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Part 1:

The standard model of
cosmology
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Our Cosmological Framework derives from...

Observation: The Universe is expanding
Principles:  Homogeneous, isotropic
Theory: General Relativity



General relativity

Einstein, 1916:
General Relativity
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General Relativity:
Gravitational bending of light
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Einstein, 1916:
General Relativity

| want a static Universe -
I'll add a cosmological constant
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Energy Curvature
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The larger the distance to a Galaxy,
the faster it is flying away from us:
velocity = H, x distance

Y
O
o

Redshift of
spectral lines:
)\'Obs B )\’emit
)\“emit
“Doppler effect”
v = 7 - (speed of light)

Z=

Velocity (km)

o

1og 2x 10é

Distance (parsecs)
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Hubble:
The Universe is expanding!

Einstein (much later):
The cosmological constant was
the biggest Blunder of my life

Observational cosmology - Kowalski

11



(Very) Brief History

3 min 3x10°yrs

Galaxy

Formation

From W. Hu
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Wavelength [mm]
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o COBE, 1989-1993,
Nobel prize 2006:
George Smoot & John Mather




Temperatur-Map

600 km/s Doppler
-Dipol

AT = 3.393 mK

Galactic plane

Dipol subtracted




The Universe (i.e. CMB) is remarkable isotropic

COBE Map of CMB Fluctuations
2.725 K +/-~ 30 pK rms, 7° beam




... and homogeneous on large scales

2MASS / Jarrett et al.

“"Zone of Avoidance”
Milky Way obscuration )

Redshift Key: =

0<z<001 7%
0.01 <z<0.02
0.02 <z<0.03
0.03 <z<0.04
0.04 <z < 0.05
0.05 <z < 0.06
0.06 <z < 0.07

0.07 <z < 0.08

0.08 < z < 0.10 in radius
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Principles:  Homogeneous, isotropic
Theory: General Relativity

= Friedman Equation, which governs expansion
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Our Cosmological Framework derives from...

Observation: The Universe is expanding
Principles:  Homogeneous, isotropic

Theory: General Relativity
= Friedman Equation, which governs expansion
-\ 2
R A
H2 = | — — &T—GPM 4+ — — iz Lz
R 3 3 R H

e

Matter Density Cosmological Constant/ Dark Curvature
Energy



Curvature of the Universe &
Cosmic Microwave Background (CMB)

Cobe (1989-1992) WMAP (2001-2013)




Curvature of the Universe &
Cosmic Microwave Background (CMB)

Power spectrum as a function
of angular separation

Angular Scale
90° 2° 0.5° 0.2°

Representation of temperature map
In Spherical Harmonics:
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Anisotropy Power (uK?)
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Resonance length < acoustic
horizon




Cosmic Microwave Background (CMB) &
Curvature of the Universe

Open:

© 0<1°
Q, <0 \
Flat: 910
Q,=0

Closed: ./
© 0>1°
Qk>0 \

e

Acoustic horizon=v t,.. Q +Q,




(Dark) Matter in the Universe

Galaxy Clusters (F. Zwicky, 1933)

Virial Theorem :

E =+E

kin 2 potential

Visible matter can not

explain high velocities!

~80% of matter must be dark

Coma: ~650 galaxies
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observed

expected
from
luminous disk

M33 rotation curve
| (fig. 1)




The cosmological constant A

Friedmann, 1922:

(R 311G A
N Py +

For a Universe without

matter, p,, =0, the R(t) oC et’\/A/3

solution 1s simple :
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Relative size of the universe

4

The cosmological constant A

| | | |
Dark Matter + Dark Energy R(t) R ef VA3
affect the expansion of the universe 0
Qn, Q.
T 0.3 0.7 =
0.3 0.0
1.0 0.0
| | |
-10 Now 10 20 30

Billions of Years



1998: Discovery of Dark Energy

—y—‘—[—ﬂry—u——\—w—u——* [

\

' No .--.99%
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Vacuum Energy < Cosmological Constant

Zeldovich 1968

Vacuum energy:
Before: E=0
After: Axp>0

Pressure (p) of Vacuum energy follows with

assumption of energy conservation:
AxXp+tAxp=0=p=-p

Vacuum energy has all the properties of
X the Cosmological constant A, i.e. it has
negative pressure.



Vacuum Energy

Ground-state of a scalar
Quantum-field:

1
E, =— E hw,
24
Casimir effect <« Energy difference
1 7 Krmas hk*
Vacuum-Energy density: Poe = ; kd’k = —2
2 (2m)*Jo 167

(with ultraviolet cut-off k

max)
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However, there is a problem

Observed energy density
o2 ~ (107" GeV)* ~107'GeV/em’

Expected energy density: £~ kn.

Gravitation: p, ~(M,,_ )" ~(10"°GeV)* ~10'"°GeV/cm’ @

SUSY: 0.0 ~ (M) ~(10°GeV)* ~10”GeV/cm’
Electroweak: pr" ~(Mqy)* ~ (246 GeV)' ~10°'GeV/cm’




Fundamental Problems of

Vacuum Energy/Cosmological Constant:

Why so small?

Expectation: p, ~ (Mpanek)*

=120 orders of magnitudes larger then
the observed value!

Why now?

Matter: pox RS
Vakuum Energy: p = constant

energy
density

Dark Energy with
equation-of-state:

p=wp

(p = pressure; p = density])

:poc R -3(1+w)

A I1ass

energy
density

vacuum
energy
density

time



The standard model of cosmology: ACDM

-<— Radius of the Visible Universe —»

Ingredients of ACDM:
* Cold Dark Matter
 Cosmological constant

Inflation
Quark Soup

—_— Parting Company

. First Galaxies
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* Baryons

* 3 light neutrino flavors
 Ampl. of primord. fluctuations
* Index of power spectrum
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The standard model of cosmology: ACDM

-<— Radius of the Visible Universe —»

Beyond the standard model:

Inflation
Quark Soup

WS 01 0

* Non-A dark energy
e Hot dark matter,

puodas 1

e.g. massive neutrinos

e Additional relativistic species,
e.g extra neutrino species

* Tensor perturbations

w
o
R=3
P
a 8
® S
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o
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=
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& running spectral index
= physics of inflation
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Part 2.
Cosmological probes & constraints
Selected new results

Observational cosmology - Kowalski



Cosmic Microwave Background
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Planck
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Cosmic Microwave Background

PLANCK

Observational cosmology - Kowalski
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Cosmic Microwave Background

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

2 10 50 500 1000 1500 2000 2500
Multipole moment, /¢
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Cosmic Microwave Background

New ground based data from:
South Pole Telescope (SPT) &
Atacama Cosmology Telescope (ACT)

L E———— - B > B e —— AT

& ————

SPT-after filter
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Cosmic Microwave Background

New ground based data from:
South Pole Telescope (SPT) &
Atacama Cosmology Telescope (ACT)

SPT,

1000 This work

CMB fit with
forground;

e+1)C/2m [uk?]

SPT-after filter 100

w/o forground

e —— e d— b —t————

0 500 1000 1500 2000 2500 3000
¢
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Cosmic Microwave Background

New ground based data from:
South Pole Telescope (SPT) &
Atacama Cosmology Telescope (ACT)

SPT,
This work

CMB fit with
forground;

CMB weak lensing: w/o forground
2012 - 40 detection by SPT N

~ I ale l'ﬁl’ﬁlh| P e aTa e Tatala e l~tala 2000
S ) ) ) g b~ )
NSNS - WSS

2013 — 250 detection by Planck 500 2000

¢
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Galaxy Clusters

CMB footprint X-ray footprint
"t; o | XMM-Newton Cas
o ©) c

Picture credit: ESA

First science results of Planck (A&A, 2011)
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Counting Galaxy Clusters

L | ' T LN B B LB | B T T T T ] T T L S R S |

Qm = 0.25, Qp = 0.75, h=0.72 QM =0.25, Qp =0, h=0.72

|
|M’

L. lllllll Al “uul L) lllULl L. uuul |- uuul A A L LLALL

1077 & 2=-0025-0.25 = 1077 720.025-0.25
F 2-055-0.90 \ : F 2-0.55-0.90
] P R | L ! N P P | i T T L1 11 \
101 1015 1074 1012
Msgo, h~1 Mg Msoo. h™' Mo

Vikhlinin et al. ApJ, 2009

Upcoming surveys: eROSITA, DES, ...
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Observed Magnitude

Distant Type la Supernovae

25
24
23 For critical
density p.
22 ® High-Z Supernova
Search
@ Supernova Cosmology
Project
21 Decelerating
Universe
20 l l
0.2 0.4 0.6 1.0
Redshift z
| [ I |
0.8 0.7 0.6 0.5

Linear scale of the universe relative to today



Supernova Type la

=White dwarf in binary system

=>Mass transfer up to ,,critical”
Chandrasekhar mass of 1.4 M

=>Thermonuclear explosion

=>Explosion of similar energies

=>\Visible in cosmic distances
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-20 - 7
as measured :
A9F =
i~
O
S -18F =
& .
° .
v .
! .
a -17 © —
= ¢ . .
o’ o Lo, ° 3
-16 — o ¢ =
= Calan/Tololo SNe Ia =
-15F i ; i I p g i ! . i i I
-20 0 20 40

SNe la as “standard” Candles

days

Stretching the timescale:
I'=sxt

Correcting the brightness
M'= M+ o (s-1)

60

* Nearby supernovae used to
study SNe light curve (z<0.1)

e Intrinsically brighter SNe have

wider lightcurves.

Mp -5 log(h/65)

Observational cosmology - Kowalski

-20F T T
u light-curve timescale
18 m “stretch-factor” corrected -
18F 2 -
E .NEQﬁ °
ATE L =
: % o ]
OB Po Lo ]
E ‘~ [ J ggi ) E
-16 -
-156E ! N —
-20 20 40 60
days

Kim, et al. (1997)
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Observational

peak B-Band magntitude

-19.5

-19.0

-18.5

Simulation of the

width-brightness relation

Kasen, Roepke, Woosley, Nature 2009

1 e A A 1

I

0.8

1.0 1.2 1.4

B-band decline rate A M,
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SNe la Hubble Diagram

50 | | T
- Supernova Cosmology Project (SCP) 1 QA Ly
- Kowalski et al. (2008) 1 71 0
I | 072028
~ /’//// - =
Qo 45~ | /// S
IS | )
) ™ - 1
Y (o)) B Hamuy et al. (1996) |
+ - L2
m | Riess et al. (1996) |
e 401 |
G>J This Work
= i Riess et al. (1998) + HZT |
3 - Pe s ) ]
% | /‘i ) A blt 7]
351 S fainter then brighter= Q) —
i /[ expected =A : >'
L nOrmallzauon _ Astier et al. (2006) -
fliknaitis et al. (2007)
30 T ! | ! |
L -FT
© = e
2 < —
—_— v §
¢ 8 .
=
& S } 3 1
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| | | | —
1.0 2.0

redshift z
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SNe la Hubble Diagram

50 ' Q. Qy
- Supernova Cosmology Project (SCP) HST 1 71 0
- Kowalski et al. (2008) . 0.72 0.28
k i SNLS - ,///j 0 1
q) 45* B ///////////*’—
-~ B i g I -
Sl = | Essence 7 _
WY o)) B T hbnmyetm.UQQQ B
T SDSS il -
én 40| Riess et al. (1996) |
© I PanStarrs This Work |
= i Riess et al. (1998) + HZT
% I PTF Perimutter et al. (1999)
35l B Barris et al. (2003) —
- S N F Knop et al. (2003) -
B Astier et al. (2006) |
- CfA Miknaitis et al. (2007) .
30 | ! | L T | | | |
T —-F 1
© = --m
s :
= m
$ &
5 £ | f
e~ > = L A
| | | | I

redshift z
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SNe at large Redshifts

SN 1997¢j

(z>1)

e >
.

Twin Keck telescopes on Mauna Kea.

Observational cosmology - Kowalski
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HST Survey of Clusters with z >

Survey of z>0.9 galaxy clusters
| = SNe from cluster & field

= about 2 x more efficient

= enhencement of early hosts
= 20 new HST SNe

= 10 high quallty z>1 SNel

SCPO5DO

SN Ia (secure)
z=1.014

I]Il
= [ B |

-

new sub
- -

Supernova Cosmology Project
Suzuki et al., 2011

1 1 |
%L

N OOCOOmmm=
O NhODOND

Cycle 14, 219 orbits (PI S. Perlmutter)
24 clusters from RCS, RDCS,IRAC, XMM

ref

| | I 1
| | | 1

-
"o W

i
o u

1
100 150 200 450

wn
o
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HST Survey of Clusters withz > 1

46
44}
42
) et
= ey Cluster Search (SCP)
S ‘ .*“" Amanullah et al. (2010) (SCP)
ke, L 34T
S 40f r .
= 4
8 $ Astier et al. (2006)
c3gl 4 Knop et al. (2003) (SCP)
3 ‘g Amanullah et al. (2008) (SCP)
w & Barris et al. (2004)
0O 4 Perimutter et al. (1999) (SCP)
36~! |
Hicken et al. (2009)
Kowalski et al. (2008) (SCP)
34}t _ ,
[ Riess et al. (1999)
Hamuy et al. (1996)
3%.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Redshift
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Sloan Digital Sky Survey



Baryon Acoustic Oscillation

Acoustic ,,oscillation” lengh scale from CMB visible in the
distribution of galaxies = Standard ruler of cosmology.

] L L] L) I ' l

—— Best—fitting model
— — Reference

—

s? ¢(s)

o
N A 1 1 |
|

WiggleZ survey — Blake et al, 2011
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Baryon Acoustic Oscillation

Acoustic ,,oscillation” lengh scale from CMB visible in the
distribution of galaxies = Standard ruler of cosmology.

I ! | ! |

0 =0.27
WiggleZ
This paper
o
o
o
- SDSS—LRG
Q
=,
N
8L |
o
Perciva) et al. (2010)
. |
O 1 1 1
ol 0.2 0.4 0.6 0.8

Promising technique & much activity: BOSS, HETDEX,...
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Cosmological parameters

No Big Supernova Cosmology Project
" ''Bang Suzukietal.,, 2011
1.2
1.0
2
nsk
LLRP) o
04 "
=" -....
0.2
A
%
: 'C'J.l) 0 0.4 Uf(i (JT-“
Qo

SNe (Union 2.1, Suzuki et. al, 2011)
BAO (Percival et. al, 2010)
CMB (WMAP-7 year data, 2010)

Q,=0.729 £ 0.014

and allowing for
curvature:

Q,=0.002 + 0.005

Observational cosmology - Kowalski
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Dark Energy

Supernova Cosmology Project

Suzukietal., 2011
0.0 —_

—0.4 F

—0.6

w

S

~0.8F

cosmological

~1.U—ronstan

—1.2F

~14}

0.0

\

0.4

l‘

0.5

Equation of state: p=wp

Constant w:
w=-0.995+0.078

Observational cosmology - Kowalski
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Dark Energy

Supernova Cosmology Project
Suzukietal.,, 2011

w,

0.0

Equation of state: p=wp

Constant w:
w=-0.9511+0.078

Redshift dependent w:
w(a)=wy+(1-a) x w,
W,=0.14+0.68

No deviation from
w=-1 (i.e. \)

Observational cosmology - Kowalski
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Redshift dependent EOS

Assuming step-wise constant w:

~20% improved
constraints

No SN

Constraint

A floating non-SNe bin to decouple
low from high-redshift constraints

Observational cosmology - Kowalski
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Part 3.
Moving beyond ACDM
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Part 3.
Moving beyond ACDM
- Dark Energy

Observational cosmology - Kowalski



Many models to explain cosmic acceleration exist
... but none without difficulties.

Menu of possibilities:

1. Quantum Vacuum Energy (static)
+ it exists!
- 60-120 orders of magnitude to large

2. Quintessence (dynamic)
+ Solves ,why now” problem, connects to inflation?
- ,Smallness” problem persists, small coupling

3. Modification of gravity (hence, no dark energy)
+ no Dark Energy
- Gravitation in solar system well understood

Observational cosmology - Kowalski



Braneworld Cosmology

& Large extra dimensions
E‘\Kgm\ | can solve the hierarchy
S problem of particle physics...

3 (e.g. unification of forces)
N g Randall & Sundrum
\ Arkani-Hamed, Dimopoulos, Dvali

| k/ ...and will weaken Gravity
| w o

w2 =" | at large distances
Y 4 (Dvali, Gabadadze, Porrati - DGP)

SNk
-

7
ZF

=apparent acceleration




Braneworld Cosmology

1.0 B

0.5

-0.5

0.0 0.1 0.2 Q. 0.3 0.4 0.5

P-model versus ACDM
hout systematic: A y%,.= 16.1

N systematic:

A= 4.0

D. Rubin, E. Linder,
MK, et al, 2009



Quintessence Example: Growing Neutrinos

Scalar field couples to
massive neutrinos

Once neutrinos become sub-
relativistic, one obtains A-like

behavior.
-2.5 -2 -1.5 1 0.5

- In(1+2)

Today: Massive neutrinos C. Wetterich (2007), L.

and deviation from w =-1 Amendola et al. (2007),

m
v,0
w, = -1+

12 eV
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Quintessence Example: Growing Neutrinos

.10 ARRRRRARE T T T _
with sys error |

 0.08 |- y

Early dark energy Q
o o
RS

o
o
N

0.00

0 1 2 3 =

m,, [(h/0.7)%V]

m,<1.2 (h/0.7)?eV @ 95 CL stat error only
m,<2.1 (h/0.7)?>eV @ 95 CL with sys error

Lab constraints:
m, <2 eV

Katrin sensitivity:
m,<0.2 eV
v—oszillations:
m,=0.05 eV

D.Rubin, E. Linder,
MK et al., (2009)
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Antrophic principle &
cosmological constant

Once the cosmological constant dominates
the energy budget, the Universe inflates and
struture will stop forming.

Oldest galaxies formed when the

Universe was about 1/10 of its current scale -
the matter density was 103 larger then it was
today:

<
A ’

Steven Weinberg,1987

= 0, /p. <10’



Antrophic principle &
cosmological constant

Once the cosmological constant dominates
the energy budget, the Universe inflates and
struture will stop forming.

Oldest galaxies formed when the

Universe was about 1/10 of its current scale -
the matter density was 103 larger then it was
today.

Steven Weinberg,1987

Galaxies & stars need time to form, the

Universe shouldn‘t collapse before.

-10° < p, /p. <10’




Part 3.
Moving beyond ACDM
- Inflation
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Constraints on Inflation parameters
e.g. Chaotic Inflation (Linde, 1983) V(¢) — )qul?

Power spectrum of

Classical

Motion luctuation

. A% (k) o

@ ko

éua”t“m curvature perturbations

n,—1

Observational cosmology - Kowalski
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Constraints on Inflation parameters

0.10 0.15 0.20 0.25

Tensor-to-Scalar Ratio (r)

0.05

0.00

Planck 2013

Planck+WP
Planck+WP+highL
Planck+WP+BAO

Natural Inflation
Power law inflation
SB SUSY

R2

V x ¢?

V x ¢2/3
V x ¢

V x ¢3

0.936 0.944 0.952 0.960 0.968 0.976 0.984 0.992 1.00

Primordial Tilt (ns)

Observational cosmology - Kowalski
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Part 3.
Moving beyond ACDM
- extra relativistic species

Observational cosmology - Kowalski



Number of relativistic species (neutrinos!)

CMB (& Baryon Nucleosynthesis) sensitive to
number of neutrino species N,

B Planc.lk+WP+hilghL
+BAO

| +Ho
+BAO-+H,

2.4 3.0 3.6 4.2
Ness

Planck+BAO: N, = 3.32+0.52 (95% CL)

Observational cosmology - Kowalski



Neutrino mass from CMB & large scale structure

Damping of correlation power due to E
free streaming at epoch of radiation- (AP) ~_028 v 0.1
matter equality: P 1eV th2
10 | L~ Planck+WP+highL i
Y \\\ — — = Planck+lensing+WP+highL Com bi naﬁon Of CM B_I_ BAO:
08 " \\ Planck-+WP+highL (A_) i
\ Planck—lowL+highL+Tprior
x . S > m, <03eV (95%CL)
g 06 B \\ — = = Planck—lowL+lensing+highL+7prior | v
Q \ |
E ==+ Planck—lowL+Tprior P/anck (2013)
0.4
0.2
080 04 08 12 16 20
Y m, [eV]
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Part 4.
Observing the future
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Future projects

for Dark Energy

Project z-range # SNe
Current 0-1.5 580
LSST (2020) 0.1-0.9 ~106
Euclid (2020) 0.9-2.0 ~2000

v'Weak lensing
v Cluster rates

Other important future methods:

v'Baryon acoustic osciallation

vacuum energy density
(cosmological constant)

—

o

Supernova Cosmology Project

II|II|I|II|I|II\IIIIIIII
 No Big Bang

Supernovae

J&—— SNAP
i \. " CMB

24 4 3
1F ¢ |
- o 1
\000 \ :
[ | L 111 | 1 11 | | | | L | ]
0 1 2 3
mass density
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The Large Synoptic Survey Telescope

8.4 m diameter
9.6 sq.deg FOV
3.2x10° pixels

15 s exposures

Observational cosmology - Kowalski
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Summary

* Cosmology today is about precision

 Multiple probes for highest sensitivity

 ACDM looks strong so far — despite

interpretational problems wit

n dark energy

* Many new surveys committec
significant progress expected!

, hence

Observational cosmology - Kowalski



The end
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