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Power Spectrum of
Fluctuations e

* Incosmology, the 2-
point galaxy correlation

:\\ b PP A
function is defined as a 4 L 'n\ ]
measure of the excess & Y,
probability, relative to a : X \ "-.
Poisson distribution, of o \‘ n, ]
finding two galaxies at F i " ]
the volume elements dV, A
and dV, separated by a 0
vector distance r: I H ”Hﬂ ]
 The shape of the :
function and its log{k/h Mpe™)
amplitude 18 sensitive Figure 2. Examples of power spectra for universes with the critical density in mass. The long dashed line shows the
Harrison-Zeldovich form of the primordial power spectrum, P(k) o« k. The dotted line shows the power spectrum in a universe with
to the C05m010gy and the critical density in cold dark matter, the solid line shows the power spectrum when baryons contribute all the critical density, whilst

the short dashed line shows a universe in which all the mass is in the form of massive neutrinos. The amplitude of the power spectra

the pr OCCSSeS by has been set to agree with the constraints from the COBE satellite measurement of temperature fluctuations in the cosmic microwave
: ] background, indicated by the box at log k ~ -3, The points show a measurement of the power spectrum of galaxy clustering,
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Galaxies
color coded
by the age

of their stars
http://www.sdss.org
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2MASS view of galaxies selected by infrared
flux

Blue: near; red: far
9/1/15 Credit: T. Jarrett, IPAC 34

Large Scale distribution of normal galaxies

On scales
<108pc the
universe is
Tumpy'- e.g.
non-
homogenous

On larger
scales it is
homogenous-
and isotropic

Sloan Digital Sky Survey- http://skyserver.sdss3.org/dr8/en/
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Where are the Baryons
Shull Danforth 2012

Most baryons DO NOT
reside in galaxies

galaxlas
T£22%

G S13%

ICWM 4+1.5%
cold gor 1.7+0.4%
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Dark Matter

Dark matter provides a dynamic skeleton on which
galaxies reside and grow
There is a very complex relation between how the
dark matter and baryons (gas and stars) are related and
distributed on a wide variety of scales

— baryons are more concentrated than dark matter

— 'light' may not trace mass well
The fundamental difference is that dark matter can Sz
only interact via gravity while baryons can interact e =¥
with photons, shocks, cosmic rays, be heated and DA‘ & H

cooled. ?«"- E?\

4
£

(see
http://astro.berkeley .edu/~mwhite/darkmatter/
essay.html) for a nice essay on dark matter
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Dark Matter Dominates Gravity

e The cosmic ratio of dark matter to
baryons is ~5.4:1

Qbaryons/Qdark matter =0.167
=0.042 + 0.003

Qbaryons 9 i
— 3.6% INTERGALACTIC GAS
Qdark matter — 0.23 |

=0.0011

7 3% DARK ENERGY

\23% DARK MATTER

Qbaryons/stars

Q,h?=0.02225+/-0.0016=0.049
Taken from the WMAP7

results- Q,_=0.3156+/-0.0091
Planck results (http://arxiv.org/

pdf/1507.02704v1.pdf)- H,=67.27+/-0.66

notice ridiculously small

uncertainties Q,=0.6844+/-0.0091
h=H,/100
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Age 13.8134/-0.026 Gyrs

Deep Breath... What Did we cover?

* Big picture of galaxy research
— brief history

* What are galaxies
— 2 generic classes

* How Many Galaxies are There

How Old are Galaxies

Galaxies do not live alone- large scale structure

Baryons, dark matter and how they are
sampled by galaxies -complex relation

between how the dark matter and baryons (gas and stars) are related
and distributed on a wide variety of scales
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How Things Form (MBW sec. 5.6.1)

e Gravity acts on overdensities in
the early universe making them
collapse.

e As time goes on these collapsed
regions grow and merge with
others to make bigger things

Small objects merging to form larger

*Hierarchical clustering (or hierarchical merging) is the process by which
larger structures are formed through the continuous merging of smaller
structures.

*The structures we see in the Universe today (galaxies, clusters,
filaments, sheets and voids) are predicted to have formed by the
combination of collapse and mergers according to Cold Dark Mattgr
cosmology (the current concordance model).

15.6“Mpcm‘“’—. b

'Millennium' simulation —
Springel et al. (2005)

10.077.696.000 particles |
m=8.6 x 10° M_/h 5




Galaxy growth S— S—

» predicted growth of a massive galaxy

(Behroozi et al. (2013) model). W
1.of
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Huertas-Company et al. 2015 CANDELS
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1.2 Basic Elements of Galaxy Formation

cosmological initial and boundary conditions

i
MWB ﬁg 1'1 | gravitational instability |
Notice the vast range
of physical mechanisms
and interconnectivity

dissipative | gaseous disk | hot halo

collapse; i
starburst

| dark halo (dark matter + gas)

star formation
disk galaxy

gas rich?

starburst s r
tidal tail | | : tai bar instability
‘ idal tal AGN, tidal tail gan inflow
AGN
-| spheroidal system | T
‘. central bulge
gas accretion?

l
| bulge/disk system | disk

elliptical




Galaxg Formation : Many rclcvant and intcracting

Proccssrrs N Star formation
Coo ng (meta”ncntg, (threshold, eﬁ;’cienc\lj,
structure, ...) IMF, ...) AGNs (BH growth,

feedback, ..)

Dust (formation,
distribution, heatingé» Galaxfj f:ormation Galax9 interactions
Cooling, D) & CVOlutiOﬂ (morPhological
transFormations,
starbursts, intracluster

stars, ...
Winds (IGM heatin
enric]ﬁment, SN Feciack,
etc...) Stellar evolution (spectro-

hotometric evolution, 9ields,
SNI/ll rates,...)

we will discuss some of these processes in the class
taken from J. Blaizot presentation
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What Phgsics Goes on ToP of the Dark Matter
Distribution and Evolution

Hot gas (T,,) = Spin (\)

Feedback
Metal enrichment
(ICM & IGM)

Disc formation

Star/formation
Galaxy mergers

Stellarevolution
Met?l enrichment (ISM)

+ model of simple stellar population evolution (w/'dust)

45
taken from J. Blaizot presentation



Dark Matter Distribution and Galaxies

A numerical simulation of the formation of structure (Madau et al
2008) shows the scale of dark matter and the baryons can be rather
different- notice that many of the dark matter halos are NOT
populated by stars.

Via Lactea; Madau et al.

A set of results from numerical simulations

Log,, [Mass (10° M,)) or Log,, [SFR (Mgyr-*)]

spirals ellipticals

Log,, [Mass (10° M,)] or Log,, [SFR (Mgyr-*)]

b 4.6 ‘;,.‘IO ,18‘_148 4 ‘il 6_‘10"13 14; 'IG ;; 10.»15114. ; ; ; a_‘l‘olllﬂll;‘ﬂ . : ; '.;‘-'::1;'1;'14: 4 ; ; 10 12 “'
/ Time (Gyr) Time (Gyr)
Stellar mass Gas+stars
notice SFR not constant 47

mass growth has 'jumps' - mergers J. Blaizot-
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Galaxies Have a Wide Range in Mass

e There is a range of ~10% in

galaxy masses- but most stars : 203 of al
reside in galaxies in a narrow stellar mass

mass range ~6+/-3x10''Mg, (in
stars)

e The baryons are distributed in
gas, stars and dust; wide range
in gas/stars, relatively narrow
range in dust/gas.

Fraction / dex

* Please listen carefully... I often
jump back and forth between
total mass and stellar mass
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Mass Function of Galaxies

The sum of the mass function
for spheroids (red) and disks
(blue) at z=0 add smoothly Stellar Mass Function

together

— spirals are systematically
less massive than ellipticals
but the functions strongly
overlap

L

10 11 12
logio(stellar mass in suns)

Bell, McIntosh, Katz & Weinberg 2003
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Galaxies Have Very Different Appearances
in Different Wave Bands

The physical processes which dominate in different wavebands are
often very different

— optical - starlight

— UV- starlight from massive young stars

— near IR- old stars

— far IR - dust

— radio - synchrotron emission from relativistic particles

— Xx-ray - Xx-ray binaries and hot gas

Historically galaxy studies have been dominated by 'optical (rest
frame) data.
51



Use of Filters to Determine Redshift of Distant Galaxy

e HST filter set is different and
depends on which camera is
used. -

T v T . T T
e observe galaxies in broad-band
filters, and then interpret the

resulting spectral energy
distribution to learn about the
galaxies’ masses, star formation
rates, ages, and metallicities. ol

Model galaxy at z=3.0

X

relative flux
T

o
o
T
redshifted Lyman limit

\ unattenuated spectrum

e Need a detailed understanding
of the stellar populations within o =t Ly ; ; ,
the galaxy, and on accurately HST Filters
characterizing the luminosities Usoo Buso Voon fose

and colors of the billions of /\[f/\ T /\

transmission

stars which contribute to a
galaxy’ s light (J. Dalcanton ) 2000 4000 8000 8000 10000

observed wavelength (A)
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Panchromatic Milky Way

Radio Continuum 408 MHz Bonn, Jodrell Banks, & Parkes

Atomic Hydrogen 21 cm Leiden-Dwingeloo, Maryland-Parkes

Rl e ——— — S
Radio Continuum 2.4 GHz Bonn & Parkes
. W R Sy : . “ Biibne’ gl ;

Molecular Hydrogen 115 GHz Columbia-GISS
Infrared 12, 60, 100 um IRAS

Near Infrared 1.25,2.2, 3.5 um COBE/DIRBE

Optical . " Laustsen et al. Photomosaic

Milky Way

. o
X-Ray 0.25,0.75, 1.5 keV ROSAT/PSPC
Gamma Ray >100 MeV CGRO/EGRET 4 L ADE

R e e o D S %

Multiwavelength

°

Image of MW galactic plane from radio through y-rays



Image of MW in IR From COBE

In the IR the effects of dust are minimized and one can see the true distribution of
emitted radiation. In this wavelength band the emission is due mostly to old low mass

stars 54

Different Appearances at Different Wavelengths

i '_Mos}t of UV l.ight from young hot stars "

M31 -- 24 (MIPS),160 (PACS),350 (SPIRE) um ‘ s
at long IR wavelengths the emission is due to dust which has reprocessed optlcal/U\§ light



12 galaxies observed
in UV and optical

MM Notice different patterns of
UV light - this is affected not
only by the distribution of
hot young stars but also by

From UIT team

Difference between UV, optical
and IR becomes important in
studying the high redshift
universe

NGC1566 in 4 Bands- 4 Different Surveys and Telescopes

e Each of these bands reveals different information about the stars, dust and
star formation rate in the galaxy

* Ho- youngest stars

* NUYV young stars

¢ IR emission from small molecules (PAHs)
* IR emission from dust

WISE 12 pm HiRes IRAC 8 pm SINGS Ha GALEX NUV

Ha
Dust PAH NUV
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A Bewildering Variety of Bands and Names

Name

AL T <NTILQWC

wavelength nm  AA
365 66
445 94
482 140
551 99
658 138
806 149
900 140
1020 120
1220 213
1630 307
2190 390
J/”\ { i({\\\
h\! | | \

There are 2 different magnitude systems

AB system (Oke & Gunn 1983),
magnitude O object in all bands has the
same flux F, = 3631 Jy

a object with a flat energy distribution

( F,=constant) has the same mag in all
colors; 3631 Jy is how bright Vega is in
the V band!

Absolute mag of sun in SDSS filter set
w;g;riisz S 1g h =6:80; 5:45; 4:76; 4:58; 4:51

In the Vega system by definition, Vega's
magnitudes are 0.0 in all filters.

there are many other filter 'sets' each
based on different needs, uses

(the UBV data set was developed for use
with photographic plates, the SDSS set
for use with CCDs circa 1995 techiblogy



