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The Universe is very big (billions and 
billions of everything) and often beyond 
the reach of our minds and instruments 

Big ideas and powerful instruments 
have enabled three decades of 

revolutionary progress  
and maybe even a Golden Age 



Big Glass on the Ground:   
4 VLT, 2 Kecks, 2 Geminis and  

2 Magellans 



Great Observatories in Space: 
Hubble, Spitzer, Chandra, and 

Fermi 



Giant CCD Cameras 

100 Megapixel 

Gigapixel 



Big Ideas (some might be right) 

•  Cosmic inflation 
•  Dark energy 
•  Dark matter 
•  Grand unification 
•  String theory 
•  Baryogenesis 
•  Multiverse! 



8 things we know about the 
Universe 

1.  The Universe had a beginning 
2.  The Universe is really big:  billions and billions 
3.  The Universe began from hot, quark soup 10-5 sec after the bang 
4.  The Universe is held together by the gravity of dark matter 
5.  The Universe is speeding up, caused by the repulsive gravity of 

dark energy 
6.  The Universe (probably) had a quantum beginning 
7.  Precision cosmology! 
8.  Cosmic destiny 

Big mysteries remain:  dark matter, dark energy, cosmic destiny, what 
went bang 



#1:  The Universe had a beginning 



The 
Universe 

is expanding 
and had a 
beginning 

  … Hubble, 1929 



“Signature” of Big Bang beginning 



Not an explosion into 
space but  

an explosion of space 
(galaxies carried along) 

Time warps, space stretches and 
God plays dice! 









Space expands ! there is no center of the universe 



no center – just different perspectives 



no center – just different perspectives 



“Einstein interprets Hubble” 

Big Bang = Expansion of space 
not explosive into space 

No center,* different perspectives 
Big Bang was everywhere. 

*don’t tell people at Harvard they are not at the center of the Universe 



#2:  The Universe is really big 



OUR GALAXY (MILKY WAY) 

100 Billion Stars 
DIAMETER = 100,000 LIGHT-YEARS 

You are here 



100 billion stars (and planets) in 
our Milky Way 

diameter = 100,000 light-years 



The nearest galaxy (Andromeda) 

2 million light-years away 



Coma cluster of galaxies 

300 million light-years 



Colliding BHs detected by LIGO 

1.3 billion light-years 



Hubble Deep Field 
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Seeing  back to the beginning 

10,000 galaxies 
one ten millionth 

of the sky 

100 billion 
galaxies in the 

observable 
Universe! 



Star formation 
peaked 13 billion years ago, almost done  



How big is the Universe? 

the observable universe 

100 billion galaxies 
Each with 100 billion stars 

Each star has a few planets 
27 billion light years across 

… and there is more 



#3:  The Universe began from hot, 
quark soup 
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Discovery of Cosmic Microwave 
Background, 1964 accident 











#4:  The Universe is held together 
by dark matter 





Fritz Zwicky 

Discoverer of 
the Dark Side 

circa 1935 
Doesn’t 
play well 

with 
others 
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1970s:  Vera Rubin and  
Flat Rotation Curves 

“loads of dark matter close to home” 





Dark Numbers 

•  Stars:  0.5% of the total 
•  Atoms:  5% of the total 
•  Matter total:  about 30% of the total 
•  Dark Atoms:  4.5% of the total 

Bottom Line:  Atoms can only explain 5% of 
the Dark Matter, the other 25% must be a 
new form of matter (“exotic dark matter”) 
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Neutrinos 
contribute a 

few 0.1% 

79th Nobel Symposium1990 (Gräftåvallen, SE) 



Full Court Press!!
•  Produce at LHC
•  Detect particles in our halo
•  Detect annihilation products



#5:  The Universe is speeding up 
due to the repulsive gravity of dark 

energy 









The two teams 

Hi z Supernova Team 
Supernova Cosmology Project 







Youbetcha Katie, 
I believe in Dark 
Energy – we can 

see it from 
Alaska! 





So, Cosmic Acceleration is 
caused by the repulsive 
gravity of dark energy 

any questions? 





So, Cosmic Acceleration is 
caused by the repulsive 
gravity of dark energy 

any questions? 



#6:  The Universe had a quantum 
beginning 



Explains the smoothness and 
heat of the Big Bang and 
predicts a flat Universe 



Quantum Fluctuations Seed 
Density Perturbations 
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Inflation + Cold 
Dark Matter 

Structure in the 
Universe forms 

“bottom up”: 

First Stars (z ~ 10 - 20)   
Galaxies (z ~ 2 - 5), 

Clusters (z ~ 0 - 2), and 
Superclusters (z ~ 0)  



The Largest Things in the Universe 
Began from Subatomic Quantum 

Fluctuations! 



#7:  Precision cosmology 
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Landau on 
Cosmologists 

Often in Error, 
Never in Doubt! 
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The Universe circa 380,000 yrs 
WMAP 

and don’t forget the gnd-
based experiments: ACT, 

Boomerang, DASI, SPT, … 
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The Universe circa 380,000 yrs 
WMAP 

±0.001% Fluctuations 



Planck CMB Sky 
9 frequencies 
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Planck Power Spectrum 
a thing of beauty! 
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6 parameter fit to ΛCDM 

30 µK 



CMB Polarization 
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3 µK 



•  From quark soup to nuclei and atoms to 
 galaxies and large-scale structure 

•  Flat, accelerating Universe, inflationary beginning  
•  Atoms, exotic dark matter & dark energy 
•  Precision cosmological parameters 

•   T0  = 2.7255 ± 0.0006 K 
•   Ω0 = 1.005 ± 0.005 (uncurved = flat) 
•   ΩM = 0.315 ± 0.01 
•   ΩB = 0.048 ± 0.001 
•   ΩDE = 0.685 ± 0.01 
•   H0 = 67 ± 0.5 km/s/Mpc 
•   t0  = 13.80 ± 0.02 Gyr 
•   ns = 0.965 ± 0.005 
•   Nν = 3.0 ± 0.33   

Consistent with 
immense body 
of high-quality 

data! 





Michael S Turner 

The answer is:  “flat” 

NB:  h2  ≅	0.5 

Our Universe 
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Airtight Evidence for 
Nonbaryonic Dark Matter 



#8:  Cosmic destiny 





Cannot Understand Our 
Cosmic Destiny Until We 

Understand What 
Dark Energy Is! 

In the Presence of Dark 
Energy, a Flat Universe 
Can Expand Forever,  
Re-collapse, or Even 
Experience a Big Rip! 



8 things we know about the 
Universe 

1.  The Universe had a beginning 
2.  The Universe is really big 
3.  The Universe began from hot, quark soup 
4.  The Universe is held together by the gravity of dark matter 
5.  The Universe is speeding up, caused by the repulsive gravity 

of dark energy 
6.  The Universe (probably) had a quantum beginning 
7.  Precision cosmology! 
8.  Cosmic destiny 

Big mysteries remain:  dark matter, dark energy, cosmic destiny, 
what went bang 



Michael S Turner 

Consensus Cosmology 
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Rests upon three mysterious pillars 
All implicate new physics! 



Λ fits perfectly! 
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M. Betoule et al.: Improved cosmological constraints from a joint analysis of the SDSS-II and SNLS supernova samples.
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Fig. 14. 68% and 95% confidence contours (including system-
atic uncertainty) for the⌦m and⌦⇤ cosmological parameters for
the o-⇤CDM model. Labels for the various data sets correspond
to the present SN Ia compilation (JLA), the Conley et al. (2011)
SN Ia compilation (C11), the combination of Planck tempera-
ture and WMAP polarization measurements of the CMB fluctu-
ation (PLANCK+WP), and a combination of measurements of
the BAO scale (BAO). See Sect. 7.1 for details. The black dashed
line corresponds to a flat universe.

7.2. Constraints on cosmological parameters for various dark
energy models

We consider three alternatives to the base ⇤CDM model:

– the one-parameter extension allowing for non-zero spatial
curvature ⌦k, labeled o-⇤CDM.

– the one-parameter extension allowing for dark energy in a
spatially flat universe with an arbitrary constant equation of
state parameter w, labeled w-CDM.

– the two-parameter extension allowing for dark energy in a
spatially flat universe with a time varying equation of state
parameter parameterized as w(a) = w0 + wa(1 � a) with a =
1/(1 + z) (Linder 2003) and labeled wz-CDM.

We follow the assumptions of Planck Collaboration XVI (2013)
to achieve consistency with our prior. In particular we assume
massive neutrinos can be approximated as a single massive
eigenstate with m⌫ = 0.06 eV and an e↵ective energy density
when relativistic:

⇢⌫ = Ne↵
7
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⇢� (26)

with ⇢� the radiation energy density and Ne↵ = 3.046. We use
Tcmb = 2.7255 K for the CMB temperature today.

Best-fit parameters for di↵erent probe combinations are
given in Tables 14, 15 and 16. Errors quoted in the ta-
bles are 1-� Cramér-Rao lower bounds from the approximate
Fisher Information Matrix. Confidence contours corresponding
to ��2 = 2.28 (68%) and ��2 = 6 (95%) are shown in
Figs. 14, 15 and 16. For all studies involving SNe Ia, we used
likelihood functions similar to Eq. (15), with both statistical and
systematic uncertainties included in the computation of C. We
also performed fits involving the SNLS+SDSS subsample and
the C11 “SALT2” sample for comparison (see Sect. 6).

In all cases the combination of our supernova sample with
the two other probes is compatible with the cosmological con-

Fig. 15. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the ⌦m and w cosmological parameters
for the flat w-⇤CDM model. The black dashed line corresponds
to the cosmological constant hypothesis.

Fig. 16. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the w and wa cosmological parameters
for the flat w-⇤CDM model.

stant solution in a flat universe, which could have been antic-
ipated from the agreement between CMB and SN Ia measure-
ments of ⇤CDM parameters (see Sect. 6.6). This concordance is
the main result of the present paper. We note that this conclusion
still holds if we use the WMAP CMB temperature measurement
in place of the Planck measurement (see Table 15).

For the w-CDM model, in combination with Planck, we
measure w =�1.018 ± 0.057. This represents a substan-
tial improvement in uncertainty (30%) over the combination
PLANCK+WP+C11 (w = �1.093±0.078 ). The ⇠ 1� (stat+sys)
change in w is caused primarily by the recalibration of the SNLS
sample as discussed in detail in Sect. 6. The improvement in er-
rors is due to the inclusion of the full SDSS-II spectroscopic
sample and to the reduction in systematic errors due to the joint
re-calibration of the SDSS-II and SNLS surveys. As an illustra-
tion of the relative influence of those two changes, using the C11
calibration uncertainties would increase the uncertainty of w to
6.5%.

Interestingly, the CMB+SNLS+SDSS combination delivers
a competitive measurement of w with an accuracy of 6.9%, de-

21
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Why isn’t lambda good enough? 
Short answer: no good theory for it! 

Λ  is equivalent to vacuum energy &  
quantum zero-point energy diverges: 

ΩΛ ~ (Ecutoff/10-4 eV)4
 



Inflation scorecard 



E mode 

B mode 



B-modes detected! 
17 March 2014/BICEP2 



B-modes detected! 
17 March 2014/BICEP2 



Most exciting interpretation 

•  Smokin’ gun for inflation 
–  r = tensors/scalars = 0.2+0.07

-0.05
 

•  The when and clues about how 
–  10-38 sec 
–  Energy scale of 2 x 1016 GeV = 1012 x LHC 
–  “Planck scale physics”:   

•  Δφ ~ mpl 
•  V ~ (2 x 1016 GeV)4, V’ ~ 1.2V/mpl, V’’ ~ 0.6V/mpl

2 

•  Remember, “extraordinary results require 
extraordinary evidence”  … Carl Sagan 

10-38 sec 



Carl Sagan: 

Extraordinary 
Claims Require 
Extraordinary 

Evidence 



The bane of astronomy:  dust 

Planck dust map of BICEP region 



When all the “dust” settled: 
BICEP2/Keck/Planck joint analysis 
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B-modes detected! Dust detected at > 3σ 
Evidence for something else (GWs?)  

D
us

t 

GWs 



Small details or threads 
that unravel the picture? 

H.L. Mencken: “For 
every complex problem, 
there is a solution that is 

simple, elegant and 
wrong!” 
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What to do about the multiverse 

•  Most important 
discovery since 
Copernicus? 

•  Is it science? (not 
testable) 

•  Many true believers 
(left coast) and not 
enough doubters 





100 nK! 



“Planck/WMAP” 
H0 trade space 

• Planck:  “low” H0, high σ8 & Nν = 3 
(! Planck predicts 3X clusters SPT observes) 

• WMAP:  “consensus H0”, “right 
number of clusters” & Nν = 3.8    
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H0 = 72 ± 1 ± 4 km/s/Mpc 



ΛCDM:  today’s big picture 

•  Standard hot big bang (t >10-6 sec) 
•  Three big ideas from inner space/outer 

space 
–  Inflationary beginning (t << 10-6 sec) 
– Dark Matter is comprised of slowly moving 

particles, born of the quark soup 
– Dark Energy and accelerated expansion (t > 

10 Gyr) 



Full power spectrum 
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Planck
SPT - S13 SPT 150 GHz

SPT 220 GHz

SPT 95 GHz

l > 3000: 
•  dusty galaxies 
•  radio sources 
•  S-Z clusters (1000s) 
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CMB anisotropy is a 
non-trivial map of 

density inhomogeneity 
to temperature 

fluctuations 
" 

Mapping depends upon 
cosmological 

parameters (good 
news!) 

ΩMh2 
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Carl Sagan: 

“Extraordinary 
Claims Require 
Extraordinary 

Evidence” 



Dark Energy = 
very elastic stuff 
(p < -ρ/3) with 

repulsive gravity 

Simplest example: 
cosmological 
constant Λ = 

quantum vacuum 
energy (p = -ρ) 

but ρvac is a little 
too big 





Describing Dark Energy 

•  Defining feature of dark energy:  large negative 
pressure, smoothly distributed which leads to 
repulsive gravity 

•  Described by equation-of-state parameter w < -⅓ 

1.  Not necessarily constant 
2.  Vacuum energy = -1 
3.  Quintessence -1 to 1 
4.  Ghostly quintessence < -1 (ρDE increases with time) 
5.  w = w0 + wa(1 – a) 



Michael S Turner Sullivan et al 2011 

Betoule et al (1401.4064) 
Joint Lightcurve Analysis 
w = -1.02 ± 0.06 (stat + sys) 

wa ≈ -0.5 ±  0.8 



Eddington 
Criterion 



The Extravagant Universe 
“the left-coast solution” 

•  M-theory ! 10500 vacua 
•  ρvac~ O(mPl

4) ± O(mPl
4) 

•  Universe has a 
multiverse structure & 
we were lucky 
(narcissistic principle) 

•  Testable?   



Two big questions 
1.  Does dark energy vary with time? 

w and wa 

1.  Does general relativity self consistently 
describe accelerated expansion? 

Growth of structure … 



Dark Energy Survey 



LSST 

WFIRST/Euclid 
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The gravity of Dark Matter holds our 
galaxy and every other galaxy in the 

Universe together  
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…. but not established fact yet   



Most exciting interpretation 

•  Smokin’ gun for inflation 
–  r = tensors/scalars = 0.2+0.07

-0.05
 

•  The when and clues about how 
–  10-38 sec 
–  Energy scale of 2 x 1016 GeV = 1012 x LHC 
–  “Planck scale physics”:   

•  Δφ ~ mpl 
•  V ~ (2 x 1016 GeV)4, V’ ~ 1.2V/mpl, V’’ ~ 0.6V/mpl

2 

•  Remember, “extraordinary results require 
extraordinary evidence”  … Carl Sagan 

10-38 sec 



Hints:  Gamma-rays from dark 
matter annihilations at the GC? 

Daylan et al 1402.6703 

30,000 ~2 GeV photons!  







Cannot Understand Our Cosmic 
Destiny Until We Understand What 

Dark Energy Is! 

In the Presence of Dark 
Energy, a Flat Universe 
Can Expand Forever,  
Re-collapse, or Even 
Experience a Big Rip! 



The theory menu 

•  Vacuum energy (see above) 
•  Rolling scalar field 

(quintessence) 
•  Very elastic topological defects 
•  Modified gravity 
•  Dark energy/dark matter 

models 
•  Hole in the Universe 
•  ?? 

Michael S Turner 
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z = 6.43 Quasar: 
UV light shifted to Infrared:   
1 + z = 9000/1216 = 7.43 

1216 Å 



The Discovery Data 

Perlmutter et al, 1999 Riess et al, 1998 



Carl Sagan: 

Extraordinary 
Claims Require 
Extraordinary 

Evidence 



TABLE OF SIZES 
•  Pluto                 2,300 km             =     0.0077 Light-second 
•  Moon            3,400 km             =       0.011 Light-second 
•  Earth         13,000 km             =       0.043 Light-second 
•  Jupiter       150,000 km             =           0.5 Light-second 
•  Sun     1,400,000 km             =           4.7 Light-second 
•  Earth – Moon         384,000 km             =           1.3 Light-second 
•  Earth – Sun                   150 Million km             =           8.3 Light-minute 
•  Jupiter – Sun                              780 Million km            =             43 Light-minute 
•  Biggest Black Hole                         1 Billion km             =               1 Light-hour 
•  Pluto – Sun (Solar System)         6.8 Billion km             =            5.5 Light-hour 
•  Nearest Star      40 Trillion km             =               4 Light-year 
•  Galaxy              Million Trillion km             =    100,000 Light-year 
•  Nearest Galaxy       20 Million Trillion km             =    2 Million Light-year 
•  Most Distant Galaxy       260 Billion Trillion km             =   26 Billion Light-year 
•  Size of the Universe     >260 Billion Trillion km             >   26 Billion Light-year     



Redshifted Spectra 

Ca H, K lines (~3950 Å in Lab) 

3950 Å 



Redshift 

1 + z  ≡ measured/rest wavelength 
z ≈ velocity/speed of light 

speed of light = 300,000 km/s 

Ex 1:  1+z =  4750/3950 = 1.2 
  ! v = 60,000 km/s 

Ex 2:  1+z =  5330/3950 = 1.35 
  ! v = 105,000 km/s 



THE MOST DISTANT GALAXY? 

13 BILLION LIGHT-YEARS 
(Actually 28 Billion Light years) 



z = 6.43 Quasar: 
UV light shifted to Infrared:   
1 + z = 9000/1216 = 7.43 

1216 Å 



#8:  The multiverse 



COMA in X-Ray 





Andromeda has a Dark Halo 



Lots of hot, x-ray gas 
accounting for most of the atoms in 

clusters 

Stars are only the tip of the iceberg 

But still not enough mass to hold 
the cluster together (off by 7x) 
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1992: COBE 
Maps & 

Blackbody 
Spectrum 



Gamow’s Hot Big Bang 
“alpher, bethe, gamow,” 1948 






