOY2TVJMYzxdFKYNawGkicEAlwZplhiAsqbkV4hGSCGuTW8WE4C6+vEy803qz7lw3aq1GkUYZVMEROAEuOAMtcAXawAMYPIJn8ArerCfrxXq3PuatJauYOQR/YH3+AAdylz4=</latexit>



For a flat Universe evaluated now, 
the 1st FRW equation yields the critical density…

The Critical Density of the Universe…

⇢crit =
3

8⇡

c
2
H

2

G
= 8.8⇥ 10�10 J/m3

<latexit sha1_base64="g75GijVC/OyeNwA3bBqVm9YAecs="></latexit><latexit sha1_base64="g75GijVC/OyeNwA3bBqVm9YAecs="></latexit><latexit sha1_base64="g75GijVC/OyeNwA3bBqVm9YAecs="></latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="zKnEIFB+j5QQ1CcgUtNZCCMKnKA="></latexit><latexit sha1_base64="zKnEIFB+j5QQ1CcgUtNZCCMKnKA="></latexit><latexit sha1_base64="ODacHQavCbUsdBfUMpHmk0Ld4DA="></latexit><latexit sha1_base64="g75GijVC/OyeNwA3bBqVm9YAecs="></latexit><latexit sha1_base64="g75GijVC/OyeNwA3bBqVm9YAecs="></latexit><latexit sha1_base64="g75GijVC/OyeNwA3bBqVm9YAecs="></latexit><latexit sha1_base64="g75GijVC/OyeNwA3bBqVm9YAecs="></latexit><latexit sha1_base64="g75GijVC/OyeNwA3bBqVm9YAecs="></latexit>

⇢ < ⇢crit )  < 0 ) open
<latexit sha1_base64="EB8w7z0SJBSMh2Yff+ja8sCymNI="></latexit><latexit sha1_base64="EB8w7z0SJBSMh2Yff+ja8sCymNI="></latexit><latexit sha1_base64="EB8w7z0SJBSMh2Yff+ja8sCymNI="></latexit>

⇢ > ⇢crit )  > 0 ) closed
<latexit sha1_base64="Qa+ML+emmViaY+BGbarGjYYod+0="></latexit><latexit sha1_base64="Qa+ML+emmViaY+BGbarGjYYod+0="></latexit><latexit sha1_base64="Qa+ML+emmViaY+BGbarGjYYod+0="></latexit>

⇢ = ⇢crit )  = 0 ) flat
<latexit sha1_base64="lx0snYpr+fvF8Q6vH62TNSCKfM8="></latexit><latexit sha1_base64="lx0snYpr+fvF8Q6vH62TNSCKfM8="></latexit><latexit sha1_base64="lx0snYpr+fvF8Q6vH62TNSCKfM8="></latexit>

http://wmap.gsfc.nasa.gov/media/990006/990006_2048.jpg



Puzzle 1: 
The Cosmological Constant Problem? 
From the zero-point energies of vacuum fluctuations…

The ratio yields…

Cosmological observations imply…

http://www.upscale.utoronto.ca/GeneralInterest/Harri
son/BlackHoleThermo/VirtualPair.gif

⇢thv ⇠ 2⇥ 10109 J/m3
<latexit sha1_base64="nN6vcioyRWp11CziT/juQQyFj9U=">AAACFnicbVA9SwNBEN3zM8avU0ubxSBYxbsoGLERbMQqgtFALgl7m02yZPf22J0LhuP+hY1/xcZCxVbs/DduYgpNfDDweG+GmXlhLLgBz/ty5uYXFpeWcyv51bX1jU13a/vWqERTVqVKKF0LiWGCR6wKHASrxZoRGQp2F/YvRv7dgGnDVXQDw5g1JOlGvMMpASu13GKge6o1aKbQywLDJS4FwCUz2Peaqe+dZsFZIEN1n14dyqx51HILXtEbA88Sf0IKaIJKy/0M2oomkkVABTGm7nsxNFKigVPBsnyQGBYT2iddVrc0InZ3Ix3/leF9q7RxR2lbEeCx+nsiJdKYoQxtpyTQM9PeSPzPqyfQKTdSHsUJsIj+LOokAoPCo5Bwm2tGQQwtIVRzeyumPaIJBRtl3obgT788S6ql4mnRuz4unJcnaeTQLtpDB8hHJ+gcXaIKqiKKHtATekGvzqPz7Lw57z+tc85kZgf9gfPxDVI8nuo=</latexit><latexit sha1_base64="nN6vcioyRWp11CziT/juQQyFj9U=">AAACFnicbVA9SwNBEN3zM8avU0ubxSBYxbsoGLERbMQqgtFALgl7m02yZPf22J0LhuP+hY1/xcZCxVbs/DduYgpNfDDweG+GmXlhLLgBz/ty5uYXFpeWcyv51bX1jU13a/vWqERTVqVKKF0LiWGCR6wKHASrxZoRGQp2F/YvRv7dgGnDVXQDw5g1JOlGvMMpASu13GKge6o1aKbQywLDJS4FwCUz2Peaqe+dZsFZIEN1n14dyqx51HILXtEbA88Sf0IKaIJKy/0M2oomkkVABTGm7nsxNFKigVPBsnyQGBYT2iddVrc0InZ3Ix3/leF9q7RxR2lbEeCx+nsiJdKYoQxtpyTQM9PeSPzPqyfQKTdSHsUJsIj+LOokAoPCo5Bwm2tGQQwtIVRzeyumPaIJBRtl3obgT788S6ql4mnRuz4unJcnaeTQLtpDB8hHJ+gcXaIKqiKKHtATekGvzqPz7Lw57z+tc85kZgf9gfPxDVI8nuo=</latexit><latexit sha1_base64="nN6vcioyRWp11CziT/juQQyFj9U=">AAACFnicbVA9SwNBEN3zM8avU0ubxSBYxbsoGLERbMQqgtFALgl7m02yZPf22J0LhuP+hY1/xcZCxVbs/DduYgpNfDDweG+GmXlhLLgBz/ty5uYXFpeWcyv51bX1jU13a/vWqERTVqVKKF0LiWGCR6wKHASrxZoRGQp2F/YvRv7dgGnDVXQDw5g1JOlGvMMpASu13GKge6o1aKbQywLDJS4FwCUz2Peaqe+dZsFZIEN1n14dyqx51HILXtEbA88Sf0IKaIJKy/0M2oomkkVABTGm7nsxNFKigVPBsnyQGBYT2iddVrc0InZ3Ix3/leF9q7RxR2lbEeCx+nsiJdKYoQxtpyTQM9PeSPzPqyfQKTdSHsUJsIj+LOokAoPCo5Bwm2tGQQwtIVRzeyumPaIJBRtl3obgT788S6ql4mnRuz4unJcnaeTQLtpDB8hHJ+gcXaIKqiKKHtATekGvzqPz7Lw57z+tc85kZgf9gfPxDVI8nuo=</latexit>

⇢obsv ⇠ 2⇥ 10�11 J/m3
<latexit sha1_base64="A9iNs5Bnl6scDL6SV22zV7ZbbTc=">AAACF3icbVDLSgMxFM3UV62vqks3wSK4sZ2pghU3BTfiqoJjC512yKRpG5pMhiRTLMN8hht/xY0LFbe6829MHwttPXDhcM693HtPEDGqtG1/W5ml5ZXVtex6bmNza3snv7t3r0QsMXGxYEI2AqQIoyFxNdWMNCJJEA8YqQeDq7FfHxKpqAjv9CgiLY56Ie1SjLSR/HzJk33hD9uJCFTqKcph2dOUEwUdu52cOE7qXXo8EA/JTYmn7VM/X7CL9gRwkTgzUgAz1Pz8l9cROOYk1JghpZqOHelWgqSmmJE058WKRAgPUI80DQ2R2d1KJo+l8MgoHdgV0lSo4UT9PZEgrtSIB6aTI91X895Y/M9rxrpbaSU0jGJNQjxd1I0Z1AKOU4IdKgnWbGQIwpKaWyHuI4mwNlnmTAjO/MuLxC0XL4r27VmhWpmlkQUH4BAcAwecgyq4BjXgAgwewTN4BW/Wk/VivVsf09aMNZvZB39gff4AFlGfUQ==</latexit><latexit sha1_base64="A9iNs5Bnl6scDL6SV22zV7ZbbTc=">AAACF3icbVDLSgMxFM3UV62vqks3wSK4sZ2pghU3BTfiqoJjC512yKRpG5pMhiRTLMN8hht/xY0LFbe6829MHwttPXDhcM693HtPEDGqtG1/W5ml5ZXVtex6bmNza3snv7t3r0QsMXGxYEI2AqQIoyFxNdWMNCJJEA8YqQeDq7FfHxKpqAjv9CgiLY56Ie1SjLSR/HzJk33hD9uJCFTqKcph2dOUEwUdu52cOE7qXXo8EA/JTYmn7VM/X7CL9gRwkTgzUgAz1Pz8l9cROOYk1JghpZqOHelWgqSmmJE058WKRAgPUI80DQ2R2d1KJo+l8MgoHdgV0lSo4UT9PZEgrtSIB6aTI91X895Y/M9rxrpbaSU0jGJNQjxd1I0Z1AKOU4IdKgnWbGQIwpKaWyHuI4mwNlnmTAjO/MuLxC0XL4r27VmhWpmlkQUH4BAcAwecgyq4BjXgAgwewTN4BW/Wk/VivVsf09aMNZvZB39gff4AFlGfUQ==</latexit><latexit sha1_base64="A9iNs5Bnl6scDL6SV22zV7ZbbTc=">AAACF3icbVDLSgMxFM3UV62vqks3wSK4sZ2pghU3BTfiqoJjC512yKRpG5pMhiRTLMN8hht/xY0LFbe6829MHwttPXDhcM693HtPEDGqtG1/W5ml5ZXVtex6bmNza3snv7t3r0QsMXGxYEI2AqQIoyFxNdWMNCJJEA8YqQeDq7FfHxKpqAjv9CgiLY56Ie1SjLSR/HzJk33hD9uJCFTqKcph2dOUEwUdu52cOE7qXXo8EA/JTYmn7VM/X7CL9gRwkTgzUgAz1Pz8l9cROOYk1JghpZqOHelWgqSmmJE058WKRAgPUI80DQ2R2d1KJo+l8MgoHdgV0lSo4UT9PZEgrtSIB6aTI91X895Y/M9rxrpbaSU0jGJNQjxd1I0Z1AKOU4IdKgnWbGQIwpKaWyHuI4mwNlnmTAjO/MuLxC0XL4r27VmhWpmlkQUH4BAcAwecgyq4BjXgAgwewTN4BW/Wk/VivVsf09aMNZvZB39gff4AFlGfUQ==</latexit>

⇢thv /⇢obsv ⇠ 10120
<latexit sha1_base64="e6QWJa2rOp5hNt8dND4bvbGRwiw=">AAACDXicbZDNSsNAFIUn9a/Wv6hLN4Ol4KomRbDuCm5cVjC20KRhMp20QyeZMDMplJAncOOruHGh4ta9O9/GaRtBWw8MfJx7L3fuCRJGpbKsL6O0tr6xuVXeruzs7u0fmIdH95KnAhMHc8ZFN0CSMBoTR1HFSDcRBEUBI51gfD2rdyZESMrjOzVNiBehYUxDipHSlm/WXDHi/qSfqVF+/sM8kLkraQRtq5/ZDSv3zapVt+aCq2AXUAWF2r756Q44TiMSK8yQlD3bSpSXIaEoZiSvuKkkCcJjNCQ9jTGKiPSy+Tk5rGlnAEMu9IsVnLu/JzIUSTmNAt0ZITWSy7WZ+V+tl6qw6WU0TlJFYrxYFKYMKg5n2cABFQQrNtWAsKD6rxCPkEBY6QQrOgR7+eRVcBr1q7p1e1FtNYs0yuAEnIIzYINL0AI3oA0cgMEDeAIv4NV4NJ6NN+N90Voyiplj8EfGxzd+/Jvk</latexit><latexit sha1_base64="e6QWJa2rOp5hNt8dND4bvbGRwiw=">AAACDXicbZDNSsNAFIUn9a/Wv6hLN4Ol4KomRbDuCm5cVjC20KRhMp20QyeZMDMplJAncOOruHGh4ta9O9/GaRtBWw8MfJx7L3fuCRJGpbKsL6O0tr6xuVXeruzs7u0fmIdH95KnAhMHc8ZFN0CSMBoTR1HFSDcRBEUBI51gfD2rdyZESMrjOzVNiBehYUxDipHSlm/WXDHi/qSfqVF+/sM8kLkraQRtq5/ZDSv3zapVt+aCq2AXUAWF2r756Q44TiMSK8yQlD3bSpSXIaEoZiSvuKkkCcJjNCQ9jTGKiPSy+Tk5rGlnAEMu9IsVnLu/JzIUSTmNAt0ZITWSy7WZ+V+tl6qw6WU0TlJFYrxYFKYMKg5n2cABFQQrNtWAsKD6rxCPkEBY6QQrOgR7+eRVcBr1q7p1e1FtNYs0yuAEnIIzYINL0AI3oA0cgMEDeAIv4NV4NJ6NN+N90Voyiplj8EfGxzd+/Jvk</latexit><latexit sha1_base64="e6QWJa2rOp5hNt8dND4bvbGRwiw=">AAACDXicbZDNSsNAFIUn9a/Wv6hLN4Ol4KomRbDuCm5cVjC20KRhMp20QyeZMDMplJAncOOruHGh4ta9O9/GaRtBWw8MfJx7L3fuCRJGpbKsL6O0tr6xuVXeruzs7u0fmIdH95KnAhMHc8ZFN0CSMBoTR1HFSDcRBEUBI51gfD2rdyZESMrjOzVNiBehYUxDipHSlm/WXDHi/qSfqVF+/sM8kLkraQRtq5/ZDSv3zapVt+aCq2AXUAWF2r756Q44TiMSK8yQlD3bSpSXIaEoZiSvuKkkCcJjNCQ9jTGKiPSy+Tk5rGlnAEMu9IsVnLu/JzIUSTmNAt0ZITWSy7WZ+V+tl6qw6WU0TlJFYrxYFKYMKg5n2cABFQQrNtWAsKD6rxCPkEBY6QQrOgR7+eRVcBr1q7p1e1FtNYs0yuAEnIIzYINL0AI3oA0cgMEDeAIv4NV4NJ6NN+N90Voyiplj8EfGxzd+/Jvk</latexit>



Why is the Universe so flat?
The 1st FRW equation can be written as

∴

where the density parameter      …

Puzzle 2: 
Flatness Puzzle

⌦(t)� 1 =


ȧ2
<latexit sha1_base64="AV8lkTanDk2HUpVi0yPlLuokhIY=">AAACDHicbVC7SgNBFJ2Nrxhfq5Y2i1GIhWE3CMZCCNjYGcGYQDaGu5PZZMjsg5m7Qlj2B2z8FRsLFVs/wM6/cfIoNHpg4HDOPdy5x4sFV2jbX0ZuYXFpeSW/Wlhb39jcMrd3blWUSMoaNBKRbHmgmOAhayBHwVqxZBB4gjW94cXYb94zqXgU3uAoZp0A+iH3OQXUUtc8cK8C1ocSHh07564vgabuEOIYstTtRZhCdlfJumbRLtsTWH+JMyNFMkO9a37qME0CFiIVoFTbsWPspCCRU8GygpsoFgMdQp+1NQ0hYKqTTq7JrEOt9Cw/kvqFaE3Un4kUAqVGgacnA8CBmvfG4n9eO0G/2kl5GCfIQjpd5CfCwsgaV2P1uGQUxUgToJLrv1p0ALoS1AUWdAnO/Ml/SaNSPivb1yfFWnXWRp7skX1SIg45JTVySeqkQSh5IE/khbwaj8az8Wa8T0dzxiyzS37B+PgGclmbXg==</latexit><latexit sha1_base64="AV8lkTanDk2HUpVi0yPlLuokhIY=">AAACDHicbVC7SgNBFJ2Nrxhfq5Y2i1GIhWE3CMZCCNjYGcGYQDaGu5PZZMjsg5m7Qlj2B2z8FRsLFVs/wM6/cfIoNHpg4HDOPdy5x4sFV2jbX0ZuYXFpeSW/Wlhb39jcMrd3blWUSMoaNBKRbHmgmOAhayBHwVqxZBB4gjW94cXYb94zqXgU3uAoZp0A+iH3OQXUUtc8cK8C1ocSHh07564vgabuEOIYstTtRZhCdlfJumbRLtsTWH+JMyNFMkO9a37qME0CFiIVoFTbsWPspCCRU8GygpsoFgMdQp+1NQ0hYKqTTq7JrEOt9Cw/kvqFaE3Un4kUAqVGgacnA8CBmvfG4n9eO0G/2kl5GCfIQjpd5CfCwsgaV2P1uGQUxUgToJLrv1p0ALoS1AUWdAnO/Ml/SaNSPivb1yfFWnXWRp7skX1SIg45JTVySeqkQSh5IE/khbwaj8az8Wa8T0dzxiyzS37B+PgGclmbXg==</latexit><latexit sha1_base64="AV8lkTanDk2HUpVi0yPlLuokhIY=">AAACDHicbVC7SgNBFJ2Nrxhfq5Y2i1GIhWE3CMZCCNjYGcGYQDaGu5PZZMjsg5m7Qlj2B2z8FRsLFVs/wM6/cfIoNHpg4HDOPdy5x4sFV2jbX0ZuYXFpeSW/Wlhb39jcMrd3blWUSMoaNBKRbHmgmOAhayBHwVqxZBB4gjW94cXYb94zqXgU3uAoZp0A+iH3OQXUUtc8cK8C1ocSHh07564vgabuEOIYstTtRZhCdlfJumbRLtsTWH+JMyNFMkO9a37qME0CFiIVoFTbsWPspCCRU8GygpsoFgMdQp+1NQ0hYKqTTq7JrEOt9Cw/kvqFaE3Un4kUAqVGgacnA8CBmvfG4n9eO0G/2kl5GCfIQjpd5CfCwsgaV2P1uGQUxUgToJLrv1p0ALoS1AUWdAnO/Ml/SaNSPivb1yfFWnXWRp7skX1SIg45JTVySeqkQSh5IE/khbwaj8az8Wa8T0dzxiyzS37B+PgGclmbXg==</latexit>

⌦(t)
<latexit sha1_base64="fa8sgi40J80iNbxuUwk9ZypTge0=">AAAB73icbVBNS8NAEN34WetX1aOXYBHqpaQiWG8FL96sYGylDWWznbRLdzdhdyKU0F/hxYOKV/+ON/+N2zYHbX0w8Hhvhpl5YSK4Qc/7dlZW19Y3Ngtbxe2d3b390sHhg4lTzcBnsYh1O6QGBFfgI0cB7UQDlaGAVji6nvqtJ9CGx+oexwkEkg4UjzijaKXH7q2EAa3gWa9U9qreDO4yqeWkTHI0e6Wvbj9mqQSFTFBjOjUvwSCjGjkTMCl2UwMJZSM6gI6likowQTY7eOKeWqXvRrG2pdCdqb8nMiqNGcvQdkqKQ7PoTcX/vE6KUT3IuEpSBMXmi6JUuBi70+/dPtfAUIwtoUxze6vLhlRThjajog2htvjyMvHPq1dV7+6i3KjnaRTIMTkhFVIjl6RBbkiT+IQRSZ7JK3lztPPivDsf89YVJ585In/gfP4AaK+Ppw==</latexit><latexit sha1_base64="fa8sgi40J80iNbxuUwk9ZypTge0=">AAAB73icbVBNS8NAEN34WetX1aOXYBHqpaQiWG8FL96sYGylDWWznbRLdzdhdyKU0F/hxYOKV/+ON/+N2zYHbX0w8Hhvhpl5YSK4Qc/7dlZW19Y3Ngtbxe2d3b390sHhg4lTzcBnsYh1O6QGBFfgI0cB7UQDlaGAVji6nvqtJ9CGx+oexwkEkg4UjzijaKXH7q2EAa3gWa9U9qreDO4yqeWkTHI0e6Wvbj9mqQSFTFBjOjUvwSCjGjkTMCl2UwMJZSM6gI6likowQTY7eOKeWqXvRrG2pdCdqb8nMiqNGcvQdkqKQ7PoTcX/vE6KUT3IuEpSBMXmi6JUuBi70+/dPtfAUIwtoUxze6vLhlRThjajog2htvjyMvHPq1dV7+6i3KjnaRTIMTkhFVIjl6RBbkiT+IQRSZ7JK3lztPPivDsf89YVJ585In/gfP4AaK+Ppw==</latexit><latexit sha1_base64="fa8sgi40J80iNbxuUwk9ZypTge0=">AAAB73icbVBNS8NAEN34WetX1aOXYBHqpaQiWG8FL96sYGylDWWznbRLdzdhdyKU0F/hxYOKV/+ON/+N2zYHbX0w8Hhvhpl5YSK4Qc/7dlZW19Y3Ngtbxe2d3b390sHhg4lTzcBnsYh1O6QGBFfgI0cB7UQDlaGAVji6nvqtJ9CGx+oexwkEkg4UjzijaKXH7q2EAa3gWa9U9qreDO4yqeWkTHI0e6Wvbj9mqQSFTFBjOjUvwSCjGjkTMCl2UwMJZSM6gI6likowQTY7eOKeWqXvRrG2pdCdqb8nMiqNGcvQdkqKQ7PoTcX/vE6KUT3IuEpSBMXmi6JUuBi70+/dPtfAUIwtoUxze6vLhlRThjajog2htvjyMvHPq1dV7+6i3KjnaRTIMTkhFVIjl6RBbkiT+IQRSZ7JK3lztPPivDsf89YVJ585In/gfP4AaK+Ppw==</latexit>

⌦(t) ⌘ ⇢(t)

⇢crit

where ⇢crit ⌘ 3
ȧ2

a2
<latexit sha1_base64="dIW8811ucXmwfl1fJYOnRtVZZvA="></latexit><latexit sha1_base64="dIW8811ucXmwfl1fJYOnRtVZZvA="></latexit><latexit sha1_base64="dIW8811ucXmwfl1fJYOnRtVZZvA="></latexit>



Why is the Universe so flat?
The 1st FRW equation can be written as

∴

where the density parameter      …

Puzzle 2: 
Flatness Puzzle

⌦(t)� 1 =


ȧ2
<latexit sha1_base64="AV8lkTanDk2HUpVi0yPlLuokhIY=">AAACDHicbVC7SgNBFJ2Nrxhfq5Y2i1GIhWE3CMZCCNjYGcGYQDaGu5PZZMjsg5m7Qlj2B2z8FRsLFVs/wM6/cfIoNHpg4HDOPdy5x4sFV2jbX0ZuYXFpeSW/Wlhb39jcMrd3blWUSMoaNBKRbHmgmOAhayBHwVqxZBB4gjW94cXYb94zqXgU3uAoZp0A+iH3OQXUUtc8cK8C1ocSHh07564vgabuEOIYstTtRZhCdlfJumbRLtsTWH+JMyNFMkO9a37qME0CFiIVoFTbsWPspCCRU8GygpsoFgMdQp+1NQ0hYKqTTq7JrEOt9Cw/kvqFaE3Un4kUAqVGgacnA8CBmvfG4n9eO0G/2kl5GCfIQjpd5CfCwsgaV2P1uGQUxUgToJLrv1p0ALoS1AUWdAnO/Ml/SaNSPivb1yfFWnXWRp7skX1SIg45JTVySeqkQSh5IE/khbwaj8az8Wa8T0dzxiyzS37B+PgGclmbXg==</latexit><latexit sha1_base64="AV8lkTanDk2HUpVi0yPlLuokhIY=">AAACDHicbVC7SgNBFJ2Nrxhfq5Y2i1GIhWE3CMZCCNjYGcGYQDaGu5PZZMjsg5m7Qlj2B2z8FRsLFVs/wM6/cfIoNHpg4HDOPdy5x4sFV2jbX0ZuYXFpeSW/Wlhb39jcMrd3blWUSMoaNBKRbHmgmOAhayBHwVqxZBB4gjW94cXYb94zqXgU3uAoZp0A+iH3OQXUUtc8cK8C1ocSHh07564vgabuEOIYstTtRZhCdlfJumbRLtsTWH+JMyNFMkO9a37qME0CFiIVoFTbsWPspCCRU8GygpsoFgMdQp+1NQ0hYKqTTq7JrEOt9Cw/kvqFaE3Un4kUAqVGgacnA8CBmvfG4n9eO0G/2kl5GCfIQjpd5CfCwsgaV2P1uGQUxUgToJLrv1p0ALoS1AUWdAnO/Ml/SaNSPivb1yfFWnXWRp7skX1SIg45JTVySeqkQSh5IE/khbwaj8az8Wa8T0dzxiyzS37B+PgGclmbXg==</latexit><latexit sha1_base64="AV8lkTanDk2HUpVi0yPlLuokhIY=">AAACDHicbVC7SgNBFJ2Nrxhfq5Y2i1GIhWE3CMZCCNjYGcGYQDaGu5PZZMjsg5m7Qlj2B2z8FRsLFVs/wM6/cfIoNHpg4HDOPdy5x4sFV2jbX0ZuYXFpeSW/Wlhb39jcMrd3blWUSMoaNBKRbHmgmOAhayBHwVqxZBB4gjW94cXYb94zqXgU3uAoZp0A+iH3OQXUUtc8cK8C1ocSHh07564vgabuEOIYstTtRZhCdlfJumbRLtsTWH+JMyNFMkO9a37qME0CFiIVoFTbsWPspCCRU8GygpsoFgMdQp+1NQ0hYKqTTq7JrEOt9Cw/kvqFaE3Un4kUAqVGgacnA8CBmvfG4n9eO0G/2kl5GCfIQjpd5CfCwsgaV2P1uGQUxUgToJLrv1p0ALoS1AUWdAnO/Ml/SaNSPivb1yfFWnXWRp7skX1SIg45JTVySeqkQSh5IE/khbwaj8az8Wa8T0dzxiyzS37B+PgGclmbXg==</latexit>

⌦(t)
<latexit sha1_base64="fa8sgi40J80iNbxuUwk9ZypTge0=">AAAB73icbVBNS8NAEN34WetX1aOXYBHqpaQiWG8FL96sYGylDWWznbRLdzdhdyKU0F/hxYOKV/+ON/+N2zYHbX0w8Hhvhpl5YSK4Qc/7dlZW19Y3Ngtbxe2d3b390sHhg4lTzcBnsYh1O6QGBFfgI0cB7UQDlaGAVji6nvqtJ9CGx+oexwkEkg4UjzijaKXH7q2EAa3gWa9U9qreDO4yqeWkTHI0e6Wvbj9mqQSFTFBjOjUvwSCjGjkTMCl2UwMJZSM6gI6likowQTY7eOKeWqXvRrG2pdCdqb8nMiqNGcvQdkqKQ7PoTcX/vE6KUT3IuEpSBMXmi6JUuBi70+/dPtfAUIwtoUxze6vLhlRThjajog2htvjyMvHPq1dV7+6i3KjnaRTIMTkhFVIjl6RBbkiT+IQRSZ7JK3lztPPivDsf89YVJ585In/gfP4AaK+Ppw==</latexit><latexit sha1_base64="fa8sgi40J80iNbxuUwk9ZypTge0=">AAAB73icbVBNS8NAEN34WetX1aOXYBHqpaQiWG8FL96sYGylDWWznbRLdzdhdyKU0F/hxYOKV/+ON/+N2zYHbX0w8Hhvhpl5YSK4Qc/7dlZW19Y3Ngtbxe2d3b390sHhg4lTzcBnsYh1O6QGBFfgI0cB7UQDlaGAVji6nvqtJ9CGx+oexwkEkg4UjzijaKXH7q2EAa3gWa9U9qreDO4yqeWkTHI0e6Wvbj9mqQSFTFBjOjUvwSCjGjkTMCl2UwMJZSM6gI6likowQTY7eOKeWqXvRrG2pdCdqb8nMiqNGcvQdkqKQ7PoTcX/vE6KUT3IuEpSBMXmi6JUuBi70+/dPtfAUIwtoUxze6vLhlRThjajog2htvjyMvHPq1dV7+6i3KjnaRTIMTkhFVIjl6RBbkiT+IQRSZ7JK3lztPPivDsf89YVJ585In/gfP4AaK+Ppw==</latexit><latexit sha1_base64="fa8sgi40J80iNbxuUwk9ZypTge0=">AAAB73icbVBNS8NAEN34WetX1aOXYBHqpaQiWG8FL96sYGylDWWznbRLdzdhdyKU0F/hxYOKV/+ON/+N2zYHbX0w8Hhvhpl5YSK4Qc/7dlZW19Y3Ngtbxe2d3b390sHhg4lTzcBnsYh1O6QGBFfgI0cB7UQDlaGAVji6nvqtJ9CGx+oexwkEkg4UjzijaKXH7q2EAa3gWa9U9qreDO4yqeWkTHI0e6Wvbj9mqQSFTFBjOjUvwSCjGjkTMCl2UwMJZSM6gI6likowQTY7eOKeWqXvRrG2pdCdqb8nMiqNGcvQdkqKQ7PoTcX/vE6KUT3IuEpSBMXmi6JUuBi70+/dPtfAUIwtoUxze6vLhlRThjajog2htvjyMvHPq1dV7+6i3KjnaRTIMTkhFVIjl6RBbkiT+IQRSZ7JK3lztPPivDsf89YVJ585In/gfP4AaK+Ppw==</latexit>

⌦(t) ⌘ ⇢(t)

⇢crit

where ⇢crit ⌘ 3
ȧ2

a2
<latexit sha1_base64="dIW8811ucXmwfl1fJYOnRtVZZvA="></latexit><latexit sha1_base64="dIW8811ucXmwfl1fJYOnRtVZZvA="></latexit><latexit sha1_base64="dIW8811ucXmwfl1fJYOnRtVZZvA="></latexit>

⌦(t)� 1 / a(t)1+3w
<latexit sha1_base64="u3smarKAobe4696Z7UlmPN0wO9w=">AAACDHicbVDLSgNBEJz1bXxFPXoZjIIihl0V1JvgxZsKRgPZGHonkzhkdmeY6VXCkh/w4q948aDi1Q/w5t84eRw0saChqOqmuyvSUlj0/W9vbHxicmp6ZjY3N7+wuJRfXrm2KjWMl5iSypQjsFyKhJdQoORlbTjEkeQ3Ueu069/cc2OFSq6wrXk1hmYiGoIBOqmW3wjPY96ELdzeDUJtlEYVtkBroF3tNgt29h86tXzBL/o90FESDEiBDHBRy3+FdcXSmCfIJFhbCXyN1QwMCiZ5JxemlmtgLWjyiqMJxNxWs943HbrplDptKOMqQdpTf09kEFvbjiPXGQPe2WGvK/7nVVJsHFUzkegUecL6ixqppKhoNxpaF4YzlG1HgBnhbqXsDgwwdAHmXAjB8MujpLRXPC76lweFk6NBGjNkjayTLRKQQ3JCzsgFKRFGHskzeSVv3pP34r17H/3WMW8ws0r+wPv8AdUWmk8=</latexit><latexit sha1_base64="u3smarKAobe4696Z7UlmPN0wO9w=">AAACDHicbVDLSgNBEJz1bXxFPXoZjIIihl0V1JvgxZsKRgPZGHonkzhkdmeY6VXCkh/w4q948aDi1Q/w5t84eRw0saChqOqmuyvSUlj0/W9vbHxicmp6ZjY3N7+wuJRfXrm2KjWMl5iSypQjsFyKhJdQoORlbTjEkeQ3Ueu069/cc2OFSq6wrXk1hmYiGoIBOqmW3wjPY96ELdzeDUJtlEYVtkBroF3tNgt29h86tXzBL/o90FESDEiBDHBRy3+FdcXSmCfIJFhbCXyN1QwMCiZ5JxemlmtgLWjyiqMJxNxWs943HbrplDptKOMqQdpTf09kEFvbjiPXGQPe2WGvK/7nVVJsHFUzkegUecL6ixqppKhoNxpaF4YzlG1HgBnhbqXsDgwwdAHmXAjB8MujpLRXPC76lweFk6NBGjNkjayTLRKQQ3JCzsgFKRFGHskzeSVv3pP34r17H/3WMW8ws0r+wPv8AdUWmk8=</latexit><latexit sha1_base64="u3smarKAobe4696Z7UlmPN0wO9w=">AAACDHicbVDLSgNBEJz1bXxFPXoZjIIihl0V1JvgxZsKRgPZGHonkzhkdmeY6VXCkh/w4q948aDi1Q/w5t84eRw0saChqOqmuyvSUlj0/W9vbHxicmp6ZjY3N7+wuJRfXrm2KjWMl5iSypQjsFyKhJdQoORlbTjEkeQ3Ueu069/cc2OFSq6wrXk1hmYiGoIBOqmW3wjPY96ELdzeDUJtlEYVtkBroF3tNgt29h86tXzBL/o90FESDEiBDHBRy3+FdcXSmCfIJFhbCXyN1QwMCiZ5JxemlmtgLWjyiqMJxNxWs943HbrplDptKOMqQdpTf09kEFvbjiPXGQPe2WGvK/7nVVJsHFUzkegUecL6ixqppKhoNxpaF4YzlG1HgBnhbqXsDgwwdAHmXAjB8MujpLRXPC76lweFk6NBGjNkjayTLRKQQ3JCzsgFKRFGHskzeSVv3pP34r17H/3WMW8ws0r+wPv8AdUWmk8=</latexit>

a(t) = a0t
2/3(1+w)

<latexit sha1_base64="jow6XMS3d2ffhjLICDnIHDCcj4E=">AAAB/HicbVDLSsNAFJ3UV62v+Ni5CRahRahJLagLoeDGZQVjC20Mk+mkHTp5MHOj1FD8FTcuVNz6Ie78G6dtFtp64MLhnHu59x4v5kyCaX5ruYXFpeWV/GphbX1jc0vf3rmVUSIItUnEI9HysKSchdQGBpy2YkFx4HHa9AaXY795T4VkUXgDw5g6Ae6FzGcEg5JcfQ+XoHyBXRPu0urxSck6eiiPXL1oVswJjHliZaSIMjRc/avTjUgS0BAIx1K2LTMGJ8UCGOF0VOgkksaYDHCPthUNcUClk06uHxmHSukafiRUhWBM1N8TKQ6kHAae6gww9OWsNxb/89oJ+GdOysI4ARqS6SI/4QZExjgKo8sEJcCHimAimLrVIH0sMAEVWEGFYM2+PE/sauW8Yl7XivValkYe7aMDVEIWOkV1dIUayEYEPaJn9IretCftRXvXPqatOS2b2UV/oH3+ANsYkw0=</latexit><latexit sha1_base64="jow6XMS3d2ffhjLICDnIHDCcj4E=">AAAB/HicbVDLSsNAFJ3UV62v+Ni5CRahRahJLagLoeDGZQVjC20Mk+mkHTp5MHOj1FD8FTcuVNz6Ie78G6dtFtp64MLhnHu59x4v5kyCaX5ruYXFpeWV/GphbX1jc0vf3rmVUSIItUnEI9HysKSchdQGBpy2YkFx4HHa9AaXY795T4VkUXgDw5g6Ae6FzGcEg5JcfQ+XoHyBXRPu0urxSck6eiiPXL1oVswJjHliZaSIMjRc/avTjUgS0BAIx1K2LTMGJ8UCGOF0VOgkksaYDHCPthUNcUClk06uHxmHSukafiRUhWBM1N8TKQ6kHAae6gww9OWsNxb/89oJ+GdOysI4ARqS6SI/4QZExjgKo8sEJcCHimAimLrVIH0sMAEVWEGFYM2+PE/sauW8Yl7XivValkYe7aMDVEIWOkV1dIUayEYEPaJn9IretCftRXvXPqatOS2b2UV/oH3+ANsYkw0=</latexit><latexit sha1_base64="jow6XMS3d2ffhjLICDnIHDCcj4E=">AAAB/HicbVDLSsNAFJ3UV62v+Ni5CRahRahJLagLoeDGZQVjC20Mk+mkHTp5MHOj1FD8FTcuVNz6Ie78G6dtFtp64MLhnHu59x4v5kyCaX5ruYXFpeWV/GphbX1jc0vf3rmVUSIItUnEI9HysKSchdQGBpy2YkFx4HHa9AaXY795T4VkUXgDw5g6Ae6FzGcEg5JcfQ+XoHyBXRPu0urxSck6eiiPXL1oVswJjHliZaSIMjRc/avTjUgS0BAIx1K2LTMGJ8UCGOF0VOgkksaYDHCPthUNcUClk06uHxmHSukafiRUhWBM1N8TKQ6kHAae6gww9OWsNxb/89oJ+GdOysI4ARqS6SI/4QZExjgKo8sEJcCHimAimLrVIH0sMAEVWEGFYM2+PE/sauW8Yl7XivValkYe7aMDVEIWOkV1dIUayEYEPaJn9IretCftRXvXPqatOS2b2UV/oH3+ANsYkw0=</latexit>

using 



For a matter or radiation dominated Universe…

\ LHS must diverge w/ time,  
W = 1 is an unstable fixed point!

From observation:

|⌦(t)� 1|r / a2 / t
<latexit sha1_base64="ECbm9zuIzw2a8WylYdkTsX5/vMg=">AAACGnicbVDLSsNAFJ34rPUVdelmsAi6sCRFUHcFN+6sYFVoYrmZTuvQSTLM3Agl9j/c+CtuXKi4Ezf+jdM2C18HBg7n3MudcyIlhUHP+3Smpmdm5+ZLC+XFpeWVVXdt/cKkmWa8yVKZ6qsIDJci4U0UKPmV0hziSPLLqH888i9vuTYiTc5xoHgYQy8RXcEArdR2a3fBacx7sIO7e/5dO9fDQOlUYRr0QSmgcF0rBFoo2HYrXtUbg/4lfkEqpECj7b4HnZRlMU+QSTCm5XsKwxw0Cib5sBxkhitgfejxlqUJxNyE+TjbkG5bpUO7qbYvQTpWv2/kEBsziCM7GQPemN/eSPzPa2XYPQxzkagMecImh7qZpDbpqCjaEZozlANLgGlh/0rZDWhgaOss2xL835H/kmatelT1zvYr9f2ijRLZJFtkh/jkgNTJCWmQJmHknjySZ/LiPDhPzqvzNhmdcoqdDfIDzscXVHihJA==</latexit><latexit sha1_base64="ECbm9zuIzw2a8WylYdkTsX5/vMg=">AAACGnicbVDLSsNAFJ34rPUVdelmsAi6sCRFUHcFN+6sYFVoYrmZTuvQSTLM3Agl9j/c+CtuXKi4Ezf+jdM2C18HBg7n3MudcyIlhUHP+3Smpmdm5+ZLC+XFpeWVVXdt/cKkmWa8yVKZ6qsIDJci4U0UKPmV0hziSPLLqH888i9vuTYiTc5xoHgYQy8RXcEArdR2a3fBacx7sIO7e/5dO9fDQOlUYRr0QSmgcF0rBFoo2HYrXtUbg/4lfkEqpECj7b4HnZRlMU+QSTCm5XsKwxw0Cib5sBxkhitgfejxlqUJxNyE+TjbkG5bpUO7qbYvQTpWv2/kEBsziCM7GQPemN/eSPzPa2XYPQxzkagMecImh7qZpDbpqCjaEZozlANLgGlh/0rZDWhgaOss2xL835H/kmatelT1zvYr9f2ijRLZJFtkh/jkgNTJCWmQJmHknjySZ/LiPDhPzqvzNhmdcoqdDfIDzscXVHihJA==</latexit><latexit sha1_base64="ECbm9zuIzw2a8WylYdkTsX5/vMg=">AAACGnicbVDLSsNAFJ34rPUVdelmsAi6sCRFUHcFN+6sYFVoYrmZTuvQSTLM3Agl9j/c+CtuXKi4Ezf+jdM2C18HBg7n3MudcyIlhUHP+3Smpmdm5+ZLC+XFpeWVVXdt/cKkmWa8yVKZ6qsIDJci4U0UKPmV0hziSPLLqH888i9vuTYiTc5xoHgYQy8RXcEArdR2a3fBacx7sIO7e/5dO9fDQOlUYRr0QSmgcF0rBFoo2HYrXtUbg/4lfkEqpECj7b4HnZRlMU+QSTCm5XsKwxw0Cib5sBxkhitgfejxlqUJxNyE+TjbkG5bpUO7qbYvQTpWv2/kEBsziCM7GQPemN/eSPzPa2XYPQxzkagMecImh7qZpDbpqCjaEZozlANLgGlh/0rZDWhgaOss2xL835H/kmatelT1zvYr9f2ijRLZJFtkh/jkgNTJCWmQJmHknjySZ/LiPDhPzqvzNhmdcoqdDfIDzscXVHihJA==</latexit>

|⌦(t)� 1|m / a / t2/3
<latexit sha1_base64="YDR4GEbQwMWWj5syAGfkaZhCpp4=">AAACHnicbVDLSgMxFM34tr6qLt0Ei6AL64yKj13BjTsrWBU6tdxJ0xqazITkjlDG/okbf8WNCxXBlf6NaZ2FrwOBc8+5l5t7Ii2FRd//8EZGx8YnJqemCzOzc/MLxcWlc5ukhvEaS2RiLiOwXIqY11Cg5JfacFCR5BdR92jgX9xwY0USn2FP84aCTizaggE6qVncuw1PFO/AOm5sBrfNTPVDbRKNSdgFrYFCXtK8xqtse2un3yyW/LI/BP1LgpyUSI5qs/gWthKWKh4jk2BtPfA1NjIwKJjk/UKYWq6BdaHD647GoLhtZMP7+nTNKS3aTox7MdKh+n0iA2VtT0WuUwFe29/eQPzPq6fYPmhkItYp8ph9LWqnkrp7B2HRljCcoew5AswI91fKrsEAQxdpwYUQ/D75L6ltlw/L/uluqbKbpzFFVsgqWScB2ScVckyqpEYYuSMP5Ik8e/feo/fivX61jnj5zDL5Ae/9Ez2HoqE=</latexit><latexit sha1_base64="YDR4GEbQwMWWj5syAGfkaZhCpp4=">AAACHnicbVDLSgMxFM34tr6qLt0Ei6AL64yKj13BjTsrWBU6tdxJ0xqazITkjlDG/okbf8WNCxXBlf6NaZ2FrwOBc8+5l5t7Ii2FRd//8EZGx8YnJqemCzOzc/MLxcWlc5ukhvEaS2RiLiOwXIqY11Cg5JfacFCR5BdR92jgX9xwY0USn2FP84aCTizaggE6qVncuw1PFO/AOm5sBrfNTPVDbRKNSdgFrYFCXtK8xqtse2un3yyW/LI/BP1LgpyUSI5qs/gWthKWKh4jk2BtPfA1NjIwKJjk/UKYWq6BdaHD647GoLhtZMP7+nTNKS3aTox7MdKh+n0iA2VtT0WuUwFe29/eQPzPq6fYPmhkItYp8ph9LWqnkrp7B2HRljCcoew5AswI91fKrsEAQxdpwYUQ/D75L6ltlw/L/uluqbKbpzFFVsgqWScB2ScVckyqpEYYuSMP5Ik8e/feo/fivX61jnj5zDL5Ae/9Ez2HoqE=</latexit><latexit sha1_base64="YDR4GEbQwMWWj5syAGfkaZhCpp4=">AAACHnicbVDLSgMxFM34tr6qLt0Ei6AL64yKj13BjTsrWBU6tdxJ0xqazITkjlDG/okbf8WNCxXBlf6NaZ2FrwOBc8+5l5t7Ii2FRd//8EZGx8YnJqemCzOzc/MLxcWlc5ukhvEaS2RiLiOwXIqY11Cg5JfacFCR5BdR92jgX9xwY0USn2FP84aCTizaggE6qVncuw1PFO/AOm5sBrfNTPVDbRKNSdgFrYFCXtK8xqtse2un3yyW/LI/BP1LgpyUSI5qs/gWthKWKh4jk2BtPfA1NjIwKJjk/UKYWq6BdaHD647GoLhtZMP7+nTNKS3aTox7MdKh+n0iA2VtT0WuUwFe29/eQPzPq6fYPmhkItYp8ph9LWqnkrp7B2HRljCcoew5AswI91fKrsEAQxdpwYUQ/D75L6ltlw/L/uluqbKbpzFFVsgqWScB2ScVckyqpEYYuSMP5Ik8e/feo/fivX61jnj5zDL5Ae/9Ez2HoqE=</latexit>

Now Big Bang Nucleosynthesis

1 part in 30 trillion!

Puzzle 2: 
Flatness Puzzle

|⌦0 � 1|  0.2
<latexit sha1_base64="hp1ngiNHX1sTp/xC36Ib00Otspc=">AAAB/HicbVDLSsNAFJ3UV62v+Ni5GSyCG0NSCuqu4MadFawtNKFMpjft0MnDmYlQ0+KvuHGh4tYPceffOG2z0NYDFw7n3Mu99/gJZ1LZ9rdRWFpeWV0rrpc2Nre2d8zdvTsZp4JCg8Y8Fi2fSOAsgoZiikMrEUBCn0PTH1xO/OYDCMni6FYNE/BC0otYwChRWuqYByP3OoQe6dinzsjlcI9tq9Ixy7ZlT4EXiZOTMspR75hfbjemaQiRopxI2XbsRHkZEYpRDuOSm0pICB2QHrQ1jUgI0sum14/xsVa6OIiFrkjhqfp7IiOhlMPQ150hUX05703E/7x2qoJzL2NRkiqI6GxRkHKsYjyJAneZAKr4UBNCBdO3YtonglClAyvpEJz5lxdJo2JdWPZNtVyr5mkU0SE6QifIQWeohq5QHTUQRY/oGb2iN+PJeDHejY9Za8HIZ/bRHxifP9z2k7A=</latexit><latexit sha1_base64="hp1ngiNHX1sTp/xC36Ib00Otspc=">AAAB/HicbVDLSsNAFJ3UV62v+Ni5GSyCG0NSCuqu4MadFawtNKFMpjft0MnDmYlQ0+KvuHGh4tYPceffOG2z0NYDFw7n3Mu99/gJZ1LZ9rdRWFpeWV0rrpc2Nre2d8zdvTsZp4JCg8Y8Fi2fSOAsgoZiikMrEUBCn0PTH1xO/OYDCMni6FYNE/BC0otYwChRWuqYByP3OoQe6dinzsjlcI9tq9Ixy7ZlT4EXiZOTMspR75hfbjemaQiRopxI2XbsRHkZEYpRDuOSm0pICB2QHrQ1jUgI0sum14/xsVa6OIiFrkjhqfp7IiOhlMPQ150hUX05703E/7x2qoJzL2NRkiqI6GxRkHKsYjyJAneZAKr4UBNCBdO3YtonglClAyvpEJz5lxdJo2JdWPZNtVyr5mkU0SE6QifIQWeohq5QHTUQRY/oGb2iN+PJeDHejY9Za8HIZ/bRHxifP9z2k7A=</latexit><latexit sha1_base64="hp1ngiNHX1sTp/xC36Ib00Otspc=">AAAB/HicbVDLSsNAFJ3UV62v+Ni5GSyCG0NSCuqu4MadFawtNKFMpjft0MnDmYlQ0+KvuHGh4tYPceffOG2z0NYDFw7n3Mu99/gJZ1LZ9rdRWFpeWV0rrpc2Nre2d8zdvTsZp4JCg8Y8Fi2fSOAsgoZiikMrEUBCn0PTH1xO/OYDCMni6FYNE/BC0otYwChRWuqYByP3OoQe6dinzsjlcI9tq9Ixy7ZlT4EXiZOTMspR75hfbjemaQiRopxI2XbsRHkZEYpRDuOSm0pICB2QHrQ1jUgI0sum14/xsVa6OIiFrkjhqfp7IiOhlMPQ150hUX05703E/7x2qoJzL2NRkiqI6GxRkHKsYjyJAneZAKr4UBNCBdO3YtonglClAyvpEJz5lxdJo2JdWPZNtVyr5mkU0SE6QifIQWeohq5QHTUQRY/oGb2iN+PJeDHejY9Za8HIZ/bRHxifP9z2k7A=</latexit>

|⌦BBN � 1|  3⇥ 10�14
<latexit sha1_base64="3usgYEVJgEld6dSizfZJLHl1ydY=">AAACGXicbVC5TsNAEF1zE64AJc2KCImGyIZIQBeFhopDIgQpNtF6Mwmr7K7N7hphGX8HDb9CQwGIEir+hs1RcD1ppKf3ZjQzL4w508Z1P52x8YnJqemZ2cLc/MLiUnF55VxHiaJQpxGP1EVINHAmoW6Y4XARKyAi5NAIewd9v3EDSrNInpk0hkCQrmQdRomxUqvo3fnHArqklfmGydQXYXSb1WpHeb5lLQ7XeMcaAjT23Mtsy6vkrWLJLbsD4L/EG5ESGuGkVXz32xFNBEhDOdG66bmxCTKiDKMc8oKfaIgJ7ZEuNC2VxG4LssFrOd6wSht3ImVLGjxQv09kRGiditB2CmKu9G+vL/7nNRPT2QsyJuPEgKTDRZ2EYxPhfk64zRRQw1NLCFXM3orpFVGEGptmwYbg/X75L6lvl/fL7mmlVK2M0phBa2gdbSIP7aIqOkQnqI4oukeP6Bm9OA/Ok/PqvA1bx5zRzCr6AefjC68eoCA=</latexit><latexit sha1_base64="3usgYEVJgEld6dSizfZJLHl1ydY=">AAACGXicbVC5TsNAEF1zE64AJc2KCImGyIZIQBeFhopDIgQpNtF6Mwmr7K7N7hphGX8HDb9CQwGIEir+hs1RcD1ppKf3ZjQzL4w508Z1P52x8YnJqemZ2cLc/MLiUnF55VxHiaJQpxGP1EVINHAmoW6Y4XARKyAi5NAIewd9v3EDSrNInpk0hkCQrmQdRomxUqvo3fnHArqklfmGydQXYXSb1WpHeb5lLQ7XeMcaAjT23Mtsy6vkrWLJLbsD4L/EG5ESGuGkVXz32xFNBEhDOdG66bmxCTKiDKMc8oKfaIgJ7ZEuNC2VxG4LssFrOd6wSht3ImVLGjxQv09kRGiditB2CmKu9G+vL/7nNRPT2QsyJuPEgKTDRZ2EYxPhfk64zRRQw1NLCFXM3orpFVGEGptmwYbg/X75L6lvl/fL7mmlVK2M0phBa2gdbSIP7aIqOkQnqI4oukeP6Bm9OA/Ok/PqvA1bx5zRzCr6AefjC68eoCA=</latexit><latexit sha1_base64="3usgYEVJgEld6dSizfZJLHl1ydY=">AAACGXicbVC5TsNAEF1zE64AJc2KCImGyIZIQBeFhopDIgQpNtF6Mwmr7K7N7hphGX8HDb9CQwGIEir+hs1RcD1ppKf3ZjQzL4w508Z1P52x8YnJqemZ2cLc/MLiUnF55VxHiaJQpxGP1EVINHAmoW6Y4XARKyAi5NAIewd9v3EDSrNInpk0hkCQrmQdRomxUqvo3fnHArqklfmGydQXYXSb1WpHeb5lLQ7XeMcaAjT23Mtsy6vkrWLJLbsD4L/EG5ESGuGkVXz32xFNBEhDOdG66bmxCTKiDKMc8oKfaIgJ7ZEuNC2VxG4LssFrOd6wSht3ImVLGjxQv09kRGiditB2CmKu9G+vL/7nNRPT2QsyJuPEgKTDRZ2EYxPhfk64zRRQw1NLCFXM3orpFVGEGptmwYbg/X75L6lvl/fL7mmlVK2M0phBa2gdbSIP7aIqOkQnqI4oukeP6Bm9OA/Ok/PqvA1bx5zRzCr6AefjC68eoCA=</latexit>

!
<latexit sha1_base64="0+6pozTpIW2v5SPIgVL00qtSNBk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRSUG8FLx4rGFtIQ9lsN+3SzW7YnSil9Gd48aDi1X/jzX/jts1BWx8MPN6bYWZenAlu0PO+ndLa+sbmVnm7srO7t39QPTx6MCrXlAVUCaU7MTFMcMkC5ChYJ9OMpLFg7Xh0M/Pbj0wbruQ9jjMWpWQgecIpQSuFXc0HQyRaq6detebVvTncVeIXpAYFWr3qV7evaJ4yiVQQY0LfyzCaEI2cCjatdHPDMkJHZMBCSyVJmYkm85On7plV+m6itC2J7lz9PTEhqTHjNLadKcGhWfZm4n9emGNyFU24zHJkki4WJblwUbmz/90+14yiGFtCqOb2VpcOiSYUbUoVG4K//PIqCS7q13XvrlFrNoo0ynACp3AOPlxCE26hBQFQUPAMr/DmoPPivDsfi9aSU8wcwx84nz8oYpFS</latexit><latexit sha1_base64="0+6pozTpIW2v5SPIgVL00qtSNBk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRSUG8FLx4rGFtIQ9lsN+3SzW7YnSil9Gd48aDi1X/jzX/jts1BWx8MPN6bYWZenAlu0PO+ndLa+sbmVnm7srO7t39QPTx6MCrXlAVUCaU7MTFMcMkC5ChYJ9OMpLFg7Xh0M/Pbj0wbruQ9jjMWpWQgecIpQSuFXc0HQyRaq6detebVvTncVeIXpAYFWr3qV7evaJ4yiVQQY0LfyzCaEI2cCjatdHPDMkJHZMBCSyVJmYkm85On7plV+m6itC2J7lz9PTEhqTHjNLadKcGhWfZm4n9emGNyFU24zHJkki4WJblwUbmz/90+14yiGFtCqOb2VpcOiSYUbUoVG4K//PIqCS7q13XvrlFrNoo0ynACp3AOPlxCE26hBQFQUPAMr/DmoPPivDsfi9aSU8wcwx84nz8oYpFS</latexit><latexit sha1_base64="0+6pozTpIW2v5SPIgVL00qtSNBk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRSUG8FLx4rGFtIQ9lsN+3SzW7YnSil9Gd48aDi1X/jzX/jts1BWx8MPN6bYWZenAlu0PO+ndLa+sbmVnm7srO7t39QPTx6MCrXlAVUCaU7MTFMcMkC5ChYJ9OMpLFg7Xh0M/Pbj0wbruQ9jjMWpWQgecIpQSuFXc0HQyRaq6detebVvTncVeIXpAYFWr3qV7evaJ4yiVQQY0LfyzCaEI2cCjatdHPDMkJHZMBCSyVJmYkm85On7plV+m6itC2J7lz9PTEhqTHjNLadKcGhWfZm4n9emGNyFU24zHJkki4WJblwUbmz/90+14yiGFtCqOb2VpcOiSYUbUoVG4K//PIqCS7q13XvrlFrNoo0ynACp3AOPlxCE26hBQFQUPAMr/DmoPPivDsfi9aSU8wcwx84nz8oYpFS</latexit>



Why is the vacuum energy density the same order of magnitude 
as the matter density?

Mathematically:
Why is             ?

In general:

Puzzle 3: 
Cosmic Coincidence Problem?

⌦v

⌦m
/ a3(t)

<latexit sha1_base64="xSjWZjMZssFWHcQfEV+QHaenqXE=">AAACD3icbVDNSsNAGNz4W+tf1KOXxSLWS0lUsN4KXrxZwdhCE8Nmu2mX7iZhd1MoIY/gxVfx4kHFq1dvvo3bNoK2DiwMM9/HtzNBwqhUlvVlLCwuLa+sltbK6xubW9vmzu6djFOBiYNjFot2gCRhNCKOooqRdiII4gEjrWBwOfZbQyIkjaNbNUqIx1EvoiHFSGnJN4/cUCCcudec9JA/zH8Yz91ExImKIbo/rapj36xYNWsCOE/sglRAgaZvfrrdGKecRAozJGXHthLlZUgoihnJy24qSYLwAPVIR9MIcSK9bBIoh4da6cIwFvpFCk7U3xsZ4lKOeKAnOVJ9OeuNxf+8TqrCupfRKEkVifD0UJgyqHOO24FdKghWbKQJwoLqv0LcR7ohpTss6xLs2cjzxDmpXdSsm7NKo160UQL74ABUgQ3OQQNcgSZwAAYP4Am8gFfj0Xg23oz36eiCUezsgT8wPr4BSuWc5A==</latexit><latexit sha1_base64="xSjWZjMZssFWHcQfEV+QHaenqXE=">AAACD3icbVDNSsNAGNz4W+tf1KOXxSLWS0lUsN4KXrxZwdhCE8Nmu2mX7iZhd1MoIY/gxVfx4kHFq1dvvo3bNoK2DiwMM9/HtzNBwqhUlvVlLCwuLa+sltbK6xubW9vmzu6djFOBiYNjFot2gCRhNCKOooqRdiII4gEjrWBwOfZbQyIkjaNbNUqIx1EvoiHFSGnJN4/cUCCcudec9JA/zH8Yz91ExImKIbo/rapj36xYNWsCOE/sglRAgaZvfrrdGKecRAozJGXHthLlZUgoihnJy24qSYLwAPVIR9MIcSK9bBIoh4da6cIwFvpFCk7U3xsZ4lKOeKAnOVJ9OeuNxf+8TqrCupfRKEkVifD0UJgyqHOO24FdKghWbKQJwoLqv0LcR7ohpTss6xLs2cjzxDmpXdSsm7NKo160UQL74ABUgQ3OQQNcgSZwAAYP4Am8gFfj0Xg23oz36eiCUezsgT8wPr4BSuWc5A==</latexit><latexit sha1_base64="xSjWZjMZssFWHcQfEV+QHaenqXE=">AAACD3icbVDNSsNAGNz4W+tf1KOXxSLWS0lUsN4KXrxZwdhCE8Nmu2mX7iZhd1MoIY/gxVfx4kHFq1dvvo3bNoK2DiwMM9/HtzNBwqhUlvVlLCwuLa+sltbK6xubW9vmzu6djFOBiYNjFot2gCRhNCKOooqRdiII4gEjrWBwOfZbQyIkjaNbNUqIx1EvoiHFSGnJN4/cUCCcudec9JA/zH8Yz91ExImKIbo/rapj36xYNWsCOE/sglRAgaZvfrrdGKecRAozJGXHthLlZUgoihnJy24qSYLwAPVIR9MIcSK9bBIoh4da6cIwFvpFCk7U3xsZ4lKOeKAnOVJ9OeuNxf+8TqrCupfRKEkVifD0UJgyqHOO24FdKghWbKQJwoLqv0LcR7ohpTss6xLs2cjzxDmpXdSsm7NKo160UQL74ABUgQ3OQQNcgSZwAAYP4Am8gFfj0Xg23oz36eiCUezsgT8wPr4BSuWc5A==</latexit>
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Puzzle 4: 
Horizon Problem?
Why is the CMB uniform on large scales ?

2 antipodal CMB photons are causally disconnected yet have 
same temperature to 1 part in 105!        Why? 



The 2nd FRW equation can be written as…

For a radiation dominated Universe:

So what got FRW cosmology going in the 1st place?

Puzzle 5: 
Initial Jump Start?
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Puzzle 6: 
Structure of the Universe?
Where did the regions of slightly enhanced density in the early 

Universe originate from?



The Inflationary Solution
In 1981, Alan Guth realizes that most of these cosmological puzzles 

could be solved by considering particle physics.

Grand Unified Theory (GUT) = 
unification of 3 of 4 
fundamental forces

In early Universe, strong force 
“freezes” out releasing 
enormous amounts of energy



The Inflationary Solution
Supplement to Big Bang Cosmology

Most Big Bang puzzles are solved by this 
one beautifully simple idea.

Early universe is hypothesized to expand 
by a factor of ~1043  in about 10-34 s!



For the Robertson-Walker metric and a homogeneous scalar field…
The scale factor, a(t), & the scalar field, f(t), are determined by

V (�) = 3
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Inflationary Theory



For the Robertson-Walker metric and a homogeneous scalar field…
The scale factor, a(t), & the scalar field, f(t), are determined by

Notice:
• Mimics Newton’s 2nd Law for a particle being accelerated by a force, , 

but impeded by a velocity-dependent retarding force!        
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The scalar field reaches “terminal velocity” when…

For “Slow roll” inflation…
are small
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https://www.hindawi.com/journals/aa/2010/565248/fig1/
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During inflation…
• the scale factor is given by…
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During inflation…
• the scale factor is given by…

where  

• the scale factor inflates rapidly…

where
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a(tf )

a(ti)
= eHi(tf�ti) Hi '

1

tGUT
' 1036 s�1



During inflation…
• the scale factor is given by…

where  

• the scale factor inflates rapidly…

where

• Now, if then                                           !

Inflationary Theory

a(t) / eHit ti < t < tf

assume ti = tGUT ' 10�36 s
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Inflation drives the Universe towards flatness

∴

Notice:
W = 1 is an attractor for large t!

Puzzle 2: 
Flatness Puzzle, revisited…

⌦(t)� 1 =

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During Inflation, the Universe undergoes 
superluminal expansion to acausal
distances

The Universe is smooth on large scales 
because it was close together & in a 
state of thermal equilibrium prior to 
inflation

Puzzle 4: 
Horizon Problem, revisited…



Puzzle 5: 
Initial Jump Start, revisited…

The scale factor during Early-time Inflation takes the 
form…

\

Inflation got FRW cosmology going in the 1st place!

ä(t) > 0
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Puzzle 6: 
Structure of the Universe, revisited…
Scalar field Inflationary theory predicts…
• regions of slightly enhanced density are due to quantum fluctuations

• Inflationary theory predicts that these quantum fluctuations inflate to 
yield gravitational instabilities!

�(t) ! �(t) + ��(x, t)
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Conclusion
Theory & observational evidence imply that:

§ the Universe is flat & infinite in spatial extent

§ the Universe began w/ a “Big Bang” 13.8 billion years ago

§ a hypothesized early-time inflationary expansion explains most 
of the puzzles of FRW cosmology

§ the Universe is currently undergoing accelerated expansion & is 
predicted to continue to do so indefinitely!



FRW cosmology
Assumption 1: 
Choose the Robertson-Walker metric*…

• radiation
• pressureless matter
• constant vacuum energy (a.k.a. cosmological constant)

Assumption 2: 
3 non-interacting, perfect fluid components:

* the Robertson-Walker metric describes a spatially homogeneous, isotropic Universe evolving in time

ds2 = �dt2 + a2(t)


dr2

1� r2
+ r2(d✓2 + sin2 ✓d�2)

�
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Arno Penzias & Robert Wilson 

§ Bell Lab Physicists calibrating the 
Bell Labs microwave antenna 
designed for satellite 
communications

§ Awarded the 1978 Nobel Prize in 
physics for their discovery of the 
cosmic microwave background 

radiation.

In 1965, observational evidence for the Big Bang!

http://cosmictimes.gsfc.nasa.gov/online_edition/1965Cosmic/images/penzias_wilsonpgg.



In Nov`89, NASA launches the 
Cosmic Background Explorer (COBE) 
to measure…

§ the spectrum
§ the anisotropies

of the cosmic background radiation.

Does this background radiation have a
Blackbody Spectrum?

http://cosmos.lbl.gov/Images/cobe_universe.jpg



John Mather & George Smoot

Awarded the 2006 Nobel Prize in 
physics for their discovery of the 

blackbody form and anisotropy of 
the cosmic microwave background

radiation measured by COBE.

Spectrum of the Cosmic Microwave Background 
Radiation

n The excellent agreement with Planck’s law is the best fit ever measured!  

http://www.faculty.umb.edu/gary_zabel/Courses/Parallel%20Universes/
Texts/Remote%20Sensing%20Tutorial%20Page%20A-9.htm



§ Light from when 
the Universe was 
380,000 years 
old.

§ Map of µK 
anisotropies

COBE image of the 
Cosmic Microwave Background Radiation

TB = 2.725K± 18µK
http://www.nasa.gov/images/content/403322main_COBEallsky_full.jpg



§ WMAP satellite 
launched 06/01, 
ended 10/10

§ WMAP image from 
7 years of data!

§ Data implies that 
universe is flat.

WMAP image of the 
Cosmic Microwave Background Radiation

http://www.nasa.gov/centers/goddard/images/content/96115main_Full_m.jpg



§ Planck satellite 
launched 05/09, 
ended 10/13

§ 2.5 x greater
resolution than 
WMAP (1/12°)

§ Measured 
polarization of light 
from early universe

§ Found strong 
evidence for 
inflation.

Planck image of the 
Cosmic Microwave Background Radiation

https://www.nasa.gov/mission_pages/planck/#.Vvs8mnDgI2s



§ Green curve is line of best fit.

Detailed analysis of temperature variations
from Planck & WMAP data

All ordinary matter (stars, galaxies, etc..) comprises only
4.9% of the total matter/energy of the Universe!

⌦baryons = 0.049
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Inflationary Theory
Consider a scalar-field coupled to gravity

where

and where V(f) describes the self-interaction of the scalar field

Gµ⌫ =
8⇡G

c2
Tµ⌫

<latexit sha1_base64="UAJrlnih6TpLJt+CrIrVoGHM0iY=">AAACD3icbVBNS8NAEN34WetX1KOXxSJ6KkkRrAeh4KEeKzS20MSw2W7apZtN2N0IJeQnePGvePGg4tWrN/+N2zaItj4YeLw3w8y8IGFUKsv6MpaWV1bX1ksb5c2t7Z1dc2//VsapwMTBMYtFN0CSMMqJo6hipJsIgqKAkU4wupr4nXsiJI15W40T4kVowGlIMVJa8s2Tpp+5UeryNL90Q4FwVncTCpt5hu9qefvH9M2KVbWmgIvELkgFFGj55qfbj3EaEa4wQ1L2bCtRXoaEopiRvOymkiQIj9CA9DTlKCLSy6YP5fBYK30YxkIXV3Cq/p7IUCTlOAp0Z4TUUM57E/E/r5eqsO5llCepIhzPFoUpgyqGk3RgnwqCFRtrgrCg+laIh0jHonSGZR2CPf/yInFq1YuqdXNWadSLNErgEByBU2CDc9AA16AFHIDBA3gCL+DVeDSejTfjfda6ZBQzB+APjI9vqHydKQ==</latexit><latexit sha1_base64="UAJrlnih6TpLJt+CrIrVoGHM0iY=">AAACD3icbVBNS8NAEN34WetX1KOXxSJ6KkkRrAeh4KEeKzS20MSw2W7apZtN2N0IJeQnePGvePGg4tWrN/+N2zaItj4YeLw3w8y8IGFUKsv6MpaWV1bX1ksb5c2t7Z1dc2//VsapwMTBMYtFN0CSMMqJo6hipJsIgqKAkU4wupr4nXsiJI15W40T4kVowGlIMVJa8s2Tpp+5UeryNL90Q4FwVncTCpt5hu9qefvH9M2KVbWmgIvELkgFFGj55qfbj3EaEa4wQ1L2bCtRXoaEopiRvOymkiQIj9CA9DTlKCLSy6YP5fBYK30YxkIXV3Cq/p7IUCTlOAp0Z4TUUM57E/E/r5eqsO5llCepIhzPFoUpgyqGk3RgnwqCFRtrgrCg+laIh0jHonSGZR2CPf/yInFq1YuqdXNWadSLNErgEByBU2CDc9AA16AFHIDBA3gCL+DVeDSejTfjfda6ZBQzB+APjI9vqHydKQ==</latexit><latexit sha1_base64="UAJrlnih6TpLJt+CrIrVoGHM0iY=">AAACD3icbVBNS8NAEN34WetX1KOXxSJ6KkkRrAeh4KEeKzS20MSw2W7apZtN2N0IJeQnePGvePGg4tWrN/+N2zaItj4YeLw3w8y8IGFUKsv6MpaWV1bX1ksb5c2t7Z1dc2//VsapwMTBMYtFN0CSMMqJo6hipJsIgqKAkU4wupr4nXsiJI15W40T4kVowGlIMVJa8s2Tpp+5UeryNL90Q4FwVncTCpt5hu9qefvH9M2KVbWmgIvELkgFFGj55qfbj3EaEa4wQ1L2bCtRXoaEopiRvOymkiQIj9CA9DTlKCLSy6YP5fBYK30YxkIXV3Cq/p7IUCTlOAp0Z4TUUM57E/E/r5eqsO5llCepIhzPFoUpgyqGk3RgnwqCFRtrgrCg+laIh0jHonSGZR2CPf/yInFq1YuqdXNWadSLNErgEByBU2CDc9AA16AFHIDBA3gCL+DVeDSejTfjfda6ZBQzB+APjI9vqHydKQ==</latexit>

Tµ⌫ = rµ�r⌫�+


1

2
g↵�r↵�r��� V (�)

�
gµ⌫

<latexit sha1_base64="WO0eQ8j7HxNkCcZ9yDPPswVEMAA="></latexit><latexit sha1_base64="WO0eQ8j7HxNkCcZ9yDPPswVEMAA="></latexit><latexit sha1_base64="WO0eQ8j7HxNkCcZ9yDPPswVEMAA="></latexit>



Georges Lemaître suggests the Universe had a 
beginning..

§ Belgian Astrophysicist/Catholic Priest

§ 1927 paper in Annals of the Brussels Scientific 
Society*

§ showed that the universe had to be either 
contracting or expanding.

§ suggested that the Universe had a definite 
beginning in which all its matter & energy were 
concentrated @ one point. http://www.aquinasandmore.com/resources/georges-lemaitres.jpg

* Lemaître, G. Ann. Soc. Sci. Brux. A 47, 49–59 (1927).



Did the Universe begin with a “Big Bang”?

§ is not an explosion that 
happened @ one pt in space

Big Bang - a time of infinite density, infinite
temperature, and infinite spacetime curvature

The Big Bang...

§ occurred at all pts in space
@ one moment in time

https://svs.gsfc.nasa.gov/vis/a010000/a010100/a010128/Arrow_JPG.jpg



§ finds that the Universe 
should be uniformly 
bathed in a background 
microwave radiation

§ predicts a blackbody 
spectrum of the 
background radiation 
with  T ~ 10K

In the early 1960s, the Princeton group in 
gravitational physics… 

http://hyperphysics.phy-astr.gsu.edu/hbase/imgmod/uvcatas.gif



Data from Type Ia Supernovae, WMAP 
and SDSS implies…

http://nedwww.ipac.caltech.edu/level5/Carroll2/Figures/figure3.jpeg
High-z Supernova Search Team: Riess et al., 1998

§ The expansion of the Universe is 
ACCELERATING!

§ seems to indicate a vacuum
energy

Saul Perlmutter, Brian Schmidt, & 
Adam Riess

Awarded the 2011 Nobel Prize in physics for 
the discovery of the accelerating 

expansion of the Universe through 
observations of distant supernovae.


