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Introduction

Questions in Cosmology

* What is the Universe made off?

* How did it start?

* What physical laws govern the dynamics?

* What objects/structures form as the Universe evolves!?
* How and when did they form?

* What will happen in the future?

These question connect to fundamental physics,
astronomy and astrophysics. Many have broad appeal.




Edwin Hubble

More distant objects are moving away
from us faster, with a velocity
proportional to their distance.

This is what we call the expansion of the
universe.
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The History of our Universe
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Atoms

4.6% Dark

Energy
712%
Dark
Matter
23%
TODAY
Neutrinos Dark
10 % Matter
63%
Photons
15 %
Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)




p'/4 [eV]

10¢

108

104

1000

100

10

0.1

0.01

0.001

103

102

108 108 104

Thermal History

T [eV]

10-23

100

10! 10-*  10-2

':I_I'I1|||||| [T ||1||||||

Nucleosynthesis
E

E

I'I1||||| T

T I'I'I1|||||

Recombination

3

Cosmological
Constant

E

— D

1 lulllll 1 |,|,|||||| .|..‘.

E| ||||||||| (MTTTR NN |u|||||| |,|,||||||| |,u|||||| |u||||||
108

1010 10° 108 107

108 104 103 102 10!

TIK]

1+ 20 = 1/acq = 3600
(., =0.3; Q,=0.7




The changing Universe

Conditions in the Universe changed dramatically with
time.

The history of the Universe can be used to probe
physics in many different regimes including ones that
have not been probed in the laboratory.

Sometimes we can do this by directly looking at
different regions with our telescopes.
Sometimes we can do this by analyzing fossils.
Sometimes we cannot do it.




Fossils
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The Spectrum of the CMB
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Figure 1. Precise measurements of the CMB apectrum. The line represents a 2.73 K
blackbody, which describes the spectrum very well, especially around the peak of inten-
sity. The spectrum is less well constrained at frequencies of 3 GHz and below (10cm
and longer wavelengths). (References for this figure are at the end of this section under
“CMB Spectrum References.”)

Smoot & Scott ‘98

There is also a background of neutrinos with T,= 2 K and n,= 115 cm3.
They are detected indirectly through their effect in the expansion history.




BBN: Nuclear physics applied in an
expanding universe

Fossil from the first
minutes.
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Direct imaging

Scale shows temperature. Not much
structure at the time, just tiny differences
in the temperature of ten parts per
_million.

Produced by the Planc
satellite

Current Age = 13,800, 000, 000 years
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The Cosmic Microwave Background as seen by Planck and WMAP

Scale shows the temperature of the

universe. No real structure, just tiny

differences in the temperature of ten
h parts per million.

Planck
Planck

Current Age = 13,800,000, 000 years




Anisotropies and gravitational instability




Large Scale Structure of the

Universe Map of a region of the Universe around us. Each
point shows the location of a galaxy.

Sloan Digital Sky Survey




http://lambda.gsfc.nasa.gov/




Anisotropies and gravitational instability

If we know the composition we know the relevant
dynamical equations but we still need to initial
conditions. Initial conditions are not forgotten.

Predictions are statistical in nature.

We typically compute the amplitude of fluctuations as
a function of scale or power spectrum.

Fluctuations are fossils from before the big bang itself.




The Cosmic Microwave Background as seen by Planck and WMAP

Scale shows the temperature of the

universe. No real structure, just tiny

differences in the temperature of ten
h parts per million.
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Planck

Current Age = 13,800,000, 000 years
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The Cosmic Microwaue Background as seen by Planck and WMAP

Temperature differences on different
angular scales
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Angular scale

son0 & oL 07" QObservational Results
5000 1
— 4000 | Cosmic Variance .

2 10 50 500 1000 1500 2000 2500
Multipole moment, ¢

Planck Planck+WP
Parameter Best fit 68% limits Best fit 68% limits
. . ogs Qo 0.022068  0.02207 +0.00033  0.022032  0.02205 = 0.00028
Recombination/ Composmon QR 0.12029  0.1196 + 0.0031 0.12038  0.1199 +0.0027
. 1006uic - - - - - - - 104122 1.04132£0.00068 1.04119  1.04131 £ 0.00063
Late times T 0.0925  0.097+0.038 0.0925 0.089:0012
My o 09624  0.9616+0.0094  0.9619 0.9603 = 0.0073
Initial Conditions In(10"°4,) . .. .. 3.098 3.103 £0.072 3.0980 3.089+0:924
[ 0.6825  0.686:+0.020 0.6817 0.68570018
Qe 03175 0314 £0.020 03183 0.315+0016
Tgeeeenennn, 0.8344  0.834£0.027 0.8347 0.829 = 0.012
Zie oo 11.35 11.4%49 11.37 1.1 £ 1.1
. - 67.11 674+ 1.4 67.04 673+1.2
Derived parameters A 215 ame0ts 215 2 10631
Q.o 0.14300  0.1423+0.0029  0.14305  0.1426 + 0.0025
Age/Gyr ... ... 13.819 13.813 = 0.058 13.8242 13.817 = 0.048
Ze e 109043 1090.37 £ 0.65 1090.48 1090.43 + 0.54
1000, ........ 104139 1.04148 £0.00066  1.04136  1.04147 £ 0.00062

Zoge v v ovnoennns 3402 3386 + 69 3403 3391 + 60




FRW Background
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Take to test particles separated by
|0 million light years and trace
their position back in time.

light year = distance light can travel in one year = 10
000 000 000 000 km = 6 000 000 000 000 miles

Age of the Universe Distance
|4 Billion years |0 Million light years
|/3 second 1/2 light day

This happens because of gravity is an attractive force so the expansion of the universe has been
decelerating. This implies that as you trace the atom back in time it was both closer but also
moving away from us faster.




Conformal diagram
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Figure 8: Conformal diagram of Big Bang cosmology. The CMB at last-scattering (recombination)
consists of 10° causally disconnected regions!

Tree ~ 300 Mpc

a(t) < 7 (Radiation era)

ds* = a*(7)[—dr? + dz?] a(t) oc 7*  (Matter era)




Hubble [comoving Mpc]

eV Horizon Scale
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Anisotropies in the CMB Temperature

Angular scale
90°  18° 1° 0.2° 0.1° 0.07°

Outline
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Multipole moment, ¢

¢ Basic equations
¢ Solution under some simplifying assumption
e Basic parameter dependences

References:

Bashinky & Seljak astro-ph/0310198
Bashinky astro-ph/0405157

Seljak ApdJ 435 L87 (1994)

Ma & Bertschinger ApJ 455 7 (1995)




Recombination

T=03eV << m,c2
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Perturbations Relativistic perturbation theory

ds® = a*(7)[— (1 + 2®)d7r* + (1 — 2¥)dx?] Conformal-Newtonian

Tc?o = _(pa -+ 5:0a)
Ty = (Pa+Pa)Via
TC/LLZ — O Tcij — 5;'(]?@ + 5pa) + (pa + pa)HZj

Viag = — viua

i 3 v L
L, = S(VV =28 Vim,

5pa — (pa + pCL)(Sa Wq = %
OPa = CCQL(SIOCL 2 = Pa

a pa
Oq Fluctuation in the number density

5@ = VZu, + 3W
g = 20, —H(1 —3c)u, + Vo, + @ 31




Perturbations

ds* = a*(7)[—(1 + 2®)d7r* + (1 — 2W)da?]

5@ = V2ua+3\i!
d, = 0, — 3V

da VZu,
g = cody —H(1l —3c)u, + Vir, + @+ 320

dy +H(1 = 33)d, — 2V?d, — Vin, = V¥(® + 3c20)

VU -390 = ~(d+ 3Hu)
V-0 = 3y
Y = 4nGa(p+p)

d = Z%da u:Z{L‘aua szxaﬂ'a
To = (pa+pa)/(p+p)

32
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¢ Photon-Baryon “fluid”
Components e Neutrinos
¢ Cold Dark matter

What determines the temperature of recombination?

T [°K]
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Linear Theory: go to Fourier Space
Note relation between k and angle
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Radiation era (Initial Conditions)

12 1 4
d// d/ - d —
1 bzt o8 7+[3 6+:1:2] v =0
, r<<1—=d,x1/x ; constant

~ dr

r =kt
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Radiation era (Initial Conditions) 2

2

sin
dy = dv,z’m(27¢ — cos ) dy = doy ini(1 + % +-)

2 — p?)si —2 ¥
by = dy ey TR 2 20 CR 0y = iy
p 3 ,
2(p cosp — sin p) 2
(I):d%z‘m' 903 (I):d%zm(—g—FR‘F)
P = CyT

Only relevant parameter initial amplitude.

Caution: Quantities
outside the horizon are

particularly gauge
“Gravitational potential decays dependent.
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Two fluid model . Dark
10% Matter
Radiation-matter universe only. Neglect %
neutrinos (for perturbations). Photons
15%
Atoms
a(T) o 72 12% 13.7 BILLION YEARS AGO
leq =T+ Z (Universe 380,000 years old)
T T
F=2(V2-1)—=—
Teq Te
1 3P
2
= —_ - O
Cg = T, = Cyb 3(1 -+ Rb) ’ 4,07 et
d, + Hd, = —k*® Ay o2, = 22 g
& C b + (1 _|_ Rb) b —|_ Cﬁyb b (1 _|_ Rb)
N B




Two fluid model

kt. = 20




Two fluid model: Damping

2+ Ry

(1 + Rb)q)

—dlyb + 2Tdk2d7b + C%bk2d»},b = —k?

kt. = 20
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Two fluid model dy+

dfyb + 2Tdk2d'yb + C%,kadpyb = —k? d

-10

0.1

(1+ Ry) (1+ Ry)

1 e—k2x%
eff — = ~ _ —
0y = 3d7 + O+ U A(l R cos(kS + dp) — Ry®
d'fy eszw?g
k‘u7 = —? ~ A\/gm sm(/ﬁS + 5(,0)

T S(r)= / codr’ (1) = / Tadr A= —d%mi(l;_ A)
0 0




Simple formula ds® = a?(7)[—(1 + 2®)dr? + (1 — 20)da?]

Pﬂu |0bs
Tos :Trec &
’ P'uuu‘rec
P, 1 . Ldry &
_“:_Hgaﬁp pPB Pod)\—CI)—I—\IJ

dx 2

Puu,u|obs _ arec[l
P'uu,u’rec Qobs

+ (I)rec - (I)obs — - 777"60 + 7 - 60()3 + /dT((I) + \I})]
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Projection

oT .
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Two fluid model dy+

dfyb + 2Tdk2d'yb + C%,kadpyb = —k? d

-10

0.1

(1+ Ry) (1+ Ry)

1 e—k2x%
eff — = ~ _ —
0y = 3d7 + O+ U A(l R cos(kS + dp) — Ry®
d'fy eszw?g
k‘u7 = —? ~ A\/gm sm(/ﬁS + 5(,0)

T S(r)= / codr’ (1) = / Tadr A= —d%mi(l;_ A)
0 0




Two fluid model

0.6 i 0 -0.6

Beware:

The observed spectrum will
have additional damping
due to the finite width of the
last scattering surface.

-0.6-




Planck Spectra
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—— 4000 |
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We now know what the state of the plasma was at
recombination. We still need to connect it with what we
observe.

What is the relation of the peaks in the previous
transparency and the power spectrum?

Angular scale
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Projection

(C(k1)¢(k2)) = (2m)*67 (ke — k) P (k)

Cr=2 [ Rarpc)| [ arlg(@F + o) + gl + D)ilk(r — 7))

v

2 i |
b / kK dk P (k)OG5 ?ju(kD)? + |ku, [*ji(kD)?

v

v

(20— 1)(20 — 1)(20 + 3)

Ji(w)ji(x) =

/d_x
/i_le,(x)g ~ 6= 1;(1 +2)
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Angular scale

son0 & oL 07" QObservational Results
5000 1
— 4000 | Cosmic Variance .
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What 1s Cosmic Variance? <<£ ________

—6 —4 2 0 2 4 6
R d3k' 7 . e 0 < T i(ro—7)k-R
o(n) :/ g(k)/d,T[g(@Off +u,ya—70) + g(® + W))eilro—k

(21+1) if had all sky 2n)?

(C(k1)C(k2)) = (2m)°6" (k1 — ka) P (k)

Statistical nature of predictions is also an 1ssue when dealing with anomalies
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Planck constrains on LCDM
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Fig. 2. Comparison of the base ACDM model parameters for Planck+lensing only (colour-coded samples), and the 68% and 95%
constraint contours adding WMAP low-¢ polarization (WP; red contours), compared to WMAP-9 (Bennett et al. 2012; grey con-

tours).
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Geometric Degeneracy
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Fig. 25. The Planck+WP+highL data combination (samples; colour-coded by the value of Hy) partially breaks the geometric degen-
eracy between Q,, and Q, due to the effect of lensing in the temperature power spectrum. These limits are signifi Qntly improved
by the inclusion of the Planck lensing reconstruction (black contours). Combining also with BAO (right; solid blue contours) tightly
constrains the geometry to be nearly flat.




Additional observable from recombination: polarization

Secondary effects: Lensing, ISW, SZ effect, kSZ, polarization from
the EOR
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Gravitational lensing by the large scale structure
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Geometric Degeneracy
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Fig. 25. The Planck+WP+highL data combination (samples; colour-coded by the value of Hy) partially breaks the geometric degen-
eracy between Q,, and Q, due to the effect of lensing in the temperature power spectrum. These limits are signifi
by the inclusion of the Planck lensing reconstruction (black contours). Combining also with BAO (right; solid blue contours) tightly

constrains the geometry to be nearly flat.
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Fia. 1.— An exaggerated example of the lensing effect on a 10° x 10° field. Top: (left-to-right) unlensed temperature field, unlensed

E-polarization field, spherically symmetric deflection field d(n). Bottom: (left-to-right) lensed temperature field, lensed E- polarlzatlon field,
lensed B-polarization field. The scale for the polarization and temperature fields differ by a factor of 10.
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Fig. 10. Lensing potential power spectrum estimates based on the individual 100, 143, and 217 GHz sky maps, as well our fiducial

minimum-variance (MV) reconstruction which forms the basis for the Planck lensing likelihood. The black line is for the best-fit
ACDM model of Planck Collaboration XVI (2013).
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Fig. 15. Two views of the geometric degeneracy in curved ACDM models which is partially broken by lensing. Left: the degeneracy
in the Q;,-Q4 plane, with samples from Planck+WP+highL colour coded by the value of Hy. The contours delimit the 68 % and 95%
confidence regions, showing the further improvement from including the lensing likelihood. Right: the degeneracy in the Qg-Hy
plane, with samples colour coded by €24 . Spatially-flat models lie along the grey dashed lines.
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The Sunyaev Zeldovich effect

'Bridge’ of hot gas connecting two galaxy clusters

A map of the hot gas in the Universe
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Overview

* Physical origin of polarization
* The information encoded by polarization

e Summary




The Anisotropies are polarized
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How 1s polarization generated?

Thomson Scattering
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THOMSCON SCATTERING
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The guadrupole created
by density
perturbations

Doppler shift
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Peaks are out
of phase
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When were perturbations created?

Sharp acoustic peaks are
difficult to create without

inflation
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The quadrupole created by GW
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After Recombination

Tight Coupling

Observer Today




Reionization

Observer Today
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Gravitational [ensing
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Structure formation
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The Core vs. Cusp problem

Weinberg et al. 1306.0913
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Fig. 1. The cusp-core problem. (Left) An optical image of the galaxy F568-3 (small inset, from the Sloan Digital Sky Survey) is superposed on the the dark matter
distribution from the “Via Lactea” cosmological simulation of a Milky Way-mass cold dark matter halo (Diemand et al. 2007). In the simulation image, intensity encodes the
square of the dark matter density, which is proportional to annihilation rate and highlights low mass substructure. (Right) The measured rotation curve of F568-3 (points)
compared to model fits assuming a cored dark matter halo (blue solid curve) or a cuspy dark matter halo with an NFW profile (red dashed curve, concentration ¢ = 9.2,
Vaoo = 110kms™1). The dotted green curve shows the contribution of baryons (stars+gas) to the rotation curve, which is included in both model fits. An NFW halo
profile overpredicts the rotation speed in the inner few kpc. Note that the rotation curve is measured over roughly the scale of the 40 kpc inset in the left panel.




The Satellite problem




The Satellite problem

Weinberg et al. 1306.0913

Sagittarius

L Sculptor

Fornax

Fig. 2. The missing satellite and “too big to fail’ problems. (Left) Projected dark matter distribution (600 kpc on a side) of a simulated, 1012M@ CDM halo
(Garrison-Kimmel, Boylan-Kolchin, & Bullock, in preparation). As in Figure 1, the numerous small subhalos far exceed the number of known Milky Way satellites. Circles mark
the nine most massive subhalos. (Right) Spatial distribution of the “classical” satellites of the Milky Way. The central densities of the subhalos in the left panel are too high
to host the dwarf satellites in the right panel, predicting stellar velocity dispersions higher than observed. The diameter of the outer sphere in the right panel is 300 kpc; relative
to the simulation prediction (and to the Andromeda galaxy) the Milky Way's satellite system is unusually centrally concentrated (Yniguez et al. 2013).
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Fic. 1.— The nine rising curves show the largest virialized mass scale as a function of time for different values of ). Structures with
M < Mgy (horizontal line) are seen to all virialize about a factor Q—3/2 after the end of the radiation-dominated epoch (shaded, left), whereas
for later times, the virialized mass scale asymptotes to about @3/2 times the horizon mass (shaded, upper left). Cooling is inefficient in the
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Figure 1

(@) The composite X-ray/optical image (556 kpc on a side) of the galaxy cluster Abell 1689 at redshift z = 0.18. The purple haze shows
X-ray emission of the 7' ~ 108 K gas, obtained by the Chandra X-ray Observatory. Images of galaxies in the optical band, colored in
yellow, are from observations performed with the Hubble Space Telescope. The long arcs in the optical image are caused by the
gravitational lensing of background galaxies by matter in the galaxy cluster, the largest system of such arcs ever found (Credit: X-ray:
NASA/CXC/MIT; Optical: NASA/STScI). (b) The galaxy cluster SPT-CL J2106-5844 at z = 1.133, the most massive cluster known
atz > 1 discovered via its Sunyaev-Zel’dovich (SZ) signal (M09 ~ 1.3 x 10" Mg). The color image shows the Magellan/LDSS3
optical and Spitzer/IRAC mid-IR measurements (corresponding to the blue-green-red color channels). The frame subtends 4.8 x

4.8 arcmin, which corresponds to 2.4 x 2.4 Mpc at the redshift of the cluster. The solid yellow contours correspond to the South Pole
Telescope SZ significance values, as labeled, where dashed yellow contours are used for the negative significance values. Adapted from
Foley etal. 2011.

X-ray wavelengths Optical wavelengths

Figure 7

Clusters

Millimeter wavelengths

o

Images of Abell 1835 (z = 0.25) at () X-ray, (b) optical, and (¢) millimeter wavelengths, exemplifying the regular multiwavelength
morphology of a massive, dynamically relaxed cluster. All three images are centered on the X-ray peak position and have the same
spatial scale, 5.2 arcmin or ~1.2 Mpc on a side (extending out to ~7 500; Mantz et al. 2010a). Figure credits: (#) X-ray: Chandra X-ray
Observatory/A. Mantz; () optical: Canada-France-Hawaii Telescope/A. von der Linden et al.; (¢) millimeter: Sunyaev Zel’dovich

Array/D. Marrone.




Counting clusters

Fig. 1. The distribution on the sky of the Planck SZ cluster sub-sample used in this paper, with the 35% mask overlaid.
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Fig.1 Role of feedback in modifying the galaxy luminosity function




10* ) L 13 s ) s s s e B

Local SF law
e ®m MW clouds
r v z = 0 disks v
v z = 0 starbursts a -]
a % o High z disks
o o High z starbursts a
1027 a |
—
" B
>~
=
D 0
o 10 -
Q.
[0]
=
[l
W
-2
10 -
107 Ll il e il

107" 10° 10 10? 10° 10* 10°
E/tff [Mo p072 MWA]

T T T T T
Fig.2 Schmidt-Kennicutt laws on nearby (including Local Group galaxies as shaded regions) e Stars/Earl 8o
and dist.ant. gal.axifas,. as well as Milky Way Giant Molecular Clouds (Krumholz et al., 2012). *Stg:; %ﬁiﬁi B e N4889
The solid line is similar to equation (1). 10 % Stars/Late-type N3842
10 F e Gas/Early-type BCG
@ Gas/Early-type non-BCG
@ Gas/Late-type A1836
A Masers/Early-type
A Masers/Late-type N1332
10° | .
T
=
= 100} 4
107 .
/
106 4 . I I I
60 80 100 200 300 400

o (km/s)

Fig.8 Black hole mass versus spheroid velocity dispersion (luminosity-weighted within one
effective radius), from McConnell et al. (2011)
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F1c. 5.— The reconstructed matter power spectrum: the stars show the power spectrum from combining ACT and WMAP data (top
panel). The solid and dashed lines show the nonlinear and linear power spectra respectively from the best-fit ACT ACDM model with
spectral index of ns = 0.96 computed using CAMB and HALOFIT (Smith et al. 2003). The data points between 0.02 < k < 0.19 Mpc~t
show the SDSS DR7 LRG sample, and have been deconvolved from their window functions, with a bias factor of 1.18 applied to the data.
This has been rescaled from the Reid et al. (2010) value of 1.3, as we are explicitly using the Hubble constant measurement from Riess et al.
(2011) to make a change of units from h~'Mpc to Mpc. The constraints from CMB lensing (Das et al. 2011), from cluster measurements
from ACT (Sehgal et al. 2011), CCCP (Vikhlinin et al. 2009) and BCG halos (Tinker et al. 2011), and the power spectrum constraints
from measurements of the Lyman—a forest (McDonald et al. 2006) are indicated. The CCCP and BCG masses are converted to solar mass
units by multiplying them by the best-fit value of the Hubble constant, h = 0.738 from Riess et al. (2011). The bottom panel shows the
same data plotted on axes where we relate the power spectrum to a mass variance, Ay /M, and illustrates how the range in wavenumber k
(measured in Mpc~!) corresponds to range in mass scale of over 10 orders of magnitude. Note that large masses correspond to large scales
and hence small values of k. This highlights the consistency of power spectrum measurements by an array of cosmological probes over a
large range of scales.
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FIG. 1: The CMB lensing power spectrum (top) data points
from Planck (green squares) and SPT (blue squares) and
the shear correlation function ¢+ from CFHTLenS (bottom),
compared to predictions for parameters from samples of the
Planck CMB+WP+BAO MCMC chains with non-linear cor-
rections [18, 19]. In both cases, the data is systematically
lower than theory, although the significance is somewhat lower
than the eye would suggest in the case of CFHTLenS due to
correlations between data points.
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FIG. 2: Marginalized likelihoods for Y m,. The datasets are
colour coded in the legend, but the solid line is for (I), the
dashed line is for (IT) and the dotted line is for (III). It is clear
that inclusion of lensing leads to a preference for > m, > 0
which is compatible with that coming from the SZ cluster
counts and that there is a strong preference (=~ 40) in the
case of dataset (III).




