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http://www.astro.ucla.edu/~wright/cosmolog.htm

Galaxy interactions & active galaxies

AGN activity is frequently detected among interacting galaxies.

This suggests that active-galaxy accretion disks form in galaxy interactions, presumably
from the lowest angular-momentum material transferred.

This also suggests that the formation of the central black holes themselves is related to
galaxy interaction.

On the other hand, as previously discussed, currently inactive galaxies have central
supermassive black holes with masses that scale with global properties of their host
galaxies (Gultekin et al. 2009). So:

> Big galaxies = big black holes...
» or lots of mass capture = big black holes...
» or both?
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http://adsabs.harvard.edu/abs/2009ApJ...698..198G

AGN in merging galaxies

Visible images (NOAO) and X-ray detections (NASA /Swift)
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https://apod.nasa.gov/apod/ap100529.html

The distribution of galaxies in the universe

Superclusters are more easily 1ah 2P
seen in 3D maps of the

Universe; they appear as

elongated highly dense

clusters of galaxies (the

“Finger of God” effect). n

Clusters (and superclusters)
are connected by thin filaments
of galaxies. The extremely
underdense, spherical regions
of the galaxy distribution

outlined by these clusters and :
filaments are voids. A slice of the sky from the CfA Redshift Survey. Each dot represents a galaxy.
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http://inspirehep.net/record/1495807?ln=en

Probing the IGM & ICM

For the more distant quasars, their
light must pass through hundreds
of megaparsecs of intergalactic gas
before it reaches us. This gas will
absorb photons at wavelengths
corresponding to its chemical
composition, so a quasar’s
spectrum will exhibit absorption
lines from the interstellar gas.
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Probing the IGM & ICM

The absorption features will be redshifted to correspond to the distance between us and
the gas. We will often see a “forest” of absorption features, such as the Lyman-a forest
shown in the quasar spectrum below.
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Hubble & the structure of the Universe

Recall that Hubble showed the Universe expands

according to
Uy = Hod

Two more conclusions Hubble made based on a large
collection of worldwide observations:
1. The Universe is isotropic on large scales, looking
the same in all directions.
2. The Universe is homogeneous on large scales,
looking the same at all locations.
Hubble at the 100" reflector on Mt. Wilson (Life).
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http://time.com/3586145/edwin-hubble-photo-of-a-genius-at-work/

Isotropy and homogeneity

Note that by small scale we mean similar to or smaller than the typical distance between
galaxy clusters.

By large scale we mean much greater than the typical distance between clusters, but still
small compared to the observed size of the Universe.

» Recall: Galaxies are typically 1 Mpc apart. Cluster cores are typically less than
~3 Mpc in radius. Clusters are typically 10 Mpc apart.

» The Universe is obviously not uniform on small scales: the sky is full of stars,

galaxies, and galaxy clusters, all containing mass of relatively high density with
virtually empty space between.

» By this definition of “large” and “small” scale, we will turn out to be OK with the
assumption of Euclidean geometry, despite what comes next.
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Isotropy on large scales

Galaxies in the Sloan Digital Sky Survey (SDSS) are shown below. The survey covers
galaxies brighter than m, = 17.77.

3.55 st = 11,700 deg?, or 28% of the sky, centered on the Galactic poles, and identified all
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http://classic.sdss.org/

Isotropy on large scales

Galaxies in the Sloan Digital Sky Survey (SDSS) are shown below. The survey covers
3.55 st = 11,700 deg?, or 28% of the sky, centered on the Galactic poles, and identified all
galaxies brighter than m, = 17.77.
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Isotropy on large scales

Each dot in the image is a galaxy. Each “smudge” or
filament is a cluster or supercluster.

Isotropy on the scale represented by these circles
means that approximately the same number of
galaxies are contained within them, no matter where
on the sky they are placed.

Le., the Universe basically looks the same in every
direction.
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Homogeneity on large scales
The homogeneity of the Universe means that the number density of galaxies is uniform
on large scales. In other words, the Universe looks the same from any viewpoint.

Hubble found this by observing great numbers of galaxies in selected parts of the sky and
plotting the number per solid angle brighter than flux fy as a function of fy, and seeing that

N(f > fo) o fo_g‘/2

Recall our discussion of the distribution of stars in the Milky Way; fofg/ 2 is expected for a
uniform distribution.

Since the Universe is homogeneous and expanding, we would observe the same recession
velocities no matter our location. That is, there is no unique center in space for the
expansion, as in an ordinary explosion and blast wave.
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Understanding the expansion

A classic metaphor: Imagine that we are on the surface of an expanding balloon. At any
location, all points around us will appear to be receding, with no point being the “center”
of the expansion.
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http://adsabs.harvard.edu/abs/2005SciAm.292c..36L

Understanding the expansion

B
In Euclidean (flat) space, v = % is IpC
along r, so
N C
VBC = VBA — VCA
= Ho(rpa — rca) B4

= Horpc
Ica
Thus, observers in galaxies B and C
see the same Hubble Law that we
do: the expansion looks the same
from points A, B, and C. A
(Milky Way)
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Homogeneity on large scales

l2p

Astronomy 142 |

This is a 2.5°-thick slice in declination of the

SDSS survey along the celestial equator
(0 =0).

Redshifts are indicated by the radial axis,

and galaxy luminosities are indicated by
color (red = bright, = faint).

Note that the Galactic Plane has been cut
out.
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Homogeneity on large scales

Homogeneity on the scale of these circles’
diameters means that approximately the
same numbers of galaxies are contained
within them, no matter where we put them
within the volume of the Universe.

The map is complete out to z = 0.13

(~ 550 Mpc) and it is self-evidently
homogeneous.
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Early post-Hubble cosmology

Theorists immediately applied
Einstein’s general theory of relativity to
isotropic, homogeneous, expanding
universes and revealed a problem:

» All such model universes display a
mass-density singularity at the
origin.

» In fact, it can be proven quite
generally that this is so; see
Hawking & Penrose (1970).

» Such singularities — unphysical at
first glance — aroused the
suspicion of theoretical physicists.
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http://adsabs.harvard.edu/abs/1970RSPSA.314..529H

Early post-Hubble cosmology

Accordingly, many leading cosmologists such as Einstein, de Sitter, Hoyle, Gold,

Burbidge, and Arp promulgated steady-state models of the Universe, in which
singularities are not realized.

» Example singularity that is not realized: At r = 0, the force between two finite-size
masses in Newtonian gravity is infinite.

The steady-state models also maintained the Universe at constant density on (time)
average despite the Hubble expansion.

» This was accomplished by positing the steady creation of matter out of nothing; they

considered this violation of energy conservation less serious than mass-density
singularities!

“Big Bang” was Sir Fred Hoyle’s pejorative term for models with mass-density
singularities.

April 22,2025 (UR)
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Early post-Hubble cosmology

Unintimidated, those who worried less about singularities than energy conservation —

notably George Gamow — adopted “Big Bang” as a short description of their class of
models.

Observational tests gradually started going in favor of Big Bang cosmology in the 1950s:

» E.g., the number counts of faint radio galaxies, which indicated a peak in the volume
density of these objects in the early Universe (.. higher density at earlier times and
galaxy evolution).

» If we were in a steady-state universe, then there would be no expected evolution in

the density of galaxies, i.e., Hubble’s fo_s/ 2 observation should be true everywhere.
But this is not the case. ..

April 22,2025 (UR) 19/33



Early post-Hubble cosmology

The count of radio sources as a function of
brightness (Pooley & Ryle 1968).

If the Universe were uniform and constant
in density and galaxies never changed, then

N(f > fo) = Afo_g)/2

shown by the dashed line with slope —3/2
in the figure.
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http://adsabs.harvard.edu/abs/1968MNRAS.139..515P

Alpher, Herman, & decoupling

Proposed in the late 1940s by Gamow’s students Ralph Alpher and Bob Herman (Gamow
1948, Alpher & Herman 1948), the Universe started off very hot and dense and cooled as
it expanded, down to the very low temperature range corresponding to the darkness of
the night sky.

Then, they identified an event undergone at the expansion at a specific temperature:
decoupling.
» The early Universe was so hot and dense that matter and photons were in thermal
equilibrium (coupled), and all atoms were ionized.

» The photons eventually cooled (redshifted) to the point that they were incapable of
ionizing atoms.

» In the laboratory, this takes place at about T = 3000 K for hydrogen.
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http://adsabs.harvard.edu/abs/1948Natur.162..680G
http://adsabs.harvard.edu/abs/1948Natur.162..680G
http://adsabs.harvard.edu/abs/1948Natur.162..774A

Alpher, Herman, & decoupling

This event is called decoupling, because matter is opaque to radiation at the same
blackbody temperature at temperatures above 3000 K; the average photon will be
absorbed by ionization of the first neutral atom it finds.

» Thus matter and radiation are tightly coupled by ionization and recombination in the
early Universe.

By the same token, matter below 3000 K is very transparent to radiation at the same
temperature.

Therefore, radiation and matter decouple — live separate thermodynamic lives, no longer
in equilibrium — after the Universe cools past this point.
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Alpher, Herman, & decoupling

11
Alpher and Herman realized this meant that 10 — 600K
the Universe has a photosphere, just like a e
star does: the decoupling surface. =104

» Since the Universe is transparent after
decoupling, we should be able to see all
the way to the 3000 K surface!
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» Since the Universe is opaque before
decoupling, the surface emits like any
other 3000 K blackbody.

» The light started off in the visible range
but, due to our great distance to the
source, it would be redshifted to much 106
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Alpher, Herman, & decoupling

Alpher and Herman also realized that since the decoupling surface is close to the original
singularity, the light should appear isotropic to us. In analogy with a black-hole
singularity:
» Light emitted from within a black hole horizon cannot escape and therefore must fall
into the singularity no matter what direction it is emitted. All light paths end at the
singularity.

» By the same token, since light can travel in either direction along these paths, light
emitted from the surroundings of the singularity would seem to an observer inside
the horizon to arrive from all directions rather than one particular direction.

» It would look as if the surroundings of the singularity filled the entire sky.
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Within a black hole horizon
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Analogy with the Universal singularity

Us, looking at th

Paths of light

Découpling Surface
Singularity
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Alpher, Herman, & decoupling

Finally, Alpher and Herman realized that the spectrum of redshifted blackbody radiation
would appear to be that of a colder blackbody; they estimated ~5 K.

They also noted that a steady-state Universe would be incapable of producing such
radiation, allowing for the hypothesis to be falsified.

Recall that A
70 =14z

At the decoupling surface, the energy per unit time, area, solid angle, and bandwidth S,
is given by the Planck function at the decoupling temperature T:

Sy = Ba(T)

The spectrum of the decoupling surface, as presently observed, should also be a
blackbody at temperature Ty = Té, where / is some characteristic length.

April 22,2025 (UR) 27/33



The Cosmic Microwave Background

While building a microwave antenna and
receiver for satellite communication, Arno
Penzias and Robert Wilson of Bell Labs
accidentally detected the relic radiation from
the Big Bang (Penzias & Wilson 1965), now
called the cosmic microwave background
(CMB).

Thus the blast from the Big Bang is seen
directly. This is the strongest support for Big
Bang models. For their immensely
influential discovery, Penzias and Wilson
shared the 1978 Nobel Prize in Physics.
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http://adsabs.harvard.edu/abs/1965ApJ...142..419P
https://www.nobelprize.org/nobel_prizes/physics/laureates/1978/

The CMB intrinsic anisotropy

The CMB is extremely isotropic; its temperature fluctuates on the order of 1 part in 10°.

PLANCK
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The Cosmic Microwave Background

Penzias and Wilson observed an
astrophysical background of
3.5+ 1.0 K (Penzias & Wilson 1965).

It turns out the CMB is a perfect
blackbody with an effective
temperature of T, ~ 2.73 K (Mather
et al. 1994, Wright et al. 1994,
Fixsen et al. 1996).

For the measurement with COBE,
John Mather and George Smoot
shared the 2006 Nobel Prize in
Physics.
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http://adsabs.harvard.edu/abs/1965ApJ...142..419P
http://adsabs.harvard.edu/abs/1994ApJ...420..439M
http://adsabs.harvard.edu/abs/1994ApJ...420..439M
http://adsabs.harvard.edu/abs/1994ApJ...420..450W
http://adsabs.harvard.edu/abs/1996ApJ...473..576F
http://www.nobelprize.org/nobel_prizes/physics/laureates/2006/
http://www.nobelprize.org/nobel_prizes/physics/laureates/2006/

How distant is the decoupling surface?

The redshift of decoupling can be obtained almost trivially:

Ao T 3000K
1 = === ~
tI=y T, Y oz o0

.z~ 1100

Measurements with Planck, combined with weak lensing and other non-CMB
measurements, give z = 1089.80 & 0.21 (Planck Collaboration 2020).

The most distant galaxy yet detected has z = 14.32. So the last scattering surface is
substantially further away than any galaxy!
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https://ui.adsabs.harvard.edu/abs/2020A%26A...641A...6P

Big Bang nucleosynthesis

Note that the CMB is not
the only evidence for a Big
Bang; Alpher also
estimated the primordial
nucleosynthesis of the
light elements in the
famous
“Alpher-Bethe-Gamow”
paper of 1948 (Alpher,
Bethe, & Gammow 1948).

number of protons ->
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http://adsabs.harvard.edu/abs/1948PhRv...73..803A
http://adsabs.harvard.edu/abs/1948PhRv...73..803A

Big Bang nucleosynthesis

BBN is hypothesized to have taken place from seconds to minutes after the Big Bang at all
locations in the Universe. Predictions:

» Expect 75% elemental abundance of 'H.
» Expect 25% elemental abundance of 4He.
» Expect 0.01% elemental abundance of 2H and ®He.

» Expect trace amounts (1071°) of Li and neglible amounts of heavier elements.

This is generally consistent with observed abundances observed in Pop 11
(low-metallicity) stars. Precision measurements of anisotropies in the CMB can also be
used to observe the baryon-photon ratio and primordial abundance of “He (Planck
Collaboration 2015).
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