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ACDM & Galaxies (AST80006)

Early-type

Population I, old Population |
20% observed (excl. dwarfs)
.Formed due to late-type mergers.

Primordial Photon-Baryonic Fluid
at Recombination Era
Ellly umvorse filled wnh hot dense plasma of p,
Probe Cosmic
Background data shown. CMB shows the oldest light of the
universe from epoch when
with protons to form H atoms. Photons no longer interacted
with neutal atoms, universe became transparent. Matter
», decoupled from radiation. Due to
) high-energy radiation was redshifted to microwave range.

~10:-10% M,
D~1-250 kpc

Normal Galaxies Are Active
After AGN becomes quescent the
galaxy turns “normal”. The :
understanding is that all galaxies
are active but dormant and

i quasar bursts. Gamma-
ray Fermi bubbles of gas inflated by
Jets from accreting BH jets indicate
activity.

HIERARCHICAL CLUSTERING ===
Larger structures are formed through the continuous merging of
smaller structures, due to the CDM at negligible velocity that
gravitationally clumps together (Blumental, Faber, Primack, Rees 1984).
Average mass of galaxies increases with decreasing redshift. Matter
from IGM condenses to
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Pai bility SNe (PISNe)

o and e+ pairs produced within high-T core, annihilate

this reduces pressure, then core-collapse madel.

" PISNe produce heavier

elements via nucleosynthesis.

r ense
torus
Megamasers , -
¢ o 7 € in AGN torus molecules
absdrb rad-n, get pumped up
+* ~ and emit at microwave as
Tos H,0, H,CO or CH masers
Population |Il Stars, Globular Clusters  when properly stimulated
and Ultra-Compact Dwarf Galaxies (Drinkwater-et al. 2014)
Heisenberg uncertainy principle dictates density fluctuations in
primordial fluid out of which first stars and spheroidal components
of galaxies are born. Fluctuations larger than the M, (Jeans Mass)
beenme denser as gravity wins over pressure, and ‘Smaller than M,
out. M, at erais to mass
of typical GC. Tliarmnl instability: as gas is not perfect sphere it
fragments when collapsing, forming complex objects instead of BHs.
First stars have initiated reionization epoch, ionizing neutral H in IGM.

2~60-20 (50-200 Myr) (zackrisson et al. 2015)

~1-1000 M High-L nuclei %

~5x10° M@ Globular Clusters -

A fI‘O m CMB Radio galaxies.are "

ellipticals with lobes/jets
CMB Shows Flat Universe (Subscripts removed for clarity) % h &
From 1° spot size of CMB, it is concluded: sometimes superluminal
Q0 = pO/pc = 122%, where Q0 is mass density parameter Synchrotron radiation
of the universe, p0 is combined average mass Q51 (see AGN above)
density (including DM), and pc is critical density o )
of the universe (at p0>pc the universe is
spherical, K>0, closed; at p0=pc it is flat, K=0;
at p0<pc it is hyperbolic, K<0, open.)

From cluster dynamics and T of intracluster

medium it was measured:

Qim = pm/pc =0.24 for all types of matter in universe,
including DM. Baryonic matter is ~4-5%, ~50% of which

is In stars, hot and cold gas, rest in Warm-Hot Intergalactic
Medium (WHIM). While radiation energy Qrad is Q -1
negligible, Om alone does not explain 00=1. Thus, 0
remaining OA = 00-Orad-Om =0.76.
76% of energy in our universe is dark.

DARK AGES

Era from recombination until first stars are born
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77% observed
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Synchrotron Radiation
e spiral along magnetic fields due to

Pole on
blazars

Jet

region

IMBHs in AGN disks may open gaps

Active Galactic Nuclei (AGN)

Late-type Populations | & II
S0
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SBO

rotating black hole and emit polarized photons
in plane perpendicular to magnetic field.

Inclined
Type | Seyfert
radio galaxy

\ £ (broad lines)

1 Radio Galaxy
with one et brighter, or QSR

; Broad line

GC-UCD-E,,,,

Mass/Metallicity Continuum (Wehner & Harris 2007)

Sb
Sa - : - S " - Hubble Law
: . . 4x10 I i T T T 3 All galaxies are red shifted and their recessional velocities
=3 N mostly Hubble Diogram for Type lo Supernovoe are related to distances, as type la SNe have shown:
. Population | v= H,d, where H,is Hubble's constant H, = v/d = 73.2 km/s/Mpc.
. 3 served 3x10%| ] Red shift zis related to distance: 2=v/c (for low v), 2=(A-A .
J%oh = 210 Reciprocal T=d/H,d=1/H,~13.4 Gyr is Hubble time since BB. a
Hubble Tuning Fork 2
Classification scheme based on nlllptlr:lly. 2x10*F 4 A fro m S N e H
bulge to disk L ratio and spiral arms =
pitch angle. Accelerating Universe
! " High-z SNe teams (Schmidt; Perimutter 1998) show that
Starburst M82 shown 1x107 [ 1 recessional velocities were lower in the past and that H,
i o was lower. This means the universe expansion rate is
. o with superwinds - stellar Relativistic Doppler Shift Increasing, fueled by repulsive dark energy.
—_ e winds from OB stars z-'l[(ewy(e-v)-ﬂ m 21
w " blowing H away. 0 ;i N
L » © . 'Hlatoms in Intergalactic
SBa . 'SB *medium (IGM) result in OO0 120 D?sffn“ [‘,;’:c ] E’DU wu 7
- 8Bb I C Lyman-a forest absorption. .
- . )
. s C
- 4 Earth
t N PRl .t Ic""f dD"’k Mm:ﬂ' Fle"":'ﬁi A= 4 Solar system and Earth
¥, Lyman Alpha Blob LAB-1 Cold (non-relativistic velocities << C)v lot wou ed at ~9 Gyr

. z~31gasblobinSSA22 . 't . . -
protocluster of galaxies *

>
Edge on
Type 2 Seyfert
radio galaxy
(narrow lines)
or
Radio Galaxy
with two jets

The first engines of AGN. BHs due to GX mergers. Atz>6

Gunn-Peterson troughs (absorption in QSR spectra
due to neutral H in IGM) disappear due to reionization.

2~10 (0.5 Gyr)

2~6.4-0.1 Era of Quasars, p,,, 2~2.2

The AGN Paradigm

Al active galaxies can be explained by a single model

with accreting supermassive black hole,

depending on the line of sight to the object.

BL - Broad Emission Lines (high-v BLR)
NL - Narrow Emission Lines

WR - Weak Radio Emission, SR - Strong Radio Emission

X - X-Ray Emission, V - Variable
P - Polarization (Synchrotron Emission)
H - Host Galaxy is Observed

Seyfert Galaxies:
TYPE 1 SEYFERT: BL NL
TYPE 2 SEYFERT: NL

WR XV PH
WR X H

Radio Galaxies:
BLRG
NLRG

:BL NL
:BL NL

Quasars, ~10"-10"2 L :
RADIO-LOUD QSR: BL NL
RADIO-QUIET Q50:BL NL

<<

Blazars:

SR VP
OVV QUASAR: BLNL SR VP
OVV - Optically Violently Variable, more L.
Radio-loud - with radio jets/lobes.

ULIRGS (Ultra-L IR Galaxies) are probably
dust-enshrouded quasars.

LINERSs (Low-ionization nuclear emission

line) galaxies are similar to low-LType 2 Seyferts

with starburst phenomena or H |l emission.

Approx 1/2 of all spiral galaxies are LINERs.

- Ny
X-Ray Emission
Hot Intracluster M
Medium - IGM) gas  ejected due |o
galactic mergers |

Galaxy Clusters
Rich galaxy clusters have 50-1000
galaxies. Galaxy groups have less than 50 galaxies.

D e
um (or Intergalacti

(Bullet Cluster shown, blue - mass distribution,

Distance Ladder

red - X-ray gas.)
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Varlety of inter-

to estimate

i z~=2 (3:3Gyr) o .
~10"-10" Mé, D~2-10 Mpc

Tully-Fisher relates 21 em H emission line width to L of a spiral galaxy.

Type la SNe have M, =~ M, =~-19.310.03 at peak. Core collapse SNe L can be determined from ejecta velocities and T with 15-25% accuracy.
P/L relations exist for variable stars. Spectroscopic parallax uses width of spectrum lines to estimate star’s luminosity class;

fitting to H-R diagram allows to estimate L and d. Ladder-independent techniques: Maser rotation, time delay in gravitational lensing

due to path length difference. (Carroll & Ostlie 2008, Freedman et al. 2014). RR Lyr have same M =0.69.

clump gravitationally due to velocity.

II. Non-baryonic (not p or n) A ]

1ll. Dissipationless (cannot cool diating photons)
IV. Collisionless (DM interacts only through gravity
and, possibly, weak force; does not feel force of fluid

Laniakea shown. Definition is still debated.
z~1 (6 Gyr)
~10°-10"" M_ D~10-100 Mpc

Cold Dark Matter

Dark Matter Evidence

1. Flat rotation curves indicate extended halos of DM in galaxies.
Il. Gravitational lensing allows to reconstruct

mass of the lensing galaxy, indicating large amounts of DM.

1ll. High M/L ratios of galaxies indicate DM (with dynamical M
derived from stellar dynamics using Newton’s form of

Kepler's 3rd Law or virial theorem - relationship between kinetic
and gravitational potential energy (Zwicky 1937), and L from
apparent magnitude and distance).

IV. Large-scale clustering of galaxies.

A, other evidence

Why Dark Energy?

1. Distribution of galaxy clusters (knots turning
into galaxy clusters) are modelled better

with A (Kofman, Starobinskii)

or standard CDM inflation model

(Maddox et al. 1990).

II. Nucleosynthesis constraint and standard CDM
inflationary model (Q_=1) predict less baryonic
mass in galaxy clusters than observed

(White at al. 1993)

Ill. Galaxy clusters mass increases with time (as z
approaches 0) faster than due to the gravitational

1pc~3.261y 10 pc 100 pe 1 kpe 10 kpe 100 kpe 1 Mpe 10 Mpe 100 Mpc 1000 Mpe clumping alone.
! t b 1 o
55 9 v 5B - e g & § E|§ Dark energy is the energy of empty space (vacuum
&8 "% é gg §= F >3 § el energy) from virtual pairs of pamcleslanl\parlmlcs
2§ &3 2 EG (efe’) and )
S 3 and providing repulsive force (e.g. Casimir effect),
Parallax (Hipparcos) Population II RR Lyrae variables Type la supernovae
out to 500 pe 5 t0 100 kpc 1 to over 1000 Mpc
|
Spectroscopic parallax Tully-Fisher, fundamental plane
40 pe 10 10 kpe 700 kpe to 100 Mpc
(LRI |

Population I Cepheid variables

A good overview of ACDM is available from Calder &
Lahav (2010), “Dark energy: how the paradigm shifted”

1 kpe to pc
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Supernova Cosmology Project
Amanullah, et al., Ap.J.

Union2 SN la
Compilation




6 parameters: amazing!

Dark-matter density
Baryon density
vacuum-energy density
Fluctuation amplitude
Fluctuation spectral index

Reionization optical depth



Can LCDM survive another decade?



Cosmic.....

Controversy?
Tension?
Anomaly?
Stress?
Discrepancy?
Disparity?
Inconsistency?
Problem?
Crisis?



Study plunges standard Theory
of Cosmology into Crisis

New insights into Milky Way satellite galaxies raise awkward questions for
cosmologists




Slide

Mlssmg satellite problem

J Bullock, M. Geha, R. Powell
CDM T'c

. 14
. 100,000 light years

* Dwarf satellites of Milky way are
ideal for DM research

Durham University
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On the tension between Large Scale Structures and
Cosmic Microwave Background

Marian Douspis, Laura Salvati, Nabila Aghanim

Primordial fluctuation amplitudes inferred
from CMB and from the galaxy
distribution disagree??
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CMB Anomalies after Planck

Dominik J. Schwarz, Craig J. Copi, Dragan Huterer, Glenn D. Starkman
(Submitted on 27 Oct 2015)

Several unexpected features have been observed in the microwave sky at large angular scales,
both by WMAP an by Planck. Among those features is a lack of both variance and correlation on
the largest angular scales, alignment of the lowest multipole moments with one another and

with the motion and geometry of the Solar System, a hemispherical power asymmetry or dipola
power modulation, a preference for odd parity modes and an unexpectedly large cold spot in
the Southern hemisphere. The individual p-values of the significance of these features are in
the per mille to per cent level, when compared to the expectations of the best-fit inflationary
ACDM model. Some pairs of those features are demonstrably uncorrelated, increasing their
combined statistical significance and indicating a significant detection of CMB features at
angular scales larger than a few degrees on top of the standard model. Despite numerous
detailed investigations, we still lack a clear understanding of these large-scale features, which
seem to imply a violation of statistical isotropy and scale invariance of inflationary
perturbations. In this contribution we present a critical analysis of our current understanding
and discuss several ideas of how to make further progress.
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APS NEWS

| APS News \

May 2018 (Volume 27, Number 5)

Hubble Trouble: A Crisis in Cosmology?



Cosmology is in crisis — but not for the reason
you may think

Our tendency to see what we want to see is the biggest threat to cosmology. Credit: NASA/wikimedia
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flat — ACDM

0.
Early 67-4.10_.-

Planck
+1.1
67.4 —1.2
DES+BAO+BBN
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72.5:{3 with TRGB
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Early vs. Late
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Late-time solutions

* Modify late-time expansion history to reduce
comoving distance to surface of last scatter

* E.g., phantom energy (w<-1)
* Induce inconsistency with BAO



Early-time solution

* Reduce sound horizon

* Does not mess with BAO

e E.g.,increase N_. (but induces tension with
small-scale CMB)
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Scalar field EDE

Ultra-light axion (ULA) potential
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MK, Pradler, Walker 2014;
Poulin, Smith, Grin, Karwal,
MK [arxiv:1806.10608]

Linear potential

Poulin, Smith, Karwal, MK

2018












Power Dipole?
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Lopsided Map of the Cosmos Offers New Clues =~ Eishare

to the Universe’s Origins Tweet - 321
BY MATALIE WOLCHOVER, SIMONS SCIENCE NEWS 06.25.13 1:29 PM

Lly) Share - 12
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Two options

* Modulate density-perturbation amplitude; not

easy, but can be done with isocurvature
(Erickcek, MK, Carroll 2008; Erickcek, Hirata, MK 2009)

* Modulate parameters that map density

perturbation to temperature fluctuation
(Dai, Jeong, MK, Chluba 2013)



isocurvature

gravitational waves
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Even if we chalk it all up to systematics.....

can LCDM survive another decade?



Can LCDM survive another decade?

* Probably



Can LCDM survive indefinitely?

* Absolutely not






a real theory




What is dark matter?

WIMPs?

Axions?

Ultra-low-mass fields (fuzzy)?
Primordial black holes






Dark-matter candidates




Why does the vacuum weigh?

Quintessence?

Alternative gravity

— f(R)?

— Gauss-bonet?

— Massive?

— Braneworlds?

Strange neutrino interactions?
Phantom energy?

Landscape?

Or is that just the way it is?



Why are there baryons?



What is the physics responsible for inflation?

* Natural, chaotic, supersymmetric,
supergravity, axion, hilltop, SSB, multi-field,
supernatural, new, old, ghost, helical-phase,
qguintessential, galileon, quartic, locked,
stochastic, solid, k-flation, power-law, eternal,
Inflection-point, Higgs, warm, WIMPflation,
two-field, critical-Higgs, gaugeflation, BSI,
Gauss-Bonnet, Brans-Dicke, f(R), Starobinsky,
attractor, ALP, brane,



How to Deal with
STRESS AND TENSION




Cosmological consistency

* independent measurements and analyses

* Complementary measurements and cross-
checks

* Precise questions and answers
* (testable) physical models for anomalies







