Title: >.CDM Large Scale Triumphs and Small Scale Challenges
Date: Sep 17, 2013 11:00 AM
URL: http://pirsa.org/13090066

Abstract: <span>>CDM has become the standard cosmological model because its
predictions agree so well with observations of the cosmic microwave background
and the large-scale structure of the universe. However 1>CDM has faced
challenges on smaller scales. Some of these challenges, including the &€ceangular
momentum catastrophe” and the absence of density cusps in the centers of

small galaxies, may be overcome with improvements in simulation resolution and
feedback. Recent simulations appear to form realistic galaxies in agreement

with observed scaling relations. Although dark matter halos start small and

grow by accretion, the existence of a star-forming band of halo masses

naturally explains why the most massive galaxies have the oldest stars, a
phenomenon known as galactic &€cedownsizing.” The discovery of many faint
galaxies in the Local Group is consistent with the large number of subhalos
in&nbsp;1>CDM simulations. &nbsp;There is increasing evidence for such
substructure in galaxy dark matter halos from&nbsp;gaps in cold stellar streams

in the Milky Way and Andromeda and from&nbsp;gravitational lensing flux
anomalies, with the prospect of rapidly increasing data on that from ALMA. The
a€oetoo big to fail" (TBTF) problem is the latest apparent challenge
to&nbsp;1>CDM. It arose from analysis of the Aquarius and Via Lactea
very-high-resolution >CDM simulations of Milky-Way-mass dark matter halos. Each
simulated halo has 8410 subhalos so massive and dense that they

would appear to be too big to fail to form lots of stars. The TBTF problem is

that none of the observed dwarf satellite galaxies of the Milky Way or

Andromeda have stars moving as fast as would be expected in these densest
subhalos. This may indicate the need for a more complex theory of dark matter &€*
but several recent papers have shown that subhalos in pure dark matter
simulations like Aquarius or Via Lactea are significantly modified when

baryonic effects are included, so as to solve the TBTF problem. &nbsp;Higher
resolution simulations are needed to verify this.</span>
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Historical Introductlon to I\CDM
Structure Formation in ACDM

“~Large Scale Triumphs

Galaxy' Correlations, Power Spectrum, CMB,
. Satellite Galaxy Abundance, Downsmng

Small Stale Cl hallenges’

Angular Momentum Catastrophe
Cusp vs. Core & “Too Big to Fail” problem
Evidence for CDM substructure: grav lensing flux
anomalies, gaps in cold stellar streams
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A Brief History of Dark Matter

1930s - Discovery that cluster velocity dispersion oy~ 1000 km/s
1970s - Discovery of flat galaxy rotation curves: Vo = constant

]980s - Most astronomers are convinced that dark matter exists
around galaxies and clusters
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A Brief History of Dark Matter

1930s - Discovery that cluster velocity dispersion oy~ 1000 km/s
1970s - Discovery of flat galaxy rotation curves: Vo = constant

]980s - Most astronomers are convinced that dark matter exists
around galaxies and clusters

1980-84 - short life of Hot Dark Matter theory
1983-84 - Cold Dark Matter (CDM) theory proposed

1992 - COBE discovers CMB fluctuations as predicted by CDM;
CHDM and ACDM are favored CDM variants

1998 - SN Ia and other evidence of Dark Energy
2000 - ACDM 1s the Standard Cosmological Model

2003-12 - WMAP, Planck, and LSS confirm ACDM predictions
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Core condensation in heavy halos: a two-stage theory

for galaxy formation and clustering 1978

S. D. M. White and M. J. Rees msituze of Astronomy,

Madingley Road, Cambridge

Summary. We suggest that most of the material in the Universe condensed at
an early epoch into small ‘dark’ objects. Irrespective of their nature, these
objects must subsequently have undergone hierarchical clustering, whose
present scale we infer from the large-scale distribution of galaxies. As each
stage of the hierarchy forms and collapses, relaxation effects wipe out its
substructure, leading to a self-similar distribution of bound masses of the type
discussed by Press & Schechter. The entire luminous content of galaxies,
however, results from the cooling and fragmentation of residual gas within
the transient potential wells provided by the dark matter. Every galaxy thus
forms as a concentrated luminous core embedded in an extensive dark halo.
The observed sizes of galaxies and their survival through later stages of the
hierarchy seem inexplicable without invoking substantial dissipation; this
dissipation allows the galaxies to become sufficiently concentrated to survive
the disruption of their halos in groups and clusters of galaxies. We propose a
specific model in which € =~ 0.2, the dark matter makes up 80 per cent of
the total mass, and half the residual gas has been converted into luminous
galaxies by the present time. This model is consistent with the inferred pro-
portions of dark matter, luminous matter and gas in rich clusters, with the
observed luminosity density of the Universe and with the observed radii of
galaxies; further, it predicts the characteristic luminosities of bright galaxies
and can give a luminosity function of the observed shape.
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GRAVITY - The Ultimate Scrooge Principle

How does structure form in the universe? Astronomers say that a region of the
universe with more matter is “richer.” Gravity magnifies differences—if one region is
slightly denser than average, it will expand slightly more slowly and grow relatively
denser than its surroundings, while regions with less than average density will become
increasingly less dense. The rich always get richer, and the poor poorer.

The early universe expands
almost perfectly uniformly.
But there are small differences
in density from place to place
(about 30 parts per million).
Because of gravity, denser
regions expand more slowly,
less dense regions more
rapidly. Thus gravity
amplifies the contrast between
them, until...

Temperature map at 380,000 years after the Big Bang.
Blue (cooler) regions are slightly denser. From
NASA’s WMAP satellite, 2003.

Pirsa: 13090066 Page 15/123



Structure Formation by Gravitational Collapse

When any region and starts falling Through Violent

becomes about twice together. The forces Relaxation the dark matter
as dense as typical between the subregions  quickly reaches a stable
regions Its size, it generate velocities which configuration that’s about
reaches a maximum prevent the material from half the maximum radius
radius, stops all falling toward the but denser in the center.
expanding, center.

Simulation of top-hat collapse: PJ.E. Used in my 1984 summer school lectures “Dark matter, Galaxies, and

baakion 1070: Anl. 7€ 11 : : y . S o e
Pecbles 1970, ApJ, 75, 13. Large Scale Structure,” http://tinyurl.com/3bjknb3
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Structure Formation by Gravitational Collapse
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VIOLENT RELAXATION: Lynden-Bell 1967, Shu 1978
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Many people thought the early universe was complex (e.g.
mixmaster universe , explosions A

But assumed that it is fundamentally simple, with just
a scale-free spectrum of adiabatic fluctuations of

(a)
and when that failed [(AT/T)eug < 104] and Moscow physicists

thought they had discovered neutrino mass

)

and | thought simplicity a good approach, but we
tried other simple candidates for the dark matter, first
(C) , and then, with and ,
(d) , which moved sluggishly in the early

universe.
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Many people thought the early universe was complex (e.g.
mixmaster universe , explosions - |

But . assumed that it is fundamentally simple, with just
a scale-free spectrum of adiabatic fluctuations of

)
and when that failed [(AT/T)cus < 10-4] and Moscow physicists

thought they had discovered neutrino mass

()

\ and | thought simplicity a good approach, but we
tried other simple candidates for the dark matter, first
(c) , and then, with and ,
(d) , which moved sluggishly in the early

universe.
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Galaxy formation by dissipationless 1982 Nature 299, 37
particles heavier than neutrinos

George R. Blumenthal*, Heinz Pagelst
& Joel R. Primack$

* Lick Observatory, Board of Studies in Astronomy and
Astrophysics, § Board of Studies in Physics, University of California,
Santa Cruz, Califorma 95064, USA

¥ The Rockefeller University, New York, New York 10021, USA

In a baryon dominated universe, there is no scale length
corresponding to the masses of galaxies, If neutrinos with mass
<50 eV dominate the present mass density of the universe,
then their Jeans mass M;, ~10"°M_, which resembles super-
cluster rather than galactic masses. Neutral particles that inter-
act much more weakly than neutrinos would decouple much
earlier, have a smaller number density today, and consequently
could have a mass >S50 eV without exceeding the observational
mass density limit. A candidate particle is the gravitino, the
spin _3/2 suwrsxmmetﬂc partner of the gr_a!vilon, which has
been shown’ to have a mass <1 keV if stable”. The Jeans mass
for a 1-keV noninteracting particle is ~10'* M., about the
mass of a typical spiral galaxy including the nonluminous halo.
We suggest here that the gravitino dominated universe can
produce galaxies by gravitational instability while avoiding Pagels & Primack 1982
several observafional difficulties associated with the neutrino

dominated universe.
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1982 ApJ 263, L1

LARGE-SCALE BACKGROUND TEMPERATURE AND MASS FLUCTUATIONS

g

Received 1982 July 2; accepted 1982 August | 3

DUE TO SCALE-INVARIANT PRIMEVAL PERTURBATIONS

P. J. E. PEEBLES
Joseph Henry Laboratories, Physics Department, Princeton University

)

ABSTRACT

The large-scale anisotropy of the microwave background and the large-scale fluctuations in the

mass distribution are discussed under the assumptions that the universe is dominated bv verv
massive, weakly interacting particles and that the primeval density fluctuations were adiabatic with

the scale-invanant spectrum P o wavenumber. This model yields a characteristic mass comparable
1o that of a large galaxy independent of the particle mass, m,, if m_ = | keV. The expected
background temperature fluctuations are well below present observational limits.
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Early History of Cold Dark Matter
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HDM " Observed Galaxy Disfiifution CDM
1967 - Lynden-Bell: violent relaxation (also Shu 1978)
1976 - Binney, Rees & Ostriker, Silk: Cooling curves
1977 - White & Rees: galaxy formation in massive halos
1980 - Fall & Efstathiou: galactic disk formation in massive halos
1982 - Guth & Pi; Hawking; Starobinski: Cosmic Inflation P(k) ~ k!
1982 - Pagels & Primack: lightest SUSY particle stable by R-parity: gravitino
1982 - Blumenthal, Pagels, & Primack; Bond, Szalay, & Turner: WDM
1982 - Peebles: CDM P(k) - simplified treatment (no light neutrinos)
1983 - Goldberg: photino as SUSY CDM particle
1983 - Preskill, Wise, & Wilczek; Abbott & Sikivie; Dine & Fischler: Axion CDM
1983 - Blumenthal & Primack; Bond & Szalay: CDM, WDM P(k)
1984 - Blumenthal, Faber, Primack, & Rees: CDM compared to CfA | redshift survey

1984 - Peebles; Turner, Steigman, Krauss: effects of A
1984 - Ellis, Hagelin, Nanopoulos, Olive, & Srednicki: neutralino CDM
1985 - Davis, Efstathiou, Frenk, & White: 13 CDM, ACDM simulations
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Formation of galaxies and large-scale structure
with cold dark matter
George R. Blumenthal® & S. M. Faber’

* Lick Observatory, Board of Studics in Astronomy and Astrophysics, University of California, Santa Cruz, California 95064, USA

Joel R. Primack'™ & Martin J. Rees®

t Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305, USA
f Institute of Theoretical Physics, University of California, Santa Barbara, California 93106, USA

The dark matter that appears to be gravitationally dominant on all scales larger than galactic cores
may consist of axions, stable photinos, or other collisionless particles whose velocity dispersion in the
early Universe is so small that fluctuations of galactic size or Iarger are not damped by free streaming.
An attractive feature of this cold dark matter hypothesis is its considerable predictive power: the
post-recombination fluctuation spectrum is calc ulabﬁ and it in turn governs the formation of galaxies

and clusters. Good agreement with the data is obtained for a Zeldovich (|8,|° o k) spectrum of primordial
fluctuations.
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Formation of galaxies and large-scale structure
with cold dark matter

We conclude that a straightforward interpretation of
the evidence summarized above favours {) = 0.2 in the cold DM

picture, but that {} =1 is not implausible.

Conclusions

We have shown that a Universe with ~10 times as much cold
dark matter as baryonic matter provides a remarkably good fit
to the observed Universe. This model predicts roughly the obser-
ved mass range of galaxies, the dissipational nature of galaxy
collapse, and the observed Faber-Jackson and Tully-Fisher
relations. It also gives dissipationless galactic haloes and
clusters. In addition, it may also provide natural explanations
for galaxy-environment correlations and for the differences in
angular momenta between ellipticals and spiral galaxies. Finally,
the cold DM picture seems reasonably consistent with the obser-
ved large-scale clustering, including superclusters and voids. In
short, it scems to be the best model available and merits close
scrutiny and testing.

Blumenthal, Faber, Primack, & Rees 1984
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CDM Structure Formation: Linear Theory
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CDM Structure Formation: Linear Theory
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Dark Matter Halo Structure

log Veire

log r log r

1996 - Navarro, Frenk, & White: DM halo structure pnpw(r) = 4 ps (1/rs) ' (1+1/15)2

2001 - Bullock et al.: concentration-mass-z relation for DM halos; universal angular
momentum structure of DM halos

2002 - Wechsler et al.: halo concentration from mass assembly history M(z) = M, €%

2003-present - Large Scale Structure surveys, WMAP and Planck CMB observations
confirm ACDM predictions with increasing precision
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Kravtsov, Berlind, Wechsler, Klypin, Gottloeber, Allgood, & Primack 2004
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Kravtsov, Berlind, Wechsler, Klypin, Gottloeber, Allgood, & Primack 2004
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and at redshift z~1 (DEEP2)
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Matter Distribution
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Planck 2013 results. XVI. Cosmological parameters

Abstract: This paper presents the first cosmological results based on Planck measurements of the cosmic microwave background (CMB) temper-
ature and lensing-potential power spectra. We find that the Planck spectra at high multipoles (£ = 40) are extremely well described by the standard
spatially-flat six-parameter ACDM cosmology with a power-law spectrum of adiabatic scalar perturbations. Within the context of this cosmology,
the Planck data determine the cosmological parameters to high precision: the angular size of the sound horizon at recombination, the physical den

sities of baryons and cold dark matter, and the scalar spectral index are estimated to be 6, = (1.04147 £0.00062)x 102, Quh* = 0.02205 £0.00028,
Q. = 0.1199 £ 0.0027, and n, = 0.9603 + 0.0073, respectively (68% errors). For this cosmology. we find a low value of the Hubble constant,
Hy=673+1.2kms "Mpc', and a high value of the matter density parameter, €2, = 0.315£0.017. These values are in tension with recent direct
measurements of M, and the magnitude-redshift relation for Type [a supernovae, but are in excellent agreement with geometrical constraints from
baryon acoustic oscillation (BAQO) surveys. Including curvature, we find that the Universe is consistent with spatial flatness to percent level preci-
sion using Planck CMB data alone. We use high-resolution CMB data together with Planck to provide greater control on extragalactic foreground
components in an investigation of extensions 1o the six-parameter ACDM model. We present selected results from a large grid of cosmological
models, using a range of additional astrophysical data sets in addition to Planck and high-resolution CMB data. None of these models are favoured

modes and to changes in the matter content of the Universe. We find a 95% upper limit of ryo9: < 0.11 on the tensor-to-scalar ratio, There is no
evidence for additional neutrino-like relativistic particles beyond the three families of neutrinos in the standard model, Using BAO and CMB data,
we find Ny = 3.30 +0.27 for the effective number of relativistic degrees of freedom, and an upper limit of 0.23 ¢V for the sum of neutrino masses.

Our results are in excellent agreement with big bang nucleosynthesis and the standard value of Ny = 3.046. We find no evidence for dynamical
dark energy: using BAO and CMB data, the dark energy equation of state parameter is constrained to be w 1.13% :i We also use the Planck

data to set limits on a possible variation of the fine-structure constant, dark matter annihilation and primordial magnetic fields. Despite the success
of the six-parameter ACDM model in describing the Planck data at high multipoles, we note that this cosmology does not provide a good fit to the
lemperature power spectrum at low multipoles. The unusual shape of the spectrum in the multipole range 20 < £ < 40 was seen previously in the
WMAP data and is a real feature of the primordial CMB anisotropies. The poor fit to the spectrum at low multipoles is not of decisive significance,
but is an "anomaly™ in an otherwise self-consistent analysis of the Planck temperature data.

2500

2000 , ,  The main Planck Planck errors are
S— U 1I°  anomaly is the small and Planck’s
S , [ 1Lk 112 o _
= i T 22 low amplitudes at values for Ho and Q,
¢ et Nl ¢ =~21-27 are rather different ’

so0 Ji | {1111 . from WMAP's ’
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