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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

• 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

cf. review by  

Mandelbaum 2018 ARA&A, 56, 393 



⌦m = 0.25± 0.05
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• Peculiar Velocity Field
– measure deviations from Hubble flow

Measurements of  the gravitating mass density

Tonry & Davis (1981) ApJ, 246, 666

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



bias

BIAS b 
relates 

galaxy over-densities 
to mass over-densities

Peaks above line make a galaxy

Peaks below line do not
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Lines are lines of constant 

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

Vp/VH

lines of constant Ωm



Measurements of  the gravitating mass density

Jarrett et al.

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



• 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:



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

Large Scale Structure 
Quantified with the correlation function  which is the 

Fourier transform of the power spectrum .

ξ(r)
P(k)

dN
N

= [1 + ξ(r)]dV ξ(r) =
V

(2π)3 ∫ P(k)e− ⃗k⋅ ⃗r d3k

P(k) ∝ |δ(k) |2 ∝ kn

Harrison-Zeldovich spectrum has , which is a Gaussian 
random field. Inflation predicts , but different flavors 
of Inflationary theory predict slightly different values 
depending on the shape of the Inflationary potential (the 
Inflaton). Planck measures 

n = 1
n ≈ 1

n = 0.965 ± 0.004

Ωmh ≈ 0.2

SDSS correlation function (Zehavi et al 2005)

Power Spectrum

ξ(r) ∝ r−(n+3)

 marks the transition to the non-linear regime 
where perturbation theory no longer applies.
δ > 1

δ ≡
δρ
ρ



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

Lym
an 𝛂 forest

galaxy 2 point function
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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
≈ 60 Mpc

k ≈ 0.1 Mpc−1



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

SCDM
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observedΩmh ≈ 0.2

expected



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

δ ∝ a a ∝ t2/3 at early times

Early universe very smooth: δ ∼ 10−5 Current universe very lumpy: δ ∼ 1



Detailed shape of the acoustic power 
spectrum depends sensitively on 

cosmic parameters. 

Best-fit cosmology obtained from multi-
parameter fit. Well constrained, but not 
unique - lots of parameter degeneracy. 

Wayne Hu provides a nice CMB tutorial at http://background.uchicago.edu/index.html

Damped and driven oscillator 

Baryons damp oscillations, like a kid 
dragging his feet on a swing. 

pure damping spectrum in limit of 
all baryons 

Dark matter helps drive oscillations, 
like a parent pushing the kid.

�T

T
=

1

3

�⇢

⇢

Compression and 
rarefaction nearly 
cancel out, but don’t 
quite. Left with

See also the movies of Max Tegmark at http://space.mit.edu/home/tegmark/movies.html



vary baryon density vary CDM density

artificially normalize first peak to show variation in shape

CMB power spectra



|⌦K | < 0.005
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baryons a net drag CDM a net forcing term

k2Φ = 4πG (δγ ργ + δb ρb + δCDM ρCDM)

out of phase with baryons

Effective Poisson eqn for mode k

Assume modes are independent -

a good assumption in linear regime



3rd peak strong evidence
for non-baryonic substance

unbinned data
binned data



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

Ωm ≈ 0.25

Ωm ≈ 0.18 ± 0.04

Ωm = 0.25 ± 0.05

Ωm = 0.315 ± 0.007

Ωmh = 0.213 ± 0.023
Ωm = 0.3 for h = 0.71

also gives h = 0.674 ± 0.005

Dark Energy Survey 
arxiv:2002.11124

Bahcall et al. (1995)

Tonry & Davis (1980)

Tegmark et al. (2004)

Planck Collaboration (2018)


