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Measurements of the gravitating mass density

e Cluster M/L

— measure M/L of a cluster, combine with measured
luminosity density of universe.

 Weak lensing

— measure shear over large scales

e Peculiar Velocity Field

— measure deviations from Hubble flow
 Power spectrum of galaxies
e CMB fits



Measurements of the gravitating mass density

 Weak lensing

— measure shear over large scales

Dark Energy Survey

arxiv:2002.11124
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FIG. 1. The DES Y1 redMaPPer cluster density over the
two non-contiguous regions of the Y1 footprint: the Stripe
82 region (116 deg”; upper panel) and the SPT region (1321

deg”; lower panel).
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FIG. 6. Comparison of the 68% and 95% confidence con-
tours in the os-{2» plane derived from DES Y1 cluster counts
and weak-lensing mass calibration (gray contours) with other
constraints from the literature: BAO from the combination of
data from Six Degree Field Galaxy Survey [6dF 62], the SDSS
DR 7 Main galaxy sample [63|, and the Baryon Oscillation
Spectroscopic Survey [BOSS 64] (black dashed lines); Super-
novae Pantheon |65] (green contours); DES-Y1 3x2 from [20]
(red contours); Planck CMB from |2| (blue contours); SPT-
2500 from |9] (violet contours); WtG from |7| (gold contours).

Mandelbaum 2018 ARA&A, 56, 393



Measurements of the gravitating mass density

The Virgo cluster 1s the largest nearby over-density.
’ ’ ’ It ity distorts the Hubble flow.
e Peculiar Velocity Field s gravity distorts the Flubble flow
We fall towards it so 1t appears to recede less than
it should by an amount that depends on its mass

— measure deviations from Hubble flow
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Fi1G. 1.—On a two-dimensional grid with the Earth and the Virgo cluster on the x axis, redshift contours are plotted for a Hubble
Q — O 2 5 O O 5 flow perturbed by a Virgocentric flow. An infall velocity of 400 km s~ ' at our position is assumed. A pure Hubble flow would be concentric
™ . . .

circles.




BIAS b

relates
galaxy over-densities
to mass over-densities
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TABLE 1

ESTIMATES OF v,

Velocity

380+75
480+ 75
350150

Davis et al. (1980) found 190130

Source

—

Smoot and Lubin 1979

Aaronson ¢ al. 1980

de Vaucouleurs and Bollinger 1979
Yahil 1980

Schechter 1968

* Calculated with respect to the centroid at the

Q - O 4 . O 1 local group as defined by Yahil ef al. 1977.
m — Y. L U.

with modern distances this becomes

2, = 0.25 £ 0.05

basically unchanged for nearly 40 years
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F16. 1.—The mean overdensity of Virgo vs. /vy for various

values of 2. The x-axis is also labeled wit

U, USINg a recessional

velocity to Virgo of 1020 km s™%. The measured overdensity is
prescribed by the heavy line, and iz marked at the favored posi-
tion as given by the anisotropy of the Hubble flow and microwave
background radiation. The error bar is an estimate of the 909
confidence limit of our determination of 4. Models to the right of
the dotted line are bound to Virgo.



Measurements of the gravitating mass density

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

Jarrett et al. TR w e 0N ¥ . YAl R o Redshift (V,, / c)
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 Power spectrum of galaxies 5=
P

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

2 point correlation function: 5(7) = <5()_C))5()_C) + 7))

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

Power spectrum:  P(k) = < | 5k ‘2> where k= —

where k is the wavenumber corresponding to the scale A

Fourier transform:

E(r) =

| 5k ‘ 2 o —ik-7dk

|

P(k)

averaged over volume V

&)



SDSS correlation function (Zehavi et al 2005)
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Large Scale Structure \'\__,‘
Quantified with the correlation function £(7) which is the 100 - ‘\ .
Fourier transform of the power spectrum P(k). : i
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random field. Inflation predicts n =~ 1, but different flavors
of Inflationary theory predict slightly different values
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Power Spectrum

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

Cleveland, Ohio

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

43.3
37.8
32.2
26.7
21.1
15.6
10.0
4.4
-1.1
-6.7
-12.2
-17.8
-23.3
-28.9
-34.4

Santa Barbara, California

Latitude: 34.4167 Longitude: -119.6844

Elevation: 4.9 feet (1.5 meters)

T Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec °

110 43.3
00 High & Low

%0 Temperature

37.8
32.2
80 26.7

60 15.6
50 10.0

40 4.4
30 -1.1
20 -6.7
10 -12.2
0 -17.8

-10 -23.3
-20 -28.9
-30 -34.4



Power Spectrum

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

Tue 4/2 Wed 4/3 Thu 4/4 Fri 4/5 Sat 4/6 Sun 4/7 Mon 4/8 Tue 4/9 Wed 4/10

{ I eve I a n d fo re CaSt 60° | 46°F 49° | 40°F 44° | 37°F 43° | 39°F 46° | 37°F 52° | 44°F 58° | 48°F 60° | 50°F 66° | 55°F
777 /// /// L
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70° 1 51°F 68° | 49°F 59° | 42°F 54° | 41°F 64° | 43°F 61° | 46°F 67° |1 48°F 68° | 50°F 68° | 52°F

Santa Barbara forecast ° 7 5

Sunny Sunny PM Showers Scattered Sunny Partly Cloudy Partly Cloudy Sunny Mostly Sunny
Thunderstorms
3AM 0in 0in @ 0.19in @ 0.11in 0in 0in 0in 0in 0in
70F
60 F
.|
50F M51°F
- Bl Temperature (°F)

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



 Power spectrum of galaxies 5= P
P A

Power law power spectrum: P(k) = (|9, ‘2> x k"

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.

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

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

ONu

N gal

= 1  with corresponding mass variance Og
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P(k) at z
Current power spectrum P(k) [(h-! Mpc)?]

Planck estimates: n=0.965 = 0.004
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Roughness P(k)

P(k) «< k

Power spectrumatz =0

Long waves

2dF Galaxy Redshift Survey

wiggles —5

Peak P(k) « 1/k?
A~ 200 Mly ~ 60 Mpc
k~ 0.1 Mpc™!
Short waves

Spatial Frequency: &




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.”

1(;;‘....

The power spectrum of SCDM missed badly:
too much power on small scales;
too little power on large scales.

. SCDM
1 Qb =0.5
08 — 0.7
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|
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SCDM (“Standard” CDM)

P{k)h? In Mpc?
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Fi1G. 10.—Solid curve is the real space power spectrum of the full nonlinear

CDM N-body simulation (as in Fig, 3) normalized to the real space variance of

IRAS galaxies (o, = 0.7). The points are the IRAS redshift space P(k) from Fig,

4, rescaled by eq. (17) with Q = | and b = 1, this is then, apart from the effects

of the convolution in eq. (14), an approximation to the power spectrum of

IRAS galaxies in real space on large scales if the IRAS galaxies are unbiased.

The box indicates the power spectrum inferred from the COBE DMR mea-

surements, assuming a n = | spectral index and €, = (54 + 1.6) x 10°¢

(Smoot et al. 1992; Wright et al, 1992). Note that when the CDM model is

A~ normalized to the IRAS vanance, it produces excessive power on small scales

th g 0-2 Observed while simultaneously failing to produce sufficient power on large scales to
match the COBE results.

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



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

ol 1 0p
T_3p

Basic problem:
not enough time for structure to grow.

o0 x a= 1091 since z = 1090

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.



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=3.8x 102 yr t=14x10/0yr

Early universe very smooth: § ~ 107> Current universe very lumpy: 0 ~ 1

0 X d a « 1% at early times



Detailed shape of the acoustic power
spectrum depends sensitively on
cosmic parameters.

Compression and Damped and driven oscillator
ol taiCurvatore 1| (b) Dark Energy o rarefaction nearly
' ' cancel out, but don’t Baryons damp oscillations, like a kid
quite. Left with dragging his feet on a swing.

pure damping spectrum in limit of

5T B 1 5 p all baryons

T 3 Dark matter helps drive oscillations,
IO like a parent pushing the kid.

[IRAs 'C' Bﬂl}f’lls

AUl
-~

(b) Baryon Drag

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

See also the movies of Max Tegmark at http:/space.mit.edu/home/tegmark/movies.html
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CMB power spectra
vary CDM density

vary baryon density
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Qx| < 0.005

2000 4000 6000 8000

Ye+1)e,t/2m (uKk®)

0

0 200 400 600 800 1000 1200 1400
{

Effective Poisson egn for mode k kzq) = 4G (5}, p}, + 5b Php + 5CDM pCDM)

Assume modes are independent -

a good assumption in linear regime baryons a net drag CDM a net forcing term

out of phase with baryons
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Measurements of the gravitating mass density

e Cluster M/L Qm ~ (.25 Bahcall et al. (1995)

— measure M/L of a cluster, combine with measured
luminosity density of universe.

o Weak lenSing Qm ~ 0‘18 i 0.04 Dark Energy Survey

arxiv:2002.11124

— measure shear over large scales

* Peculiar Velocity Field QO =025+0.05 Tonya Davis (1950)

— measure deviations from Hubble flow
e Power spectrum of galaxies Q h=0213+0.023
e CMB fits Q =0.3for h=0.71

Tegmark et al. (2004)
() = 0.315 £ 0.007  Planck Coltaboration (2018)
also gives h = 0.674 £+ 0.005



