


Where we are’today

Highly succe&fully Gosmologlcal model

that accommodates aII the data and
points to big. dlscove'nes ahead about

the Universe‘and the fun tal laws
that gover




Cosmology
IS @ young science

its-story-only beglns 90 years
ago (Hubble, Elnsteln)
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1929: Just One Number K

(error bars not needed, velocity in km)
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Gamow's Hot Big Bang

“alpher, bethe, gamow,” 1948 "
P J o, GEORGE GAMOW

Author of One Two Three....Infinity

The CREATION of the

A dromotic, lucid explancticn of the srigine of galasies. stary
» and planets in the light of whot sclence knaws redoy
Pr s

of viely ilfustrote d




1948. Steady State Theory




Cosmology: The Search for
Two Numbers .. Sandage 1970




Landau on
Cosmologists




Discovery of Cosmic
Background, 1964 -




From the Big Bang to Us
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“The Standard Model”
Hot Big Bang (circa 1972)

“‘Reality (physics) Based”

« BBN (nuclear physics)

« CMB (atomic physics)

GRAVITATION e | Structure Formation (grav.
AND COSMOQLOGY ‘o physms)

PRINCIPLES AND AFPLICATIONS OF

THE GENERALTHEQRY OF

RELATIVITY ° BﬁgfnS at 0.01 sec
e 7o v O ~0.1 (baryons)
BiérQuestions
 “The ts”: Hy, t,, Q,
* Lar y per baryon
 Ha
* Origi Sity
perturbations




The Hadron Wall

S. Weinberg in Gravitation & Cosmology

11 The Very Early Universe

W2 FR ) — The thermal history of the universe was traced in Section 15.6 back to an era
E——- when the temperature was about 10'2°K. At this early time, the universe was
e N filled with particles—photons, leptons, and antileptons—whose interactions are
hopefully weak enough to allow this medium to be treated as a more or less ideal
gas. However, if we look back s little further, into the first 0.0001 sec of cosmic
history when the temperature was above 10'2°K, we encounter theoretical prob-
lems of a difficulty beyond the range of modern statistical mechanics. At such
temperatures, there will be present in thermal equilibrium copious numbers of
strongly interacting particles—mesons, baryons, and antibaryons—with a mean
interparticle distance less than a typical Compton wavelength. These particles
will be in a state of continual mutual interaction, and cannot reasonably be
expected to obey any simple equation of state.
However, the temptation to try to construct some sort of model of the very
early universe is irresistible. There are in fact two extremely different simple
. models that have been widely considered in recent Yyears, and that reflect two
divergent views of the nature of the strongly interacting parsicles. Although
neither model can be taken seriously in detail, the hope is that one or the other
of these models may come close enough to reality to lead to useful insights about
the very early universe,
The first of these two pictures may be called the elementary particle model.
It is supposed that all particles are made up of a small number of elementary
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1980s: The Go Go Junk Bond Days of
Early Universe Cosmology

“Creativity Based”

* Inflation

- Cosmic Strings

« ‘Baryogenesis

o = ° Magnetic
-"‘\ » Monopoles

* Phase Transitions

and Cold Dark

ying Particles
uza-Klein




1990s: Beginning of Data- drlven
Cosmology ZE3

COBE! and CMB experiments Sste P —
Redshift surveys (CfA, IRAS, 2dF, SDSS) "
Large-scale velo@iy field measurements !

Gravitational lensing

Big telescopes (Keek, ~..) with'big CCD
cameras :

HST, X-ray, gamma-ray, IR, .




Big science:
4 VLT, 2 Kecks, 2 Geminis and
2 Magellans on the ground




e, Spitzer, Chandra, and
Fermi in space
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2000s: Era of Precision Cosmology

MODERN “Fisher Based”

COSMOLOGY « Cosmological
Scott parameters

o « Tests of'inflation,; CDM

_. » €orrelating large,
camplex data sets

/o Cosmologlcal
hcy
arameters




Today’s “Consensus Cosmology”

based upon precision measurements

* From quark soup to nucleiand atoms to
galaxies and large-scale structure

 Flat, accelerating Universe
* Atoms, exotic dar@atter & dark energy
- Consistent with inflation ...

* Precision cosmological paranipters
~Q, = 1.005 + 0.006 (uncdryed) N

—Q =0.273 £ 0.014 ot
Q = 0.046 + 0.0016

_QDE =073 +0.015 Consistent with all
—H, = 70.4 £ 1.3 km/s/Mpc data, laboratory

—t, =13.75 £ 0.11 Gyr ST
N, = 3.86 + 0.42 and cosmological!
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Large-scale structure: Distribution of 106
galaxies in the Universe today
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18 December 1998

CC

Vol. 282 No. 5397

R and Dr_ Pages 2141-2336 57
Sandage,

H, is now

measured -

and ggis
negativel .
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33 nearby (JRKO07)

103 SDSS-II (this paper)
56 ESSENCE (WV07)
62 SNLS (AstierO6)

34 HST (Riess07)
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Consistent with
all observations:

Q,=0.73 +0.02




Where We Are Today

T T T T T T T 1T

Dark Energy:
Qpe=0.73 £ 0.02
w =-0.94£0.1]
(£ 0.1 sys)

Looks just like
vacuum energy

T " I/I . /,; VAR
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The Universe circa 380,000 yrs

+0.001% fluctuations ~10pK
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Curve = concordance cosmology
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Curve = concordance cosmology

SPT,
This work
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Precision Cosmology Indeed!

WMAP 7yr i 7
ACBAR &
QuUaD i ]

500 1000 1500 2000
Multipole Moment (/

CMB (first to second peak)
Q, h? =0.0225 + 0.0006
VS.

BBN (Deuterium)
Q,h?=0.0213 £ 0.0013
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h = H,/100 km/s/Mpc ~ 0.7




>
o
O
O
-
B
O
O
%
-
n
-
O,
0
-
O
O
D
C
T

‘.,n\,ln”ll
.Wu%_mﬁn_z_

.ﬂmmtg\/_ Mava =

L —

.c(

Rests upon three myste

All implicate new physics!




The path forward




Dark matter

* |dentify DM particle(s) (LHC, Direct
detection, indirect detection)

- ' o

 Determine-its properties and distribution in

the Galaxy and the Uh“i\‘?er:se

/

« Consistency testing and ‘teness




20 o Gap Between Matter and Baryons

Baryons: 21 + 1 Matter: 130 £ 5
> <>

10 20 30 40 50 60 70 80 90 100 110 120 130 140 1

(1000 x Qh?)




Inflation

* Finish precision testing: flatness, spectrum
of perturbations, Gaussianity (CMB, LSS)

» Search for gra’tationél waves: CMB
polarization signature, fiture GW
experiment = e.g., S/PT.—F’OI

 Connect to fundamental nd/or find
a better paradigm ,
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F1G. 13— BIcep's TE, EE, and BE power spectra complement existing data from other CMB polarzation experiments (Leitch et al. 2005; Moatroy et al
2006; Piacentini et al. 2006; Skevers et al. 2007: Wu et al 2007; Bischoff et al. 2008; Nolta et al. 2009; Brownetal 2009). Theoretical spectra from a ACDM
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Dark energy

* Test null hypothesis (vacuum energy) to
high precision (per cent or better) and
consistency of GR framework (per cent
level) — DES, $PT, WFIRST, LSST; BoSS,

.|" -
L

b
/

» Look for other clues (vari of w, new
forces, ...)




DARK ENERGY
MAY BE The MosT

YROFND PRoBLEM
IN ALL OF J0ENE TeDAY




Youbetcha Katie,
| believe in Dark
Energy — we can

see it from
Alaskal!
\

/

Dril for
Dark Energy




Cosmological computing is

essential to progress

« Connecting theory with observations
through numerical simulation

* Large dataset?generated by complex

instruments: DES, LSST BoSS CMB

« Simulation to understand/ I
systematics, especially a sical
systematics (e.g., SNe1a,'ClliSters)




... the cosmic frontier is not very
different in its need for HPC than the
energy frontier — both employ
complex insiguments, need to test

complex theories and require high
precision to’'make progress




