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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

Ωm = Ωb + ΩDM

ΩDM

Ωb

ΩΛ



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

The expansion history depends on density.

⌦m = 1
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⌦m > 1
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⌦m < 1
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⌦m + ⌦⇤ + ⌦k = 1
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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



Measurements of  the gravitating mass density

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

with measured luminosity density 
of universe.

– j from integrating the luminosity 
function of galaxies:

– Also, cluster baryon fractions:

– both assume clusters are 
representative of the whole.

ρm = ( M
L ) j

Ωm =
Ωb

fb
fb =

Mb

Mtot

Ωm ≈
1
4

Bahcall, Lubin, & Dorman (1995)



Measurements of  the gravitating mass density

• Weak lensing
– measure shear over large scales

Ωm ≈ 0.18 ± 0.04 Ωm = 0.179+0.031
−0.038

Dark Energy Survey 
arxiv:2002.11124



Measurements of  the gravitating mass density

• Peculiar Velocity Field
– measure deviations from Hubble flow

⌦m = 0.25± 0.05

δv
v

≈
d ln H
d ln ρ

δρ
ρ

≈ −
1
3

Ω0.6
m

b

δρg

ρg

in linear regime
δρ
ρ

≪ 1
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The power spectrum provides a statistical 
description of the clustering of galaxies, 
which are not randomly distributed in space

Jarrett et al.



• Power spectrum of galaxies δ ≡
δρ
ρ

The power spectrum is commonly used to quantify large scale structure.
It is the related to the 2 point correlation function via Fourier transform.

ξ( ⃗r ) = ⟨δ( ⃗x )δ( ⃗x + ⃗r )⟩2 point correlation function:

The 2 point correlation function is the probability of finding one 
galaxy near another in excess over a random distribution.

Power spectrum: P(k) = ⟨ |δk |2 ⟩ k =
2π
λ

where

ξ( ⃗r ) =
V

(2π)3 ∫ |δk |2 e−i ⃗k ⋅ ⃗rd3k averaged over volume V

where k is the wavenumber corresponding to the scale λ

P(k)

Fourier transform:



Power Spectrum

Example: weather in Cleveland and Santa Barbara
More power on long time scales in Cleveland (seasonal variation)



Power Spectrum

Example: weather in Cleveland and Santa Barbara
Similar power on short time scales in Santa Barbara (diurnal variation)

Cleveland forecast

Santa Barbara forecast

A power spectrum is a Fourier transform that 
quantifies the relative variability on different scales



• Power spectrum of galaxies δ ≡
δρ
ρ

Power law power spectrum: P(k) = ⟨ |δk |2 ⟩ ∝ kn

k =
2π
λ

where n = 1 is scale free, with the same power on all scales.
This is observed to be nearly the case on large scales that have not 
yet collapsed. It is modulated on small scales by structure formation.

λOne way to think of it is the rms variation at each scale 

M ∼ λ3 δrms ∝ M−(n+3)/6

There is more rms variance on small scales, so more power there.
[On very large scales, the universe is homogeneous, so no variance.]

By convention, the normalization is set on a scale of 8 Mpc, where

δNgal

Ngal
= 1 with corresponding mass variance σ8



Planck estimates:
σ8 = 0.811 ± 0.006
n = 0.965 ± 0.004

P(k)
∝ k0

.965
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radiation equality

λJ = cs
π

Gρ

sound speed

c2
s =

∂P
∂ρ

=
1
3

c2

at smaller scales, things go 
non-linear from gravitational 
collapse, pressure, dissipation, 
feedback, etc. Described by a 
Transfer function

P(k) ∝
k −2

T(k) ≡
δk(z = 0)
D(z)δk(z)

where D(z) is the linear growth 
factor - what it would have been 
without all these nasty non-linear 
effects.



Power spectrum at z = 0



From an accident report in the Boston Driver’s Handbook: 
“The guy was all over the road. I had to swerve several times before I hit him.”

The power spectrum of SCDM missed badly:

too much power on small scales;

too little power on large scales.

⌦m = 1
<latexit sha1_base64="CxaUCHXrWFfA2snv4UG+llxBZfw=">AAAB6XicbVDLSgMxFL3js9ZX1aWbYBFclYkIulAouHFnBfuATimZ9E4bmswMSUYopR/hRsSNgj/jL/g3pu1s2nogcDjnhHvPDVMpjPX9X29tfWNza7uwU9zd2z84LB0dN0ySaY51nshEt0JmUIoY61ZYia1UI1OhxGY4vJ/6zRfURiTxsx2l2FGsH4tIcGadFASPCvusq8gdod1S2a/4M5BVQnNShhy1bukn6CU8UxhbLpkxbeqntjNm2goucVIMMoMp40PWx/Fs0wk5d1KPRIl2L7Zkpi7kmDJmpEKXVMwOzLI3Ff/z2pmNbjpjEaeZxZjPB0WZJDYh09qkJzRyK0eOMK6F25DwAdOMW3ecoqtOl4uuksZlhfoV+nRVrt7mRyjAKZzBBVC4hio8QA3qwCGFN/iEL2/ovXrv3sc8uublf05gAd73H14ojFY=</latexit><latexit sha1_base64="CxaUCHXrWFfA2snv4UG+llxBZfw=">AAAB6XicbVDLSgMxFL3js9ZX1aWbYBFclYkIulAouHFnBfuATimZ9E4bmswMSUYopR/hRsSNgj/jL/g3pu1s2nogcDjnhHvPDVMpjPX9X29tfWNza7uwU9zd2z84LB0dN0ySaY51nshEt0JmUIoY61ZYia1UI1OhxGY4vJ/6zRfURiTxsx2l2FGsH4tIcGadFASPCvusq8gdod1S2a/4M5BVQnNShhy1bukn6CU8UxhbLpkxbeqntjNm2goucVIMMoMp40PWx/Fs0wk5d1KPRIl2L7Zkpi7kmDJmpEKXVMwOzLI3Ff/z2pmNbjpjEaeZxZjPB0WZJDYh09qkJzRyK0eOMK6F25DwAdOMW3ecoqtOl4uuksZlhfoV+nRVrt7mRyjAKZzBBVC4hio8QA3qwCGFN/iEL2/ovXrv3sc8uublf05gAd73H14ojFY=</latexit><latexit sha1_base64="CxaUCHXrWFfA2snv4UG+llxBZfw=">AAAB6XicbVDLSgMxFL3js9ZX1aWbYBFclYkIulAouHFnBfuATimZ9E4bmswMSUYopR/hRsSNgj/jL/g3pu1s2nogcDjnhHvPDVMpjPX9X29tfWNza7uwU9zd2z84LB0dN0ySaY51nshEt0JmUIoY61ZYia1UI1OhxGY4vJ/6zRfURiTxsx2l2FGsH4tIcGadFASPCvusq8gdod1S2a/4M5BVQnNShhy1bukn6CU8UxhbLpkxbeqntjNm2goucVIMMoMp40PWx/Fs0wk5d1KPRIl2L7Zkpi7kmDJmpEKXVMwOzLI3Ff/z2pmNbjpjEaeZxZjPB0WZJDYh09qkJzRyK0eOMK6F25DwAdOMW3ecoqtOl4uuksZlhfoV+nRVrt7mRyjAKZzBBVC4hio8QA3qwCGFN/iEL2/ovXrv3sc8uublf05gAd73H14ojFY=</latexit><latexit sha1_base64="CxaUCHXrWFfA2snv4UG+llxBZfw=">AAAB6XicbVDLSgMxFL3js9ZX1aWbYBFclYkIulAouHFnBfuATimZ9E4bmswMSUYopR/hRsSNgj/jL/g3pu1s2nogcDjnhHvPDVMpjPX9X29tfWNza7uwU9zd2z84LB0dN0ySaY51nshEt0JmUIoY61ZYia1UI1OhxGY4vJ/6zRfURiTxsx2l2FGsH4tIcGadFASPCvusq8gdod1S2a/4M5BVQnNShhy1bukn6CU8UxhbLpkxbeqntjNm2goucVIMMoMp40PWx/Fs0wk5d1KPRIl2L7Zkpi7kmDJmpEKXVMwOzLI3Ff/z2pmNbjpjEaeZxZjPB0WZJDYh09qkJzRyK0eOMK6F25DwAdOMW3ecoqtOl4uuksZlhfoV+nRVrt7mRyjAKZzBBVC4hio8QA3qwCGFN/iEL2/ovXrv3sc8uublf05gAd73H14ojFY=</latexit>

H0 = 50
<latexit sha1_base64="xfu4Xwg5gKWax2HbXdP4UC342J0=">AAAB5XicbVDLSkMxFDypr1pfVZdugkVwVXJF0YVCwU2XFewD2lJy09w2NPdBcq5QSj/BjYgbBX/HX/BvTNu7aetAYJiZcM4cP9HKImO/JLexubW9k98t7O0fHB4Vj08aNk6NkHUR69i0fG6lVpGso0ItW4mRPPS1bPqjx5nffJHGqjh6xnEiuyEfRCpQgqOTWtUeow/0hvWKJVZmc9B14mWkBBlqveJPpx+LNJQRCs2tbXsswe6EG1RCy2mhk1qZcDHiAzmZbzmlF07q0yA27kVI5+pSjofWjkPfJUOOQ7vqzcT/vHaKwV13oqIkRRmJxaAg1RRjOqtM+8pIgXrsCBdGuQ2pGHLDBbrDFFx1b7XoOmlclT1W9p6uS5X77Ah5OINzuAQPbqECVahBHQRoeINP+CID8kreyccimiPZn1NYAvn+A7yLiig=</latexit><latexit sha1_base64="xfu4Xwg5gKWax2HbXdP4UC342J0=">AAAB5XicbVDLSkMxFDypr1pfVZdugkVwVXJF0YVCwU2XFewD2lJy09w2NPdBcq5QSj/BjYgbBX/HX/BvTNu7aetAYJiZcM4cP9HKImO/JLexubW9k98t7O0fHB4Vj08aNk6NkHUR69i0fG6lVpGso0ItW4mRPPS1bPqjx5nffJHGqjh6xnEiuyEfRCpQgqOTWtUeow/0hvWKJVZmc9B14mWkBBlqveJPpx+LNJQRCs2tbXsswe6EG1RCy2mhk1qZcDHiAzmZbzmlF07q0yA27kVI5+pSjofWjkPfJUOOQ7vqzcT/vHaKwV13oqIkRRmJxaAg1RRjOqtM+8pIgXrsCBdGuQ2pGHLDBbrDFFx1b7XoOmlclT1W9p6uS5X77Ah5OINzuAQPbqECVahBHQRoeINP+CID8kreyccimiPZn1NYAvn+A7yLiig=</latexit><latexit sha1_base64="xfu4Xwg5gKWax2HbXdP4UC342J0=">AAAB5XicbVDLSkMxFDypr1pfVZdugkVwVXJF0YVCwU2XFewD2lJy09w2NPdBcq5QSj/BjYgbBX/HX/BvTNu7aetAYJiZcM4cP9HKImO/JLexubW9k98t7O0fHB4Vj08aNk6NkHUR69i0fG6lVpGso0ItW4mRPPS1bPqjx5nffJHGqjh6xnEiuyEfRCpQgqOTWtUeow/0hvWKJVZmc9B14mWkBBlqveJPpx+LNJQRCs2tbXsswe6EG1RCy2mhk1qZcDHiAzmZbzmlF07q0yA27kVI5+pSjofWjkPfJUOOQ7vqzcT/vHaKwV13oqIkRRmJxaAg1RRjOqtM+8pIgXrsCBdGuQ2pGHLDBbrDFFx1b7XoOmlclT1W9p6uS5X77Ah5OINzuAQPbqECVahBHQRoeINP+CID8kreyccimiPZn1NYAvn+A7yLiig=</latexit><latexit sha1_base64="xfu4Xwg5gKWax2HbXdP4UC342J0=">AAAB5XicbVDLSkMxFDypr1pfVZdugkVwVXJF0YVCwU2XFewD2lJy09w2NPdBcq5QSj/BjYgbBX/HX/BvTNu7aetAYJiZcM4cP9HKImO/JLexubW9k98t7O0fHB4Vj08aNk6NkHUR69i0fG6lVpGso0ItW4mRPPS1bPqjx5nffJHGqjh6xnEiuyEfRCpQgqOTWtUeow/0hvWKJVZmc9B14mWkBBlqveJPpx+LNJQRCs2tbXsswe6EG1RCy2mhk1qZcDHiAzmZbzmlF07q0yA27kVI5+pSjofWjkPfJUOOQ7vqzcT/vHaKwV13oqIkRRmJxaAg1RRjOqtM+8pIgXrsCBdGuQ2pGHLDBbrDFFx1b7XoOmlclT1W9p6uS5X77Ah5OINzuAQPbqECVahBHQRoeINP+CID8kreyccimiPZn1NYAvn+A7yLiig=</latexit>

SCDM (“Standard” CDM)

⌦mh = 0.5
<latexit sha1_base64="nZ/8ku0Y7LQ4SFGPf6BHw6Hh0Bk=">AAAB73icbVDLSgMxFL1TX7W+Rl26CRbB1ZARRRcKBTfurGAf0JYhk2ba0GRmTDKFUvodbkTcKPgn/oJ/Y9rOpq0HAodzTrj33DAVXBuMf53C2vrG5lZxu7Szu7d/4B4e1XWSKcpqNBGJaoZEM8FjVjPcCNZMFSMyFKwRDu6nfmPIlOZJ/GxGKetI0ot5xCkxVgpct/0oWY8EEvXRHcLeVeCWsYdnQKvEz0kZclQD96fdTWgmWWyoIFq3fJyazpgow6lgk1I70ywldEB6bDzbd4LOrNRFUaLsiw2aqQs5IrUeydAmJTF9vexNxf+8Vmaim86Yx2lmWEzng6JMIJOgaXnU5YpRI0aWEKq43RDRPlGEGnuikq3uLxddJfULz8ee/3RZrtzmRyjCCZzCOfhwDRV4gCrUgMIQ3uATvpwX59V5dz7m0YKT/zmGBTjff9NQjZk=</latexit><latexit sha1_base64="nZ/8ku0Y7LQ4SFGPf6BHw6Hh0Bk=">AAAB73icbVDLSgMxFL1TX7W+Rl26CRbB1ZARRRcKBTfurGAf0JYhk2ba0GRmTDKFUvodbkTcKPgn/oJ/Y9rOpq0HAodzTrj33DAVXBuMf53C2vrG5lZxu7Szu7d/4B4e1XWSKcpqNBGJaoZEM8FjVjPcCNZMFSMyFKwRDu6nfmPIlOZJ/GxGKetI0ot5xCkxVgpct/0oWY8EEvXRHcLeVeCWsYdnQKvEz0kZclQD96fdTWgmWWyoIFq3fJyazpgow6lgk1I70ywldEB6bDzbd4LOrNRFUaLsiw2aqQs5IrUeydAmJTF9vexNxf+8Vmaim86Yx2lmWEzng6JMIJOgaXnU5YpRI0aWEKq43RDRPlGEGnuikq3uLxddJfULz8ee/3RZrtzmRyjCCZzCOfhwDRV4gCrUgMIQ3uATvpwX59V5dz7m0YKT/zmGBTjff9NQjZk=</latexit><latexit sha1_base64="nZ/8ku0Y7LQ4SFGPf6BHw6Hh0Bk=">AAAB73icbVDLSgMxFL1TX7W+Rl26CRbB1ZARRRcKBTfurGAf0JYhk2ba0GRmTDKFUvodbkTcKPgn/oJ/Y9rOpq0HAodzTrj33DAVXBuMf53C2vrG5lZxu7Szu7d/4B4e1XWSKcpqNBGJaoZEM8FjVjPcCNZMFSMyFKwRDu6nfmPIlOZJ/GxGKetI0ot5xCkxVgpct/0oWY8EEvXRHcLeVeCWsYdnQKvEz0kZclQD96fdTWgmWWyoIFq3fJyazpgow6lgk1I70ywldEB6bDzbd4LOrNRFUaLsiw2aqQs5IrUeydAmJTF9vexNxf+8Vmaim86Yx2lmWEzng6JMIJOgaXnU5YpRI0aWEKq43RDRPlGEGnuikq3uLxddJfULz8ee/3RZrtzmRyjCCZzCOfhwDRV4gCrUgMIQ3uATvpwX59V5dz7m0YKT/zmGBTjff9NQjZk=</latexit><latexit sha1_base64="nZ/8ku0Y7LQ4SFGPf6BHw6Hh0Bk=">AAAB73icbVDLSgMxFL1TX7W+Rl26CRbB1ZARRRcKBTfurGAf0JYhk2ba0GRmTDKFUvodbkTcKPgn/oJ/Y9rOpq0HAodzTrj33DAVXBuMf53C2vrG5lZxu7Szu7d/4B4e1XWSKcpqNBGJaoZEM8FjVjPcCNZMFSMyFKwRDu6nfmPIlOZJ/GxGKetI0ot5xCkxVgpct/0oWY8EEvXRHcLeVeCWsYdnQKvEz0kZclQD96fdTWgmWWyoIFq3fJyazpgow6lgk1I70ywldEB6bDzbd4LOrNRFUaLsiw2aqQs5IrUeydAmJTF9vexNxf+8Vmaim86Yx2lmWEzng6JMIJOgaXnU5YpRI0aWEKq43RDRPlGEGnuikq3uLxddJfULz8ee/3RZrtzmRyjCCZzCOfhwDRV4gCrUgMIQ3uATvpwX59V5dz7m0YKT/zmGBTjff9NQjZk=</latexit>

COBE

⌦mh = 0.5
<latexit sha1_base64="LkCm+nSkJzVu/8tuQnajbh6Pbjs=">AAAB73icdVDNSgMxGMzWv1r/Vj16CRbB05Kta1sPQsGLNyvYH2jLkk2zbWiyuybZQil9Di8iXhR8E1/BtzHb1kNFBwKTmQn55gsSzpRG6MvKra1vbG7ltws7u3v7B/bhUVPFqSS0QWIey3aAFeUsog3NNKftRFIsAk5bwegm81tjKhWLowc9SWhP4EHEQkawNpJv2907QQfYF3AIryFyLn27iJyrarnklc0VoYpbcjNSqngXHnSNkqEIlqj79me3H5NU0EgTjpXquCjRvSmWmhFOZ4VuqmiCyQgP6HQ+7wyeGakPw1iaE2k4V1dyWCg1EYFJCqyH6reXiX95nVSH1d6URUmqaUQWH4UphzqGWXnYZ5ISzSeGYCKZmRCSIZaYaLOigqn+0w/+T5olx0WOe+8Va9XlEvLgBJyCc+CCCqiBW1AHDUDAGDyDN/BuPVpP1ov1uojmrOWbY7AC6+MbL6aN1w==</latexit><latexit sha1_base64="LkCm+nSkJzVu/8tuQnajbh6Pbjs=">AAAB73icdVDNSgMxGMzWv1r/Vj16CRbB05Kta1sPQsGLNyvYH2jLkk2zbWiyuybZQil9Di8iXhR8E1/BtzHb1kNFBwKTmQn55gsSzpRG6MvKra1vbG7ltws7u3v7B/bhUVPFqSS0QWIey3aAFeUsog3NNKftRFIsAk5bwegm81tjKhWLowc9SWhP4EHEQkawNpJv2907QQfYF3AIryFyLn27iJyrarnklc0VoYpbcjNSqngXHnSNkqEIlqj79me3H5NU0EgTjpXquCjRvSmWmhFOZ4VuqmiCyQgP6HQ+7wyeGakPw1iaE2k4V1dyWCg1EYFJCqyH6reXiX95nVSH1d6URUmqaUQWH4UphzqGWXnYZ5ISzSeGYCKZmRCSIZaYaLOigqn+0w/+T5olx0WOe+8Va9XlEvLgBJyCc+CCCqiBW1AHDUDAGDyDN/BuPVpP1ov1uojmrOWbY7AC6+MbL6aN1w==</latexit><latexit sha1_base64="LkCm+nSkJzVu/8tuQnajbh6Pbjs=">AAAB73icdVDNSgMxGMzWv1r/Vj16CRbB05Kta1sPQsGLNyvYH2jLkk2zbWiyuybZQil9Di8iXhR8E1/BtzHb1kNFBwKTmQn55gsSzpRG6MvKra1vbG7ltws7u3v7B/bhUVPFqSS0QWIey3aAFeUsog3NNKftRFIsAk5bwegm81tjKhWLowc9SWhP4EHEQkawNpJv2907QQfYF3AIryFyLn27iJyrarnklc0VoYpbcjNSqngXHnSNkqEIlqj79me3H5NU0EgTjpXquCjRvSmWmhFOZ4VuqmiCyQgP6HQ+7wyeGakPw1iaE2k4V1dyWCg1EYFJCqyH6reXiX95nVSH1d6URUmqaUQWH4UphzqGWXnYZ5ISzSeGYCKZmRCSIZaYaLOigqn+0w/+T5olx0WOe+8Va9XlEvLgBJyCc+CCCqiBW1AHDUDAGDyDN/BuPVpP1ov1uojmrOWbY7AC6+MbL6aN1w==</latexit><latexit sha1_base64="LkCm+nSkJzVu/8tuQnajbh6Pbjs=">AAAB73icdVDNSgMxGMzWv1r/Vj16CRbB05Kta1sPQsGLNyvYH2jLkk2zbWiyuybZQil9Di8iXhR8E1/BtzHb1kNFBwKTmQn55gsSzpRG6MvKra1vbG7ltws7u3v7B/bhUVPFqSS0QWIey3aAFeUsog3NNKftRFIsAk5bwegm81tjKhWLowc9SWhP4EHEQkawNpJv2907QQfYF3AIryFyLn27iJyrarnklc0VoYpbcjNSqngXHnSNkqEIlqj79me3H5NU0EgTjpXquCjRvSmWmhFOZ4VuqmiCyQgP6HQ+7wyeGakPw1iaE2k4V1dyWCg1EYFJCqyH6reXiX95nVSH1d6URUmqaUQWH4UphzqGWXnYZ5ISzSeGYCKZmRCSIZaYaLOigqn+0w/+T5olx0WOe+8Va9XlEvLgBJyCc+CCCqiBW1AHDUDAGDyDN/BuPVpP1ov1uojmrOWbY7AC6+MbL6aN1w==</latexit>

�8 = 0.7
<latexit sha1_base64="L2AlndBXt/Svv0t8i00lT0JQXA0=">AAAB63icdVDLSgMxFL3js9ZX1aWbYBFcDZk6dMaFUHDjsoJ9QFtLJs20oZkHSUYopV/hRsSNgv/iL/g3Ztq6qOiBwMk5J+SeG6SCK43xl7W2vrG5tV3YKe7u7R8clo6OmyrJJGUNmohEtgOimOAxa2iuBWunkpEoEKwVjG9yv/XIpOJJfK8nKetFZBjzkFOijfTQVXwYkb6PrhG2vX6pjO0rv1pxq+aKsedUnJxUPPfSRY5RcpRhiXq/9NkdJDSLWKypIEp1HJzq3pRIzalgs2I3UywldEyGbDqfdYbOjTRAYSLNiTWaqys5Eik1iQKTjIgeqd9eLv7ldTId+r0pj9NMs5guPgozgXSC8uJowCWjWkwMIVRyMyGiIyIJ1WY9RVP9px/6nzQrtoNt584t1/zlEgpwCmdwAQ54UINbqEMDKEh4hjd4tyLryXqxXhfRNWv55gRWYH18A40QjP8=</latexit><latexit sha1_base64="L2AlndBXt/Svv0t8i00lT0JQXA0=">AAAB63icdVDLSgMxFL3js9ZX1aWbYBFcDZk6dMaFUHDjsoJ9QFtLJs20oZkHSUYopV/hRsSNgv/iL/g3Ztq6qOiBwMk5J+SeG6SCK43xl7W2vrG5tV3YKe7u7R8clo6OmyrJJGUNmohEtgOimOAxa2iuBWunkpEoEKwVjG9yv/XIpOJJfK8nKetFZBjzkFOijfTQVXwYkb6PrhG2vX6pjO0rv1pxq+aKsedUnJxUPPfSRY5RcpRhiXq/9NkdJDSLWKypIEp1HJzq3pRIzalgs2I3UywldEyGbDqfdYbOjTRAYSLNiTWaqys5Eik1iQKTjIgeqd9eLv7ldTId+r0pj9NMs5guPgozgXSC8uJowCWjWkwMIVRyMyGiIyIJ1WY9RVP9px/6nzQrtoNt584t1/zlEgpwCmdwAQ54UINbqEMDKEh4hjd4tyLryXqxXhfRNWv55gRWYH18A40QjP8=</latexit><latexit sha1_base64="L2AlndBXt/Svv0t8i00lT0JQXA0=">AAAB63icdVDLSgMxFL3js9ZX1aWbYBFcDZk6dMaFUHDjsoJ9QFtLJs20oZkHSUYopV/hRsSNgv/iL/g3Ztq6qOiBwMk5J+SeG6SCK43xl7W2vrG5tV3YKe7u7R8clo6OmyrJJGUNmohEtgOimOAxa2iuBWunkpEoEKwVjG9yv/XIpOJJfK8nKetFZBjzkFOijfTQVXwYkb6PrhG2vX6pjO0rv1pxq+aKsedUnJxUPPfSRY5RcpRhiXq/9NkdJDSLWKypIEp1HJzq3pRIzalgs2I3UywldEyGbDqfdYbOjTRAYSLNiTWaqys5Eik1iQKTjIgeqd9eLv7ldTId+r0pj9NMs5guPgozgXSC8uJowCWjWkwMIVRyMyGiIyIJ1WY9RVP9px/6nzQrtoNt584t1/zlEgpwCmdwAQ54UINbqEMDKEh4hjd4tyLryXqxXhfRNWv55gRWYH18A40QjP8=</latexit><latexit sha1_base64="L2AlndBXt/Svv0t8i00lT0JQXA0=">AAAB63icdVDLSgMxFL3js9ZX1aWbYBFcDZk6dMaFUHDjsoJ9QFtLJs20oZkHSUYopV/hRsSNgv/iL/g3Ztq6qOiBwMk5J+SeG6SCK43xl7W2vrG5tV3YKe7u7R8clo6OmyrJJGUNmohEtgOimOAxa2iuBWunkpEoEKwVjG9yv/XIpOJJfK8nKetFZBjzkFOijfTQVXwYkb6PrhG2vX6pjO0rv1pxq+aKsedUnJxUPPfSRY5RcpRhiXq/9NkdJDSLWKypIEp1HJzq3pRIzalgs2I3UywldEyGbDqfdYbOjTRAYSLNiTWaqys5Eik1iQKTjIgeqd9eLv7ldTId+r0pj9NMs5guPgozgXSC8uJowCWjWkwMIVRyMyGiIyIJ1WY9RVP9px/6nzQrtoNt584t1/zlEgpwCmdwAQ54UINbqEMDKEh4hjd4tyLryXqxXhfRNWv55gRWYH18A40QjP8=</latexit>

Fisher et al. (1993) ApJ, 402, 42

SCDM
<latexit sha1_base64="y3Qh6kYkd3oVYTJYgASfM2+uNGs=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgapgZh7buCnXhRqhoH9AOJZNm2tDMwyQjlNKfcCPiRsGP8Rf8GzNtXVT0QOBwzgn3nusnnEllWV9Gbm19Y3Mrv13Y2d3bPygeHrVknApCmyTmsej4WFLOItpUTHHaSQTFoc9p2x/XM7/9SIVkcXSvJgn1QjyMWMAIVlryeiFWIxFO7+pXN7N+sWSZl9Wy45aRZVpWxXbsjDgV98JFtlYylGCJRr/42RvEJA1ppAjHUnZtK1HeFAvFCKezQi+VNMFkjId0Ol91hs60NEBBLPSLFJqrKzkcSjkJfZ3MVpO/vUz8y+umKqh6UxYlqaIRWQwKUo5UjLLeaMAEJYpPNMFEML0hIiMsMFH6OgVd/acf+p+0HNO2TPvWLdWqyyPk4QRO4RxsqEANrqEBTSDwAM/wBu8GN56MF+N1Ec0Zyz/HsALj4xvG0o3j</latexit><latexit sha1_base64="y3Qh6kYkd3oVYTJYgASfM2+uNGs=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgapgZh7buCnXhRqhoH9AOJZNm2tDMwyQjlNKfcCPiRsGP8Rf8GzNtXVT0QOBwzgn3nusnnEllWV9Gbm19Y3Mrv13Y2d3bPygeHrVknApCmyTmsej4WFLOItpUTHHaSQTFoc9p2x/XM7/9SIVkcXSvJgn1QjyMWMAIVlryeiFWIxFO7+pXN7N+sWSZl9Wy45aRZVpWxXbsjDgV98JFtlYylGCJRr/42RvEJA1ppAjHUnZtK1HeFAvFCKezQi+VNMFkjId0Ol91hs60NEBBLPSLFJqrKzkcSjkJfZ3MVpO/vUz8y+umKqh6UxYlqaIRWQwKUo5UjLLeaMAEJYpPNMFEML0hIiMsMFH6OgVd/acf+p+0HNO2TPvWLdWqyyPk4QRO4RxsqEANrqEBTSDwAM/wBu8GN56MF+N1Ec0Zyz/HsALj4xvG0o3j</latexit><latexit sha1_base64="y3Qh6kYkd3oVYTJYgASfM2+uNGs=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgapgZh7buCnXhRqhoH9AOJZNm2tDMwyQjlNKfcCPiRsGP8Rf8GzNtXVT0QOBwzgn3nusnnEllWV9Gbm19Y3Mrv13Y2d3bPygeHrVknApCmyTmsej4WFLOItpUTHHaSQTFoc9p2x/XM7/9SIVkcXSvJgn1QjyMWMAIVlryeiFWIxFO7+pXN7N+sWSZl9Wy45aRZVpWxXbsjDgV98JFtlYylGCJRr/42RvEJA1ppAjHUnZtK1HeFAvFCKezQi+VNMFkjId0Ol91hs60NEBBLPSLFJqrKzkcSjkJfZ3MVpO/vUz8y+umKqh6UxYlqaIRWQwKUo5UjLLeaMAEJYpPNMFEML0hIiMsMFH6OgVd/acf+p+0HNO2TPvWLdWqyyPk4QRO4RxsqEANrqEBTSDwAM/wBu8GN56MF+N1Ec0Zyz/HsALj4xvG0o3j</latexit><latexit sha1_base64="y3Qh6kYkd3oVYTJYgASfM2+uNGs=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgapgZh7buCnXhRqhoH9AOJZNm2tDMwyQjlNKfcCPiRsGP8Rf8GzNtXVT0QOBwzgn3nusnnEllWV9Gbm19Y3Mrv13Y2d3bPygeHrVknApCmyTmsej4WFLOItpUTHHaSQTFoc9p2x/XM7/9SIVkcXSvJgn1QjyMWMAIVlryeiFWIxFO7+pXN7N+sWSZl9Wy45aRZVpWxXbsjDgV98JFtlYylGCJRr/42RvEJA1ppAjHUnZtK1HeFAvFCKezQi+VNMFkjId0Ol91hs60NEBBLPSLFJqrKzkcSjkJfZ3MVpO/vUz8y+umKqh6UxYlqaIRWQwKUo5UjLLeaMAEJYpPNMFEML0hIiMsMFH6OgVd/acf+p+0HNO2TPvWLdWqyyPk4QRO4RxsqEANrqEBTSDwAM/wBu8GN56MF+N1Ec0Zyz/HsALj4xvG0o3j</latexit>

observedΩmh ≈ 0.2

expected



m
issing satellites

LCDM

H0 = 70
<latexit sha1_base64="vCeQ0RR8KpEN7ZM2DZRYS0jsON0=">AAAB5XicbVDLSgMxFL1TX7W+qi7dBIvgqmREqAuFgpsuK9gHtKVk0kwbmpkMyR2hlH6CGxE3Cv6Ov+DfmLazaeuBwOGcE+49N0iUtEjpr5fb2t7Z3cvvFw4Oj45PiqdnTatTw0WDa6VNO2BWKBmLBkpUop0YwaJAiVYwfpz7rRdhrNTxM04S0YvYMJah5Ayd1K71KXkgFdovlmiZLkA2iZ+REmSo94s/3YHmaSRi5IpZ2/Fpgr 0pMyi5ErNCN7UiYXzMhmK62HJGrpw0IKE27sVIFupKjkXWTqLAJSOGI7vuzcX/vE6K4V1vKuMkRRHz5aAwVQQ1mVcmA2kERzVxhHEj3YaEj5hhHN1hCq66v150kzRvyj4t+0+3pep9doQ8XMAlXIMPFahCDerQAA4K3uATvryh9+q9ex/LaM7L/pzDCrzvP7+Biio=</latexit><latexit sha1_base64="vCeQ0RR8KpEN7ZM2DZRYS0jsON0=">AAAB5XicbVDLSgMxFL1TX7W+qi7dBIvgqmREqAuFgpsuK9gHtKVk0kwbmpkMyR2hlH6CGxE3Cv6Ov+DfmLazaeuBwOGcE+49N0iUtEjpr5fb2t7Z3cvvFw4Oj45PiqdnTatTw0WDa6VNO2BWKBmLBkpUop0YwaJAiVYwfpz7rRdhrNTxM04S0YvYMJah5Ayd1K71KXkgFdovlmiZLkA2iZ+REmSo94s/3YHmaSRi5IpZ2/Fpgr 0pMyi5ErNCN7UiYXzMhmK62HJGrpw0IKE27sVIFupKjkXWTqLAJSOGI7vuzcX/vE6K4V1vKuMkRRHz5aAwVQQ1mVcmA2kERzVxhHEj3YaEj5hhHN1hCq66v150kzRvyj4t+0+3pep9doQ8XMAlXIMPFahCDerQAA4K3uATvryh9+q9ex/LaM7L/pzDCrzvP7+Biio=</latexit><latexit sha1_base64="vCeQ0RR8KpEN7ZM2DZRYS0jsON0=">AAAB5XicbVDLSgMxFL1TX7W+qi7dBIvgqmREqAuFgpsuK9gHtKVk0kwbmpkMyR2hlH6CGxE3Cv6Ov+DfmLazaeuBwOGcE+49N0iUtEjpr5fb2t7Z3cvvFw4Oj45PiqdnTatTw0WDa6VNO2BWKBmLBkpUop0YwaJAiVYwfpz7rRdhrNTxM04S0YvYMJah5Ayd1K71KXkgFdovlmiZLkA2iZ+REmSo94s/3YHmaSRi5IpZ2/Fpgr 0pMyi5ErNCN7UiYXzMhmK62HJGrpw0IKE27sVIFupKjkXWTqLAJSOGI7vuzcX/vE6K4V1vKuMkRRHz5aAwVQQ1mVcmA2kERzVxhHEj3YaEj5hhHN1hCq66v150kzRvyj4t+0+3pep9doQ8XMAlXIMPFahCDerQAA4K3uATvryh9+q9ex/LaM7L/pzDCrzvP7+Biio=</latexit><latexit sha1_base64="vCeQ0RR8KpEN7ZM2DZRYS0jsON0=">AAAB5XicbVDLSgMxFL1TX7W+qi7dBIvgqmREqAuFgpsuK9gHtKVk0kwbmpkMyR2hlH6CGxE3Cv6Ov+DfmLazaeuBwOGcE+49N0iUtEjpr5fb2t7Z3cvvFw4Oj45PiqdnTatTw0WDa6VNO2BWKBmLBkpUop0YwaJAiVYwfpz7rRdhrNTxM04S0YvYMJah5Ayd1K71KXkgFdovlmiZLkA2iZ+REmSo94s/3YHmaSRi5IpZ2/Fpgr 0pMyi5ErNCN7UiYXzMhmK62HJGrpw0IKE27sVIFupKjkXWTqLAJSOGI7vuzcX/vE6K4V1vKuMkRRHz5aAwVQQ1mVcmA2kERzVxhHEj3YaEj5hhHN1hCq66v150kzRvyj4t+0+3pep9doQ8XMAlXIMPFahCDerQAA4K3uATvryh9+q9ex/LaM7L/pzDCrzvP7+Biio=</latexit>

⌦m = 0.3
<latexit sha1_base64="Sk2n4HrfM24cF2QUDeO4WAP4NpU=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgapjRgi4UCm7cWcE+oK0lk95pQ5OZIckIpfQr3Ii4UfBf/AX/xrSdTVsPBA7nnHDvuUEiuDae9+vk1tY3Nrfy24Wd3b39g+LhUV3HqWJYY7GIVTOgGgWPsGa4EdhMFFIZCGwEw7up33hBpXkcPZlRgh1J+xEPOaPGSs/tB4l92pXklnjuZbdY8lxvBrJK/IyUIEO1W/xp92KWSowME1 Trlu8lpjOmynAmcFJopxoTyoa0j+PZrhNyZqUeCWNlX2TITF3IUan1SAY2KakZ6GVvKv7ntVITXnfGPEpSgxGbDwpTQUxMpsVJjytkRowsoUxxuyFhA6ooM/Y8BVvdXy66SuoXru+5/mO5VLnJjpCHEziFc/DhCipwD1WoAQMFb/AJX450Xp1352MezTnZn2NYgPP9Bz2DjMo=</latexit><latexit sha1_base64="Sk2n4HrfM24cF2QUDeO4WAP4NpU=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgapjRgi4UCm7cWcE+oK0lk95pQ5OZIckIpfQr3Ii4UfBf/AX/xrSdTVsPBA7nnHDvuUEiuDae9+vk1tY3Nrfy24Wd3b39g+LhUV3HqWJYY7GIVTOgGgWPsGa4EdhMFFIZCGwEw7up33hBpXkcPZlRgh1J+xEPOaPGSs/tB4l92pXklnjuZbdY8lxvBrJK/IyUIEO1W/xp92KWSowME1 Trlu8lpjOmynAmcFJopxoTyoa0j+PZrhNyZqUeCWNlX2TITF3IUan1SAY2KakZ6GVvKv7ntVITXnfGPEpSgxGbDwpTQUxMpsVJjytkRowsoUxxuyFhA6ooM/Y8BVvdXy66SuoXru+5/mO5VLnJjpCHEziFc/DhCipwD1WoAQMFb/AJX450Xp1352MezTnZn2NYgPP9Bz2DjMo=</latexit><latexit sha1_base64="Sk2n4HrfM24cF2QUDeO4WAP4NpU=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgapjRgi4UCm7cWcE+oK0lk95pQ5OZIckIpfQr3Ii4UfBf/AX/xrSdTVsPBA7nnHDvuUEiuDae9+vk1tY3Nrfy24Wd3b39g+LhUV3HqWJYY7GIVTOgGgWPsGa4EdhMFFIZCGwEw7up33hBpXkcPZlRgh1J+xEPOaPGSs/tB4l92pXklnjuZbdY8lxvBrJK/IyUIEO1W/xp92KWSowME1 Trlu8lpjOmynAmcFJopxoTyoa0j+PZrhNyZqUeCWNlX2TITF3IUan1SAY2KakZ6GVvKv7ntVITXnfGPEpSgxGbDwpTQUxMpsVJjytkRowsoUxxuyFhA6ooM/Y8BVvdXy66SuoXru+5/mO5VLnJjpCHEziFc/DhCipwD1WoAQMFb/AJX450Xp1352MezTnZn2NYgPP9Bz2DjMo=</latexit><latexit sha1_base64="Sk2n4HrfM24cF2QUDeO4WAP4NpU=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgapjRgi4UCm7cWcE+oK0lk95pQ5OZIckIpfQr3Ii4UfBf/AX/xrSdTVsPBA7nnHDvuUEiuDae9+vk1tY3Nrfy24Wd3b39g+LhUV3HqWJYY7GIVTOgGgWPsGa4EdhMFFIZCGwEw7up33hBpXkcPZlRgh1J+xEPOaPGSs/tB4l92pXklnjuZbdY8lxvBrJK/IyUIEO1W/xp92KWSowME1 Trlu8lpjOmynAmcFJopxoTyoa0j+PZrhNyZqUeCWNlX2TITF3IUan1SAY2KakZ6GVvKv7ntVITXnfGPEpSgxGbDwpTQUxMpsVJjytkRowsoUxxuyFhA6ooM/Y8BVvdXy66SuoXru+5/mO5VLnJjpCHEziFc/DhCipwD1WoAQMFb/AJX450Xp1352MezTnZn2NYgPP9Bz2DjMo=</latexit>

⌦⇤ = 0.7
<latexit sha1_base64="YE9FB5hiohW0iwy+EIislDS3ktM=">AAAB9XicbVDLSsNAFL2pr1pfUcGNm8EiuAqJCHWhUHDjQrCCfUBTwmQyaYdOHsxMlBL7KW5E3Cj4G/6Cf+O0zaatBwYO55zL3Hv8lDOpbPvXKK2srq1vlDcrW9s7u3vm/kFLJpkgtEkSnoiOjyXlLKZNxRSnnVRQHPmctv3hzcRvP1EhWRI/qlFKexHuxyxkBCsteeaRex/RPvZy904PBXiMrpFt1Tyzalv2FGiZOAWpQoGGZ/64QUKyiMaKcCxl17FT1cuxUIxwOq64maQpJkPcp/l06zE61VKAwkToFys0VedyOJJyFPk6GWE1kIveRPzP62YqvOzlLE4zRWMy+yjMOFIJmlSAAiYoUXykCSaC6Q0RGWCBidJFVfTpzuKhy6R1bjm25TxcVOtXRQllOIYTOAMHalCHW2hAEwi8wBt8wpfxbLwa78bHLFoyiplDmIPx/QfCIZB3</latexit><latexit sha1_base64="YE9FB5hiohW0iwy+EIislDS3ktM=">AAAB9XicbVDLSsNAFL2pr1pfUcGNm8EiuAqJCHWhUHDjQrCCfUBTwmQyaYdOHsxMlBL7KW5E3Cj4G/6Cf+O0zaatBwYO55zL3Hv8lDOpbPvXKK2srq1vlDcrW9s7u3vm/kFLJpkgtEkSnoiOjyXlLKZNxRSnnVRQHPmctv3hzcRvP1EhWRI/qlFKexHuxyxkBCsteeaRex/RPvZy904PBXiMrpFt1Tyzalv2FGiZOAWpQoGGZ/64QUKyiMaKcCxl17FT1cuxUIxwOq64maQpJkPcp/l06zE61VKAwkToFys0VedyOJJyFPk6GWE1kIveRPzP62YqvOzlLE4zRWMy+yjMOFIJmlSAAiYoUXykCSaC6Q0RGWCBidJFVfTpzuKhy6R1bjm25TxcVOtXRQllOIYTOAMHalCHW2hAEwi8wBt8wpfxbLwa78bHLFoyiplDmIPx/QfCIZB3</latexit><latexit sha1_base64="YE9FB5hiohW0iwy+EIislDS3ktM=">AAAB9XicbVDLSsNAFL2pr1pfUcGNm8EiuAqJCHWhUHDjQrCCfUBTwmQyaYdOHsxMlBL7KW5E3Cj4G/6Cf+O0zaatBwYO55zL3Hv8lDOpbPvXKK2srq1vlDcrW9s7u3vm/kFLJpkgtEkSnoiOjyXlLKZNxRSnnVRQHPmctv3hzcRvP1EhWRI/qlFKexHuxyxkBCsteeaRex/RPvZy904PBXiMrpFt1Tyzalv2FGiZOAWpQoGGZ/64QUKyiMaKcCxl17FT1cuxUIxwOq64maQpJkPcp/l06zE61VKAwkToFys0VedyOJJyFPk6GWE1kIveRPzP62YqvOzlLE4zRWMy+yjMOFIJmlSAAiYoUXykCSaC6Q0RGWCBidJFVfTpzuKhy6R1bjm25TxcVOtXRQllOIYTOAMHalCHW2hAEwi8wBt8wpfxbLwa78bHLFoyiplDmIPx/QfCIZB3</latexit><latexit sha1_base64="YE9FB5hiohW0iwy+EIislDS3ktM=">AAAB9XicbVDLSsNAFL2pr1pfUcGNm8EiuAqJCHWhUHDjQrCCfUBTwmQyaYdOHsxMlBL7KW5E3Cj4G/6Cf+O0zaatBwYO55zL3Hv8lDOpbPvXKK2srq1vlDcrW9s7u3vm/kFLJpkgtEkSnoiOjyXlLKZNxRSnnVRQHPmctv3hzcRvP1EhWRI/qlFKexHuxyxkBCsteeaRex/RPvZy904PBXiMrpFt1Tyzalv2FGiZOAWpQoGGZ/64QUKyiMaKcCxl17FT1cuxUIxwOq64maQpJkPcp/l06zE61VKAwkToFys0VedyOJJyFPk6GWE1kIveRPzP62YqvOzlLE4zRWMy+yjMOFIJmlSAAiYoUXykCSaC6Q0RGWCBidJFVfTpzuKhy6R1bjm25TxcVOtXRQllOIYTOAMHalCHW2hAEwi8wBt8wpfxbLwa78bHLFoyiplDmIPx/QfCIZB3</latexit>

⌦mh = 0.21
<latexit sha1_base64="lnhiq3AHJhICY0EwUkgUoX3+RGw=">AAAB8HicbVDLSgMxFL1TX7W+prp0EyyCq2FSBF0oFNy4s4J9QFuGTJppQ5OZIckopfQ/3Ii4UfBL/AX/xrSdTVsPBA7nnHDvuWEquDa+/+sUNja3tneKu6W9/YPDI7d83NRJpihr0EQkqh0SzQSPWcNwI1g7VYzIULBWOLqb+a1npjRP4iczTllPkkHMI06JsVLglrsPkg1IINEQ3SLfq+LArfiePwdaJzgnFchRD9yfbj+hmW SxoYJo3cF+anoTogyngk1L3UyzlNARGbDJfOEpOrdSH0WJsi82aK4u5YjUeixDm5TEDPWqNxP/8zqZia57Ex6nmWExXQyKMoFMgmbtUZ8rRo0YW0Ko4nZDRIdEEWrsjUq2Ol4tuk6aVQ/7Hn68rNRu8iMU4RTO4AIwXEEN7qEODaDwAm/wCV+Ocl6dd+djES04+Z8TWILz/QdBCI3R</latexit><latexit sha1_base64="lnhiq3AHJhICY0EwUkgUoX3+RGw=">AAAB8HicbVDLSgMxFL1TX7W+prp0EyyCq2FSBF0oFNy4s4J9QFuGTJppQ5OZIckopfQ/3Ii4UfBL/AX/xrSdTVsPBA7nnHDvuWEquDa+/+sUNja3tneKu6W9/YPDI7d83NRJpihr0EQkqh0SzQSPWcNwI1g7VYzIULBWOLqb+a1npjRP4iczTllPkkHMI06JsVLglrsPkg1IINEQ3SLfq+LArfiePwdaJzgnFchRD9yfbj+hmW SxoYJo3cF+anoTogyngk1L3UyzlNARGbDJfOEpOrdSH0WJsi82aK4u5YjUeixDm5TEDPWqNxP/8zqZia57Ex6nmWExXQyKMoFMgmbtUZ8rRo0YW0Ko4nZDRIdEEWrsjUq2Ol4tuk6aVQ/7Hn68rNRu8iMU4RTO4AIwXEEN7qEODaDwAm/wCV+Ocl6dd+djES04+Z8TWILz/QdBCI3R</latexit><latexit sha1_base64="lnhiq3AHJhICY0EwUkgUoX3+RGw=">AAAB8HicbVDLSgMxFL1TX7W+prp0EyyCq2FSBF0oFNy4s4J9QFuGTJppQ5OZIckopfQ/3Ii4UfBL/AX/xrSdTVsPBA7nnHDvuWEquDa+/+sUNja3tneKu6W9/YPDI7d83NRJpihr0EQkqh0SzQSPWcNwI1g7VYzIULBWOLqb+a1npjRP4iczTllPkkHMI06JsVLglrsPkg1IINEQ3SLfq+LArfiePwdaJzgnFchRD9yfbj+hmW SxoYJo3cF+anoTogyngk1L3UyzlNARGbDJfOEpOrdSH0WJsi82aK4u5YjUeixDm5TEDPWqNxP/8zqZia57Ex6nmWExXQyKMoFMgmbtUZ8rRo0YW0Ko4nZDRIdEEWrsjUq2Ol4tuk6aVQ/7Hn68rNRu8iMU4RTO4AIwXEEN7qEODaDwAm/wCV+Ocl6dd+djES04+Z8TWILz/QdBCI3R</latexit><latexit sha1_base64="lnhiq3AHJhICY0EwUkgUoX3+RGw=">AAAB8HicbVDLSgMxFL1TX7W+prp0EyyCq2FSBF0oFNy4s4J9QFuGTJppQ5OZIckopfQ/3Ii4UfBL/AX/xrSdTVsPBA7nnHDvuWEquDa+/+sUNja3tneKu6W9/YPDI7d83NRJpihr0EQkqh0SzQSPWcNwI1g7VYzIULBWOLqb+a1npjRP4iczTllPkkHMI06JsVLglrsPkg1IINEQ3SLfq+LArfiePwdaJzgnFchRD9yfbj+hmW SxoYJo3cF+anoTogyngk1L3UyzlNARGbDJfOEpOrdSH0WJsi82aK4u5YjUeixDm5TEDPWqNxP/8zqZia57Ex6nmWExXQyKMoFMgmbtUZ8rRo0YW0Ko4nZDRIdEEWrsjUq2Ol4tuk6aVQ/7Hn68rNRu8iMU4RTO4AIwXEEN7qEODaDwAm/wCV+Ocl6dd+djES04+Z8TWILz/QdBCI3R</latexit>

�8 = 0.83
<latexit sha1_base64="rD1z1TY+XvQq6H/qBvsyi7rGUVA=">AAAB7nicbVDLSsNAFL2pr1ofjbp0M1gEVyFRwWyEghuXFewD2hIm00k7dPJg5kYopb/hRsSNgp/iL/g3Ttts2npg4HDOGe49N8yk0Oi6v1Zpa3tnd6+8Xzk4PDqu2ienLZ3mivEmS2WqOiHVXIqEN1Gg5J1McRqHkrfD8cPcb79wpUWaPOMk4/2YDhMRCUbRSIFd7WkxjGngk3viOv5NYNdcx12AbBKvIDUo0Ajsn94gZXnME2SSat313Az7U6pQMMlnlV6ueUbZmA75dLHujFwaaUCiVJmXIFmoKzkaaz2JQ5OMKY70ujcX//O6OUZ+fyqSLEeesOWgKJcEUzLvTgZCcYZyYghlSpgNCRtRRRmaC1VMdW+96CZpXTue63hPt7W6XxyhDOdwAVfgwR3U4REa0AQGObzBJ3xZmfVqvVsfy2jJKv6cwQqs7z8b9o0s</latexit><latexit sha1_base64="rD1z1TY+XvQq6H/qBvsyi7rGUVA=">AAAB7nicbVDLSsNAFL2pr1ofjbp0M1gEVyFRwWyEghuXFewD2hIm00k7dPJg5kYopb/hRsSNgp/iL/g3Ttts2npg4HDOGe49N8yk0Oi6v1Zpa3tnd6+8Xzk4PDqu2ienLZ3mivEmS2WqOiHVXIqEN1Gg5J1McRqHkrfD8cPcb79wpUWaPOMk4/2YDhMRCUbRSIFd7WkxjGngk3viOv5NYNdcx12AbBKvIDUo0Ajsn94gZXnME2SSat313Az7U6pQMMlnlV6ueUbZmA75dLHujFwaaUCiVJmXIFmoKzkaaz2JQ5OMKY70ujcX//O6OUZ+fyqSLEeesOWgKJcEUzLvTgZCcYZyYghlSpgNCRtRRRmaC1VMdW+96CZpXTue63hPt7W6XxyhDOdwAVfgwR3U4REa0AQGObzBJ3xZmfVqvVsfy2jJKv6cwQqs7z8b9o0s</latexit><latexit sha1_base64="rD1z1TY+XvQq6H/qBvsyi7rGUVA=">AAAB7nicbVDLSsNAFL2pr1ofjbp0M1gEVyFRwWyEghuXFewD2hIm00k7dPJg5kYopb/hRsSNgp/iL/g3Ttts2npg4HDOGe49N8yk0Oi6v1Zpa3tnd6+8Xzk4PDqu2ienLZ3mivEmS2WqOiHVXIqEN1Gg5J1McRqHkrfD8cPcb79wpUWaPOMk4/2YDhMRCUbRSIFd7WkxjGngk3viOv5NYNdcx12AbBKvIDUo0Ajsn94gZXnME2SSat313Az7U6pQMMlnlV6ueUbZmA75dLHujFwaaUCiVJmXIFmoKzkaaz2JQ5OMKY70ujcX//O6OUZ+fyqSLEeesOWgKJcEUzLvTgZCcYZyYghlSpgNCRtRRRmaC1VMdW+96CZpXTue63hPt7W6XxyhDOdwAVfgwR3U4REa0AQGObzBJ3xZmfVqvVsfy2jJKv6cwQqs7z8b9o0s</latexit><latexit sha1_base64="rD1z1TY+XvQq6H/qBvsyi7rGUVA=">AAAB7nicbVDLSsNAFL2pr1ofjbp0M1gEVyFRwWyEghuXFewD2hIm00k7dPJg5kYopb/hRsSNgp/iL/g3Ttts2npg4HDOGe49N8yk0Oi6v1Zpa3tnd6+8Xzk4PDqu2ienLZ3mivEmS2WqOiHVXIqEN1Gg5J1McRqHkrfD8cPcb79wpUWaPOMk4/2YDhMRCUbRSIFd7WkxjGngk3viOv5NYNdcx12AbBKvIDUo0Ajsn94gZXnME2SSat313Az7U6pQMMlnlV6ueUbZmA75dLHujFwaaUCiVJmXIFmoKzkaaz2JQ5OMKY70ujcX//O6OUZ+fyqSLEeesOWgKJcEUzLvTgZCcYZyYghlSpgNCRtRRRmaC1VMdW+96CZpXTue63hPt7W6XxyhDOdwAVfgwR3U4REa0AQGObzBJ3xZmfVqvVsfy2jJKv6cwQqs7z8b9o0s</latexit>

ns = 0.965
<latexit sha1_base64="CfuFyTlcfqbOmAmdmhm1m9T4w3M=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgasiIj7oQCm5cVrAPaEvJpJk2NpMMSUYopf/gRsSNgl/jL/g3pu1s2nogcDjnhHvPDRPBjcX418utrW9sbuW3Czu7e/sHxcOjulGppqxGlVC6GRLDBJesZrkVrJloRuJQsEY4vJ/6jRemDVfyyY4S1olJX/KIU2Kd1JJdg+4Q9m+vr7rFEvbxDGiVBBkpQYZqt/jT7imaxkxaKogxrQAntjMm2nIq2KTQTg1LCB2SPhvPFp2gMyf1UKS0e9KimbqQI7Exozh0yZjYgVn2puJ/Xiu1Ubkz5jJJLZN0PihKBbIKTVujHteMWjFyhFDN3YaIDogm1LrbFFz1YLnoKqlf+AH2g8fLUqWcHSEPJ3AK5xDADVTgAapQAwoK3uATvrxn79V79z7m0ZyX/TmGBXjff7Zci0g=</latexit><latexit sha1_base64="CfuFyTlcfqbOmAmdmhm1m9T4w3M=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgasiIj7oQCm5cVrAPaEvJpJk2NpMMSUYopf/gRsSNgl/jL/g3pu1s2nogcDjnhHvPDRPBjcX418utrW9sbuW3Czu7e/sHxcOjulGppqxGlVC6GRLDBJesZrkVrJloRuJQsEY4vJ/6jRemDVfyyY4S1olJX/KIU2Kd1JJdg+4Q9m+vr7rFEvbxDGiVBBkpQYZqt/jT7imaxkxaKogxrQAntjMm2nIq2KTQTg1LCB2SPhvPFp2gMyf1UKS0e9KimbqQI7Exozh0yZjYgVn2puJ/Xiu1Ubkz5jJJLZN0PihKBbIKTVujHteMWjFyhFDN3YaIDogm1LrbFFz1YLnoKqlf+AH2g8fLUqWcHSEPJ3AK5xDADVTgAapQAwoK3uATvrxn79V79z7m0ZyX/TmGBXjff7Zci0g=</latexit><latexit sha1_base64="CfuFyTlcfqbOmAmdmhm1m9T4w3M=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgasiIj7oQCm5cVrAPaEvJpJk2NpMMSUYopf/gRsSNgl/jL/g3pu1s2nogcDjnhHvPDRPBjcX418utrW9sbuW3Czu7e/sHxcOjulGppqxGlVC6GRLDBJesZrkVrJloRuJQsEY4vJ/6jRemDVfyyY4S1olJX/KIU2Kd1JJdg+4Q9m+vr7rFEvbxDGiVBBkpQYZqt/jT7imaxkxaKogxrQAntjMm2nIq2KTQTg1LCB2SPhvPFp2gMyf1UKS0e9KimbqQI7Exozh0yZjYgVn2puJ/Xiu1Ubkz5jJJLZN0PihKBbIKTVujHteMWjFyhFDN3YaIDogm1LrbFFz1YLnoKqlf+AH2g8fLUqWcHSEPJ3AK5xDADVTgAapQAwoK3uATvrxn79V79z7m0ZyX/TmGBXjff7Zci0g=</latexit><latexit sha1_base64="CfuFyTlcfqbOmAmdmhm1m9T4w3M=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgasiIj7oQCm5cVrAPaEvJpJk2NpMMSUYopf/gRsSNgl/jL/g3pu1s2nogcDjnhHvPDRPBjcX418utrW9sbuW3Czu7e/sHxcOjulGppqxGlVC6GRLDBJesZrkVrJloRuJQsEY4vJ/6jRemDVfyyY4S1olJX/KIU2Kd1JJdg+4Q9m+vr7rFEvbxDGiVBBkpQYZqt/jT7imaxkxaKogxrQAntjMm2nIq2KTQTg1LCB2SPhvPFp2gMyf1UKS0e9KimbqQI7Exozh0yZjYgVn2puJ/Xiu1Ubkz5jJJLZN0PihKBbIKTVujHteMWjFyhFDN3YaIDogm1LrbFFz1YLnoKqlf+AH2g8fLUqWcHSEPJ3AK5xDADVTgAapQAwoK3uATvrxn79V79z7m0ZyX/TmGBXjff7Zci0g=</latexit>
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CMB: Baby picture of the universe (370,000 years old)

Universe very uniform at z = 1090 (370,000 years old)



CMB temperature fluctuations directly 
related to density fluctuations

Basic problem:  
not enough time for structure to grow.

Gravity will grow the observed large scale 
structure, but it works slowly.  Can’t get here 
from there in a Hubble time: need a factor of 
100,000 but only get 1,000. Cold dark matter 
speeds up the process while not overproducing 
the temperature fluctuations. 

δ ∝ a = 1091 since z = 1090

δT
T

=
1
3

δρ
ρ

∼ 10−5



There isn’t enough time to form the observed
cosmic structures from the smooth initial conditions unless there 

is a component of mass independent of photons.

t = 3.8 x 105 yr t = 1.4 x 1010 yr

very smooth:  δρ/ρ ~ 10-5

very lumpy:  δρ/ρ ~ 1

δρ/ρ ∝ t2/3


