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for lensing events towards the Galactic bulge.

parallax proper motionlens mass
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optical depth = fraction of the 
sky covered by Einstein rings

optical depth as a fcn of radius 
through an isothermal sphere Number of microlensing events
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Excluded

The observed rate of microlensing events leaves no room for the dark matter 
halo of the Milky Way to be composed of massive compact objects like brown 
dwarfs or black holes in the mass range 10-7 < M < 10 solar masses.
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Microlensing towards the Galactic bulge, where the lenses are 
stars, basically requires the Milky Way to have a maximal disk.

Wegg et al (2016) MNRAS, 463, 557



Wegg et al (2017) ApJ, 843, L1

Also constrains the 
IMF to be basically 
the same as seen 
everywhere else. 
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Empirical Pillars of the Hot Big Bang

1. Hubble Expansion 
2. Big Bang Nucleosynthesis 
3. Cosmic Microwave Background 

- Dark matter 
- Dark Energy

Auxiliary Hypotheses



The expansion history and the geometry of the universe 
are both related to the density.

The expansion history depends on density.
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⌦m < 1
<latexit sha1_base64="Wfg5Eq2Ni04tawC93gyfzrILk4I=">AAAB6XicbVDLSgMxFL3js9ZX1aWbYBFclYkIduGi4MadFewDOqVk0kwbmswMyR2hlH6EGxE3Cv6Mv+DfmLazaeuBwOGcE+49N0yVtOj7v97G5tb2zm5hr7h/cHh0XDo5bdokM1w0eKIS0w6ZFUrGooESlWinRjAdKtEKR/czv/UijJVJ/IzjVHQ1G8Qykpyhk4LgUYsB62lyR2ivVPYr/hxkndCclCFHvVf6CfoJz7SIkStmbYf6KXYnzKDkSkyLQWZFyviIDcRkvumUXDqpT6LEuBcjmatLOaatHevQJTXDoV31ZuJ/XifDqNqdyDjNUMR8MSjKFMGEzGqTvjSCoxo7wriRbkPCh8wwju44RVedrhZdJ83rCvUr9OmmXKvmRyjAOVzAFVC4hRo8QB0awCGFN/iEL2/kvXrv3sciuuHlf85gCd73H1t4jFE=</latexit><latexit sha1_base64="Wfg5Eq2Ni04tawC93gyfzrILk4I=">AAAB6XicbVDLSgMxFL3js9ZX1aWbYBFclYkIduGi4MadFewDOqVk0kwbmswMyR2hlH6EGxE3Cv6Mv+DfmLazaeuBwOGcE+49N0yVtOj7v97G5tb2zm5hr7h/cHh0XDo5bdokM1w0eKIS0w6ZFUrGooESlWinRjAdKtEKR/czv/UijJVJ/IzjVHQ1G8Qykpyhk4LgUYsB62lyR2ivVPYr/hxkndCclCFHvVf6CfoJz7SIkStmbYf6KXYnzKDkSkyLQWZFyviIDcRkvumUXDqpT6LEuBcjmatLOaatHevQJTXDoV31ZuJ/XifDqNqdyDjNUMR8MSjKFMGEzGqTvjSCoxo7wriRbkPCh8wwju44RVedrhZdJ83rCvUr9OmmXKvmRyjAOVzAFVC4hRo8QB0awCGFN/iEL2/kvXrv3sciuuHlf85gCd73H1t4jFE=</latexit><latexit sha1_base64="Wfg5Eq2Ni04tawC93gyfzrILk4I=">AAAB6XicbVDLSgMxFL3js9ZX1aWbYBFclYkIduGi4MadFewDOqVk0kwbmswMyR2hlH6EGxE3Cv6Mv+DfmLazaeuBwOGcE+49N0yVtOj7v97G5tb2zm5hr7h/cHh0XDo5bdokM1w0eKIS0w6ZFUrGooESlWinRjAdKtEKR/czv/UijJVJ/IzjVHQ1G8Qykpyhk4LgUYsB62lyR2ivVPYr/hxkndCclCFHvVf6CfoJz7SIkStmbYf6KXYnzKDkSkyLQWZFyviIDcRkvumUXDqpT6LEuBcjmatLOaatHevQJTXDoV31ZuJ/XifDqNqdyDjNUMR8MSjKFMGEzGqTvjSCoxo7wriRbkPCh8wwju44RVedrhZdJ83rCvUr9OmmXKvmRyjAOVzAFVC4hRo8QB0awCGFN/iEL2/kvXrv3sciuuHlf85gCd73H1t4jFE=</latexit><latexit sha1_base64="Wfg5Eq2Ni04tawC93gyfzrILk4I=">AAAB6XicbVDLSgMxFL3js9ZX1aWbYBFclYkIduGi4MadFewDOqVk0kwbmswMyR2hlH6EGxE3Cv6Mv+DfmLazaeuBwOGcE+49N0yVtOj7v97G5tb2zm5hr7h/cHh0XDo5bdokM1w0eKIS0w6ZFUrGooESlWinRjAdKtEKR/czv/UijJVJ/IzjVHQ1G8Qykpyhk4LgUYsB62lyR2ivVPYr/hxkndCclCFHvVf6CfoJz7SIkStmbYf6KXYnzKDkSkyLQWZFyviIDcRkvumUXDqpT6LEuBcjmatLOaatHevQJTXDoV31ZuJ/XifDqNqdyDjNUMR8MSjKFMGEzGqTvjSCoxo7wriRbkPCh8wwju44RVedrhZdJ83rCvUr9OmmXKvmRyjAOVzAFVC4hRo8QB0awCGFN/iEL2/kvXrv3sciuuHlf85gCd73H1t4jFE=</latexit>

⌦m + ⌦⇤ + ⌦k = 1
<latexit sha1_base64="ascvaqBt1yz2Vlrfjhr0GV38l5M=">AAACCXicbVDLSsNAFL3xWesr6tLNYBFEoSQi6EKh4MaFYAX7gKaEyWTSDp1JwsxEKKVf4MZfcSPiRsGNv+DfOG0D0tYDA4dzzuXOPUHKmdKO82MtLC4tr6wW1orrG5tb2/bObl0lmSS0RhKeyGaAFeUspjXNNKfNVFIsAk4bQe965DceqVQsiR90P6VtgTsxixjB2ki+fezdCdrBvkAnKKcD79bMh3j4J/XQFXJ9u+SUnTHQPHFzUoIcVd/+9sKEZILGmnCsVMt1Ut0eYKkZ4XRY9DJFU0x6uEMH40uG6NBIIYoSaV6s0VidymGhVF8EJimw7qpZbyT+57UyHV20ByxOM01jMlkUZRzpBI1qQSGTlGjeNwQTycwPEeliiYk25RXN6e7sofOkflp2nbJ7f1aqXOYlFGAfDuAIXDiHCtxAFWpA4Ble4QM+rSfrxXqz3ifRBSuf2YMpWF+/MVeX0Q==</latexit><latexit sha1_base64="ascvaqBt1yz2Vlrfjhr0GV38l5M=">AAACCXicbVDLSsNAFL3xWesr6tLNYBFEoSQi6EKh4MaFYAX7gKaEyWTSDp1JwsxEKKVf4MZfcSPiRsGNv+DfOG0D0tYDA4dzzuXOPUHKmdKO82MtLC4tr6wW1orrG5tb2/bObl0lmSS0RhKeyGaAFeUspjXNNKfNVFIsAk4bQe965DceqVQsiR90P6VtgTsxixjB2ki+fezdCdrBvkAnKKcD79bMh3j4J/XQFXJ9u+SUnTHQPHFzUoIcVd/+9sKEZILGmnCsVMt1Ut0eYKkZ4XRY9DJFU0x6uEMH40uG6NBIIYoSaV6s0VidymGhVF8EJimw7qpZbyT+57UyHV20ByxOM01jMlkUZRzpBI1qQSGTlGjeNwQTycwPEeliiYk25RXN6e7sofOkflp2nbJ7f1aqXOYlFGAfDuAIXDiHCtxAFWpA4Ble4QM+rSfrxXqz3ifRBSuf2YMpWF+/MVeX0Q==</latexit><latexit sha1_base64="ascvaqBt1yz2Vlrfjhr0GV38l5M=">AAACCXicbVDLSsNAFL3xWesr6tLNYBFEoSQi6EKh4MaFYAX7gKaEyWTSDp1JwsxEKKVf4MZfcSPiRsGNv+DfOG0D0tYDA4dzzuXOPUHKmdKO82MtLC4tr6wW1orrG5tb2/bObl0lmSS0RhKeyGaAFeUspjXNNKfNVFIsAk4bQe965DceqVQsiR90P6VtgTsxixjB2ki+fezdCdrBvkAnKKcD79bMh3j4J/XQFXJ9u+SUnTHQPHFzUoIcVd/+9sKEZILGmnCsVMt1Ut0eYKkZ4XRY9DJFU0x6uEMH40uG6NBIIYoSaV6s0VidymGhVF8EJimw7qpZbyT+57UyHV20ByxOM01jMlkUZRzpBI1qQSGTlGjeNwQTycwPEeliiYk25RXN6e7sofOkflp2nbJ7f1aqXOYlFGAfDuAIXDiHCtxAFWpA4Ble4QM+rSfrxXqz3ifRBSuf2YMpWF+/MVeX0Q==</latexit><latexit sha1_base64="ascvaqBt1yz2Vlrfjhr0GV38l5M=">AAACCXicbVDLSsNAFL3xWesr6tLNYBFEoSQi6EKh4MaFYAX7gKaEyWTSDp1JwsxEKKVf4MZfcSPiRsGNv+DfOG0D0tYDA4dzzuXOPUHKmdKO82MtLC4tr6wW1orrG5tb2/bObl0lmSS0RhKeyGaAFeUspjXNNKfNVFIsAk4bQe965DceqVQsiR90P6VtgTsxixjB2ki+fezdCdrBvkAnKKcD79bMh3j4J/XQFXJ9u+SUnTHQPHFzUoIcVd/+9sKEZILGmnCsVMt1Ut0eYKkZ4XRY9DJFU0x6uEMH40uG6NBIIYoSaV6s0VidymGhVF8EJimw7qpZbyT+57UyHV20ByxOM01jMlkUZRzpBI1qQSGTlGjeNwQTycwPEeliiYk25RXN6e7sofOkflp2nbJ7f1aqXOYlFGAfDuAIXDiHCtxAFWpA4Ble4QM+rSfrxXqz3ifRBSuf2YMpWF+/MVeX0Q==</latexit>

mass density
cosmological 

constant

curvature



© 2007 Pearson Education Inc., publishing as Pearson Addison-Wesley

recombination

nucleosynthesis
~ 3 minutes

~380,000 year

T ~ 1010 K
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Basic parameters of cosmology
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Measurements of  the gravitating mass density

• Cluster M/L
– measure M/L of a cluster, combine with measured 

luminosity density of universe.
• Weak lensing

– measure shear over large scales
• Peculiar Velocity Field

– measure deviations from Hubble flow
• Power spectrum of galaxies
• CMB fits



(1981)

Virgocentric infall

The Virgo cluster is the largest nearby over-density.
Its gravity distorts the Hubble flow.
We fall towards it so it appears to recede less than 
it should by an amount that depends on its mass



�⇢

⇢

Vp

VHLines are lines of constant ⌦m

Davis et al. (1980) found

⌦m = 0.4± 0.1

with modern distances this becomes

⌦m = 0.25± 0.05

basically unchanged for nearly 40 years



SDSS clustering
(Zehavi et al 2011)

Red galaxies cluster more 
strongly than blue galaxies



2MASS galaxy distribution on sky in Galactic coordinates

Blue points lower redshift, red points higher redshift

Jarrett et al.



⌦mh ⇡ 0.2



Basically all data suggest a gravitating mass density

1

4
< ⌦m <

1

3

What about baryons?



Primordial Nucleosynthesis (BBN):

When the universe is just a few minutes old,
the Temperature and Density are just right
for it to be one Big Nuclear Furnace:

The light elements
Hydrogen, Helium, and Lithium

are made at this time.

Gamow
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Big Bang theory prediction:   75% H, 25% He  (by mass)

Matches observations of nearly primordial gases
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Ωb

BBN gets the 
abundances of 
deuterium, 
helium, and 
lithium right if the 
mass density is 
about 4% of the 
critical density.



There’s more mass than BBN allows in baryons

2
H

3
He

4
He

7Li

CMB
Compilation

⌦b from BBN

⌦mgravitating mass density

⌦m > ⌦b

M
as

s d
en
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ty



⌦b ⇡ 0.04

⌦m ⇡ 0.30

Mb < fbM200

X
⌦b,obs < ⌦b,BBN

⌦b,BBN < ⌦m

BBN baryon density

gravitating mass density

halo missing baryon problem
(not enough baryons in each DM halo)

cosmic missing baryon problem
(not enough baryons for BBN)

cosmic missing mass problem
(not enough BBN baryons to explain 
all the mass in the Universe)

There is a hierarchy of missing mass problems



The global missing baryon problem

Cosmic baryon budget
(Shull et al arXiv:1112.2706)

@ z = 0

Big Bang Nucleosynthesis
CMB fits give 

⌦bh
2 = 0.022

⌦bh
2 ⇡ 0.017

Sum of known baryons only

⌦mh2 ⇡ 0.13

Total mass density


