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Part	  1:	  	  
The	  standard	  model	  of	  

cosmology	  
	  

	  	   	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  



Our	  Cosmological	  Framework	  derives	  from…	  
	  

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

−8πGTµν = Rµν −
1
2 gµνR

Energy 	   Curvature 

Einstein, 1916: 
General Relativity 



6	  ObservaConal	  cosmology	  -‐	  Kowalski	  

General	  RelaCvity:	  
GravitaConal	  bending	  of	  light	  
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General	  RelaCvity:	  
GravitaConal	  bending	  of	  light	  

 Abell 2218: A Galaxy Cluster Lens, Andrew Fruchter et al. (HST)  
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General Relativity: 
The Universe can have curvature 
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Einstein, 1916: 
General Relativity 

−8πGTµν = Rµν −
1
2 gµνR + gµνΛ

Curvature 

I want a static Universe -  
I’ll add a cosmological constant	  

Energy 	  
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Redshift of  
spectral lines: 
 
 
“Doppler effect” 
  

z =
λobs − λemit

λemit

v ≈ z ⋅ (speed of light)

 
The larger the distance to a Galaxy,  
the faster it is flying away from us: 

velocity = H0 x distance	  
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Hubble: 
The Universe is expanding!	  

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



COBE, 1989-1993, 
Nobel prize 2006: 
George Smoot & John Mather 



600	  km/s	  Doppler	  
	  	  	  	  -‐Dipol	  

	  

Temperatur-‐Map	  

Dipol	  subtracted	  

GalacCc	  plane	  



COBE	  Map	  of	  CMB	  FluctuaCons	  
2.725	  K	  +/-‐	  ~	  30	  µK	  rms,	  7o	  beam	  

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



...	  and	  homogeneous	  on	  large	  scales	  
2MASS	  /	  Jarrea	  et	  al.	  



Our	  Cosmological	  Framework	  derives	  from…	  
	  

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



Our	  Cosmological	  Framework	  derives	  from…	  
	  

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

€ 

H 2 ≡
˙ R 
R
# 

$ 
% 

& 

' 
( 

2

=
8πG

3
ρM +

Λ
3
−

k
R2

⇒ Friedman Equation, which governs expansion 
 

Friedmann, 1922 
 



Our	  Cosmological	  Framework	  derives	  from…	  
	  

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

€ 

H 2 ≡
˙ R 
R
# 

$ 
% 

& 

' 
( 

2

=
8πG

3
ρM +

Λ
3
−

k
R2

Ω
M

+Ω
Λ

+Ω
k

= 1

⇒ Friedman Equation, which governs expansion 
 

€ 

1
H 2



Our	  Cosmological	  Framework	  derives	  from…	  
	  

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

Matter Density 
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Matter Density Cosmological Constant/ Dark 
Energy 

Curvature 
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Curvature	  of	  the	  Universe	  &	   	   	  	  
Cosmic	  Microwave	  Background	  (CMB)	  	  	  	    

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



WMAP	  

Power spectrum as a function  
of angular separation  

Representation of temperature map  
In Spherical Harmonics: 
 
  ΔT

T
= almYlm (θ,φ)

m=− l

m= l

∑
l=2

∞

∑

Resonance length ⇔ acoustic 
horizon 

Curvature	  of	  the	  Universe	  &	   	   	  	  
Cosmic	  Microwave	  Background	  (CMB)	  	  	  	    



Flat: 

Ωk=0 

Closed:  

Ωk>0  

Open: 

Ωk<0  

θ≈1° 

θ>1° 

θ<1° 

Cosmic Microwave Background (CMB)   & 
Curvature of the Universe   

Acoustic horizon≈vstdec Ωm + ΩΛ =  1 - Ωk ≈ 1 	  
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(Dark)	  Maaer	  in	  the	  Universe	  

Visible	  maaer	  can	  not	  	  	  

explain	  high	  velociCes!	  
	  
~80%	  of	  maaer	  must	  be	  dark	  

Coma:	  ~650	  galaxies	  

€ 

Virial Theorem :

Ekin =
1
2
Epotential

Galaxy	  Clusters	  (F.	  Zwicky,	  1933)	  
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The cosmological constant Λ 	  
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For a Universe without 
matter, ρM = 0, the 
solution is simple :

Friedmann, 1922: 
 



R(t) ≈ R0e
t Λ /3

The cosmological constant Λ 	  



Ω
Λ
	  

ΩM	  

1998:	  Discovery	  of	  Dark	  Energy	  
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Nobel	  prize	  for	  physics	  2011	  



Vacuum energy: 
Before:        E = 0 
After:          Axρ>0 
 
Pressure (p) of Vacuum energy follows with 
assumption of energy conservation: 
Axρ+Axp = 0 ⇒ p = - ρ	  

ρ 

x 

A 

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

Vacuum Energy ⇔ Cosmological Constant 

Zeldovich	  1968	  



33	  ObservaConal	  cosmology	  -‐	  Kowalski	  

Vacuum	  Energy	  

Ground-‐state	  of	  a	  scalar	  	  
Quantum-‐field:	  
	  

 
E0 =

1
2
ω i

i
∑

Casimir effect ⇔ Energy difference 

 
ρvac =

1
2


(2π )3
kd 3k = kmax

4

16π 20

kmax

∫Vacuum-Energy density:  
(with ultraviolet cut-off kmax)  



 
 

Observed energy density	  
	  

	  
 
	  

ρ ~ kmax
4

ρΛ
Pl ~ (M Planck )

4 ~ (1018GeV)4 ~ 10113GeV/cm3

ρΛ
obs ~ (10−12  GeV)4 ~ 10−7 GeV/cm3

Expected energy density:	  
	  

Gravitation:   

ρΛ
SUSY ~ (MSUSY )

4 ~ (103GeV)4 ~ 1053GeV/cm3SUSY:   
ρΛ
EW ~ (MEW )4 ~ (246 GeV)4 ~ 1051GeV/cm3Electroweak:   

However,	  there	  is	  a	  problem	  



Fundamental	  Problems	  of	  	  
Vacuum	  Energy/Cosmological	  Constant:	  
	  

 

Why so small?  
 
Expectation:  ρΛ ∼ (Μplanck)4 
⇒ 120 orders of magnitudes larger then 
the observed value! 

 
 

 

Why now?  
  
 Matter:          ρ    R-3  
Vakuum Energy:   ρ = constant 

€ 

∝

Dark Energy with 
equation-of-state:  
p=wρ   
(p = pressure; ρ = density) 
	

⇒ ρ    R -3(1+w) 

€ 

∝
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The	  standard	  model	  of	  cosmology:	  ΛCDM	  
Ingredients	  of	  ΛCDM:	  
•  Cold	  Dark	  Maaer	  
•  Cosmological	  constant	  
•  Baryons	  
•  3	  light	  neutrino	  flavors	  
•  Ampl.	  of	  primord.	  fluctuaCons	  
•  Index	  of	  power	  spectrum	  
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The	  standard	  model	  of	  cosmology:	  ΛCDM	  

Beyond	  the	  standard	  model:	  
•  Non-‐Λ	  dark	  energy	  	  
•  Hot	  dark	  maaer,	  	  
	  e.g.	  massive	  neutrinos	  

•  AddiConal	  relaCvisCc	  species,	  	  
	  e.g	  extra	  neutrino	  species	  	  

•  Tensor	  perturbaCons	  	  
	  &	  running	  spectral	  index	  	  
	  ⇒	  physics	  of	  infla(on	  
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Part	  2.	  	  
Cosmological	  probes	  &	  constraints	  	  

Selected	  new	  results	  
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Planck:	  2009	  -‐	  2011	  	  

Cosmic	  Microwave	  Background	  
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Planck:	  2009	  -‐	  2011	  	  

Cosmic	  Microwave	  Background	  
WMAP	  PLANCK	  
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Cosmic	  Microwave	  Background	  
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WMAP:	  2001	  -‐	  ?	  	  

SPT	  

SPT-‐amer	  filter	  

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

Cosmic	  Microwave	  Background	  

ACT	  –	  6	  m	  telescope	  
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WMAP:	  2001	  -‐	  ?	  	  

w/o	  forground	  

CMB	  fit	  with	  
forground;	  

SPT	  

SPT-‐amer	  filter	  

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

Cosmic	  Microwave	  Background	  
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w/o	  forground	  

CMB	  fit	  with	  
forground;	  

CMB	  weak	  lensing:	  	  
2012	  -‐	  4σ	  detec(on	  by	  SPT	  
2013	  –	  25σ	  detec(on	  by	  Planck	  

SPT	  

SPT-‐amer	  filter	  

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

Cosmic	  Microwave	  Background	  
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CMB	  footprint	   X-‐ray	  footprint	  

Picture	  credit:	  ESA	  

First	  science	  results	  of	  Planck	  (A&A,	  2011)	  

Galaxy	  Clusters	  
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CounCng	  Galaxy	  Clusters	  

Vikhlinin	  et	  al.	  ApJ,	  2009	  

Upcoming	  surveys:	  eROSITA,	  DES,	  ...	  
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⇒ White	  dwarf	  in	  binary	  system	  
	  
⇒ Mass	  transfer	  up	  to	  „criCcal“	  	  
	  Chandrasekhar	  mass	  of	  1.4	  M¤	  	  

⇒ Thermonuclear	  explosion	  

⇒ Explosion	  of	  similar	  energies	  	  

⇒ Visible	  in	  cosmic	  distances	  
	  

	  Supernova	  Type	  Ia	  	  
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SNe	  Ia	  as	  “standard”	  Candles	  
• 	  Nearby	  supernovae	  used	  to	  
study	  SNe	  light	  curve	  (z<0.1)	  	  
• 	  Intrinsically	  brighter	  SNe	  have	  
wider	  lightcurves.	  

Stretching	  the	  Cmescale:	  
	  
	  

€ 

t'= s× t

M '= M+α (s−1)

CorrecCng	  the	  brightness	  
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SimulaCon	  of	  the	  	  
width-‐brightness	  relaCon	  

	  Kasen,	  Roepke,	  Woosley,	  Nature	  2009	  

Kasen,	  	  
Roepke,	  	  
Woosley,	  	  
Nature	  2009	  
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SimulaCon	  of	  the	  	  
width-‐brightness	  relaCon	  

	  Kasen,	  Roepke,	  Woosley,	  Nature	  2009	  
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SNe	  Ia	  Hubble	  Diagram	  	  

normalization	  

fainter then   
expected ⇒Λ	  

	  
ΩΛ	  	  	  	  	  	  ΩM	  	  	  	  
1 	  	  	  0	  
0.72	  	  0.28	  
0	  	  	  	  	  	  	  1	  

A bit  
brighter⇒	  ΩM	  

fa
in

te
r	  

Supernova Cosmology Project (SCP) 
Kowalski et al. (2008) 
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SNe	  Ia	  Hubble	  Diagram	  	   	  
ΩΛ	  	  	  	  	  	  ΩM	  	  	  	  
1 	  	  	  0	  
0.72	  	  0.28	  
0	  	  	  	  	  	  	  1	  

fa
in

te
r	  

SNF	  
PTF	  

CfA	  

PanStarrs	  
SDSS	  

Essence	  
SNLS	  

HST	  Supernova Cosmology Project (SCP) 
Kowalski et al. (2008) 
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SNe	  at	  large	  Redshims	  (z>1)	  
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Supernova	  Cosmology	  Project	  
Suzuki	  et	  al.,	  2011	  

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	  quality	  z>1	  SNe!	  	  
	  
	  	  

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

HST	  Survey	  of	  Clusters	  with	  z	  ≥	  1	  
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HST	  Survey	  of	  Clusters	  with	  z	  ≥	  1	  

Union	  2.1	  -‐	  580	  SNe	  



WMAP 2006 
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Sloan	  Digital	  Sky	  Survey	  

Baryon	  AcousCc	  OscillaCon	  
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AcousCc	  „oscillaCon“	  lengh	  scale	  from	  CMB	  visible	  in	  the	  
distribuCon	  of	  galaxies	  ⇒	  Standard	  ruler	  of	  cosmology.	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

WiggleZ	  survey	  –	  Blake	  et	  al,	  2011	  

Baryon	  AcousCc	  OscillaCon	  
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Promising	  technique	  &	  much	  acCvity:	  BOSS,	  HETDEX,...	  

AcousCc	  „oscillaCon“	  lengh	  scale	  from	  CMB	  visible	  in	  the	  
distribuCon	  of	  galaxies	  ⇒	  Standard	  ruler	  of	  cosmology.	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

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

and	  allowing	  for	  	  
curvature:	  

Ωk=0.002 ± 0.005	


ΩΛ=0.729 ± 0.014	


Supernova	  Cosmology	  Project	  
Suzuki	  et	  al.,	  2011	  

Cosmological	  parameters	  	  
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cosmological	  	  
constant	  

Equa(on	  of	  state:	  p=wρ	  
	

Constant	  w:	  
w=-‐0.995±0.078	  

Supernova	  Cosmology	  Project	  
Suzuki	  et	  al.,	  2011	  

Dark	  Energy	  
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cosmological	  	  
constant	  

Equa(on	  of	  state:	  p=wρ	  
	

Constant	  w:	  
w=-‐0.951±0.078	  
	  
Redshim	  dependent	  w:	  
w(a)=w0+(1-‐a)	  x	  wa	  
Wa	  =	  0.14±0.68	  

No	  devia(on	  from	  	  
w=-‐1	  (i.e.	  Λ)	  	  

Λ	


Supernova	  Cosmology	  Project	  
Suzuki	  et	  al.,	  2011	  

Dark	  Energy	  
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Redshim	  dependent	  EOS	  

A	  floaCng	  non-‐SNe	  bin	  to	  decouple	  	  
low	  from	  high-‐redshim	  constraints	  

Assuming	  step-‐wise	  constant	  w:	  
~20%	  improved	  	  
constraints	  
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Part	  3.	  	  
Moving	  beyond	  ΛCDM	  	  	  
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Part	  3.	  	  
Moving	  beyond	  ΛCDM	  

-‐	  Dark	  Energy	  	  	  
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Many	  models	  to	  explain	  cosmic	  accelera(on	  exist	  	  
…	  but	  none	  without	  difficul(es.	  

	  
Menu	  of	  possibili(es:	  

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

2. 	  Quintessence	  (dynamic)	  
	   	   	  +	  Solves	  „why	  now“	  problem,	  connects	  to	  inflaCon?	  	  
	   	   	  -‐	  „smallness“	  problem	  persists,	  small	  coupling	  	  

3. 	  Modifica(on	  of	  gravity	  (hence,	  no	  dark	  energy)	  
	   	  	  	  	  	   	  +	  no	  Dark	  Energy	  
	   	  	   	  -‐	  GravitaCon	  in	  solar	  system	  well	  understood	  



Large extra dimensions  
can solve the hierarchy 
problem of particle physics…  
(e.g. unification of forces) 
Randall & Sundrum  
Arkani-Hamed, Dimopoulos, Dvali 
 
 
…and will weaken Gravity       
at large distances  
(Dvali, Gabadadze, Porrati - DGP) 
 
⇒ apparent acceleration 
 
 
 

Braneworld	  Cosmology	  



DGP-model versus ΛCDM 
Without systematic: Δ χ2

stat = 16.1 
With systematic:      Δ χ2

sys =   4.0 D. Rubin, E. Linder,  
MK, et al, 2009 

Braneworld	  Cosmology	  
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-‐	  ln(1+z)	  

mν	  

Quintessence Example: Growing Neutrinos 

w0 = −1+
mν ,0

12 eV

C. Wetterich (2007),        L. 
Amendola et al. (2007),  

Scalar field couples to 
massive neutrinos  

 

Once neutrinos become sub-
relativistic, one obtains Λ-like 
behavior. 
 

Today: Massive neutrinos 
and deviation from w =-1 
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D.Rubin, E. Linder,  
MK et al., (2009)  

E
ar
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 Ω

e 

mν<1.2	  (h/0.7)2	  eV	  @	  95	  CL	  stat error only	  
mν<2.1	  (h/0.7)2	  eV	  @	  95	  CL	  with sys error	  

	  

with sys error 

3σ 

2σ 

1σ 

Lab constraints: 
mν≤2 eV 
Katrin sensitivity: 
mν ≤ 0.2 eV 
ν-oszillations: 
mν≥0.05 eV 
	


Quintessence Example: Growing Neutrinos 



Antrophic	  principle	  &	  
	  cosmological	  constant	  	  

	  

Steven	  Weinberg,1987	  

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	  maaer	  density	  was	  103	  larger	  then	  it	  was	  
today:	  	  
	  
	  	  

€ 

⇒ ρΛ /ρm <103



Antrophic	  principle	  &	  
	  cosmological	  constant	  	  

	  

Steven	  Weinberg,1987	  

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	  maaer	  density	  was	  103	  larger	  then	  it	  was	  
today.	  
	  	  
Galaxies	  &	  stars	  need	  Cme	  to	  form,	  the	  
Universe	  shouldn‘t	  collapse	  before.	  	  

	  	  

€ 

−103 < ρΛ /ρm <103
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Part	  3.	  	  
Moving	  beyond	  ΛCDM	  

-‐	  Infla(on	  	  	  
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e.g.	  ChaoCc	  InflaCon	  (Linde,	  1983)	  

€ 

V (φ) = λφ p

€ € € 

€ 

ΔR
2 (k)∝ k

k0

$ 

% 
& 

' 

( 
) 

ns −1

Power	  spectrum	  of	  	  
curvature	  perturbaCons	  

Constraints	  on	  InflaCon	  parameters	  
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e.g.	  ChaoCc	  InflaCon	  (Linde,	  1983)	  

€ 

V (φ) = λφ p

€ € € 

€ 

ΔR
2 (k)∝ k

k0

$ 

% 
& 

' 

( 
) 

ns −1

Power	  spectrum	  of	  	  
curvature	  perturbaCons	  

Te
ns
or
-‐t
o-‐
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al
ar
	  ra

Co
	  (r
)	  

scalar	  spectral	  index	  (ns)	  

Planck	  2013	


Constraints	  on	  InflaCon	  parameters	  
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Part	  3.	  	  
Moving	  beyond	  ΛCDM	  

-‐	  extra	  rela(vis(c	  species	  
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Planck+BAO:	  Neff	  =	  3.32±0.52	  	  (95%	  CL)	  	  
	  

CMB	  (&	  Baryon	  Nucleosynthesis)	  sensiCve	  to	  
number	  of	  neutrino	  species	  Neff	  

Number	  of	  relaCvisCc	  species	  (neutrinos!)	  
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Damping	  of	  correla(on	  power	  due	  to	  
free	  streaming	  at	  epoch	  of	  radiaCon-‐
maaer	  equality:	  
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ΔP
P
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CombinaCon	  of	  CMB+BAO:	  

mν < 0.3 eV (95%CL)∑
Planck	  (2013)	  

Neutrino	  mass	  from	  CMB	  &	  large	  scale	  structure	  
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Part	  4.	  	  
Observing	  the	  future	  
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Future projects 
for Dark Energy 

SNAP 
Other important future methods: 
ü Weak lensing  
ü Cluster rates  
ü Baryon acoustic osciallation 

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

8.4 m diameter 
9.6 sq.deg FOV 
3.2x109 pixels 
15 s exposures 
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•  Cosmology	  today	  is	  about	  precision	  
•  MulCple	  probes	  for	  highest	  sensiCvity	  
•  ΛCDM	  looks	  strong	  so	  far	  –	  despite	  
interpretaConal	  problems	  with	  dark	  energy	  

•  Many	  new	  surveys	  commiaed,	  hence	  	  	  	  	  	  	  	  	  
significant	  progress	  expected!	  

Summary	  
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The	  end	  


