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Dark Energy

The universe today presents us
with a grand puzzle:

What makes up 95% of 1t?
Scandalously, we still don’t know.

But we are working to get closer
to the answer.




The universe 1s
homogeneous and 1sotropic

e Homogeneous: appears the same everywhere 1n space

e [sotropic: appears the same 1n every direction




The universe 1s expanding

Hubble Diagram for Cepheids
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Quarks are free, floating around

<

charm

up
Wil

a

o R S

Later, they are
bound

PROTON

as1aALuf 3y} jo aby

siea) 000°00€

-« Radius of the Visible Universe —>

Inflation

WSz 00 O

Quark Soup

puodas |

——| Parting Company

s1ea) uoig T

8 First Galaxies

-

\

R

Modern UnMiverse :
. ; . 2
i D _ y ;

Sieaj uolyig 91-21



@ Atoms form!

@ out of neutrons, protons,
electrons...

@ Hydrogen, Helium, small
quantities of other elements

@ Universe is still dominated by
radiation (photons)

@ Universe is still opaque -
photons do not propagate far
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1=2.726 Kelvin




Fluctuations | part in 100,000 (of 2.726 Kelvin)
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Some of the early
history of the Universe
1s actually understood better!

Physics quite well
understood

95% of contents only

phenomenologically
described
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Makeup of universe today

Visible Matter

Dark Energy
(stars 0.4%, gas 3.6%)

(suspected since 1980s
established since 1998)

Dark Matter

(suspected since 1930s
established since 1970s)

Also:
radiation (0.01%)




Cosmology 101

Friedmann Equation

Spherical Positive
Space Curvature

stG  p
3H2 o pCI‘it Hyperbolic -

define €2 = p

Space

Inflation predicts, and
CMB anisotropy indicates
universe is flat (curvature is zero), so Qo =1 (or kK = 0)

Galaxy distribution indicates matter makes up 25% of critical
density, so {2y =~ 0.25

So where 1s 756% of the energy density?




Type la Supernovae

A white dwarf accretes matter from a companion.




SNe Ia are “Standard Candles”

If you know the
intrinsic brightness of
the headlights, you can
estimate how far away

the car is

(car headlights example)

A way to measure (relative) distances to objects far away






So, starting in the mid-1990s...
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Dr. Michael Turner
University of Chicago

@ Universe is dominated by something other
than dark matter

@ This new component - "dark energy” - makes
the universe (i.e.
slower as we look in the past)

@ This new component is

® Other than that we dont know much!



Recall: Dark IS in
"halos” around galaxies

(invisible)
_—> Dark Matter halo

|

\ (visible) light

from galaxy



Fine Tuning Problems I:
“Why Now?”

Dark Energy was much less important at earlier epochs.

So why 1s 1t comparable to matter today?

10%° 'f I Y PDE(Z) (QpE (1 X )

BBN CMB pm(z)  Qu

~ p -
~&”  DE dominates today




Fine Tuning Problems II:
“Why so small”?

Vacuum Energy: QFT predicts it to be =~ Mélutoff

Measured: (107 %eV)*

4 60-120 orders of magnitude
SUSY scale: (1 TeV) smaller than expected!

Planck scale; (1019 GGV)4

In other words:

hG _ —2 _
A ( > = At2 ~ (Hy ' Jtm) ~ ~ 107120

O




The smallness problem

Is there a cancellation mechanism that sets
vacuum energy to nearly but not precisely zero?

Is there a huge number of universes with
different values of the CC, and we just happen
to live in one that supports life? (Anthropic)




Steven Weinberg:

" "Right now, not only for cosmology but for elementary particle

theory, this is the

Frank Wilczek:

... maybe the most in all of basic
science”
Ed Witten:
"...would be the to figure out”

Michael Turner:

€6

in theoretical physics”



Model Building Systematics control

Modified Gravity or DE? Experim. Strategies

Phenomenology Cosmo Probes

Parametrizations SNe la,Weak Lensing

Statistical methods CMB, BAOQ, clusters
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CMB (out to z=1000)

Galaxy clustering

W////////% Cluster Cou.nts

S
___/// Baryon Oscillations
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Cosmological Probe




Four principal probes of Dark Energy

CMB (out to z=1000)

Galaxy clustering

W Cluster Counts

T . Weak Lensing
__///// Baryon Oscillations

Supernovae

Cosmological Probe

0 1 2 I3
Redshift Coverage




Type la Supernovae

© . rkm.com.au

Advantages: each SN provides constraints
Challenges * controlling evolution of SNe




Weak Gravitational Lensing

Credit: NASA, ESA and
R. Massey (Caltech)



http://www.lsst.org
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Weak Gravitational Lensing
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Weak Lensing and Dark Energy

WL measures integral over the line of sight

o0

W (r) Puatter (7)dr

: ACDM, 0,=1.0 _
. \ I z,=1.0,0.9,0.8 |
distance, (dark) matter : +van Waerbeke et al |

. < Brown et al.
volume factors clustering " Bacon et al. WHT

< Bacon et al. Keck
N Refregier et al.

Hoekstra et al.
Jarvis et al.

® Also sensitive to
Dark Energy
through distance,
volume factors

c
O
)
©
Q
.
.
O
O
')
N
N

6 (arcmin)

Refregier 2003
Advantages: sensitive to mass, not light -> “Just” gravity
Challenges : measuring galaxy shapes 1s hard!




Galaxy cluster counts

(major topic of research at Michigan!)

d*N r(z)?
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Credit: Quinn, Barnes, Babul, Gibson

Advantages: abundance is exponentially sensitive to (some) parameters
Challenges : relation between mass and observable (temp, flux)




CMB and Dark Energy

T'=27260K

Angular scale (deg)
2 0.5

Credit: WWMAP team

2-pt correlation
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Bennett et al 2003 (WMAP collaboration)
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Baryon Acoustic Oscillations

Eisenstein et al 2005 (SDSS collaboration)
3
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Advantages: relatively clean, geometric measurement
Challenges : millions of spectroscopic redshifts required




Cosmological probes of DE:
current summary




Model Building Systematics control

Modified Gravity or DE? Experim. Strategies

Phenomenology Cosmo Probes

Parametrizations SNe la,Weak Lensing

Statistical methods CMB, BAO, clusters




Upcoming Experiments

Planck

Lots and lots of data coming our way




Dark Energy Survey

UNIVERSITY OF MICHIGAN

3556 mm

Scroll
Shutter

Optical Lenses
2.2 deg. FOW

Blanco 4m telescope in Chile

Four techniques to probe Dark Energy:
1. Number Counts of clusters

2. Weak Lensing

3. SNe Ia

4. Angular clustering of galaxies




SuperNova/Acceleration Probe

UNIVERSITY OF MICHIGAN

~2500 SNe at 0.1<z<1.7
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Model Building Systematics control

Modified Gravity or DE? Experim. Strategies

Phenomenology Cosmo Probes

Parametrizations SNe la,Weak Lensing

Statistical methods CMB, BAQ, clusters




What if gravity
deviates from GR?

For example:

Sl
H?-F(H) = 3 P

\4

Modified gravity Dark energy




Dark Energy or Modified Gravity!?

® A given DE and modified gravity models may both fit the expansion
history data very well, but they will differ in the predicted growth
history

In standard GR, H(z) determines distances and growth of

structure . .
0+2H0 —4mpp0 =0

So check if this 1s true by measuring separately

N

Distances Growth

(a.k.a. kinematic probes) (a.k.a. dynamical probes)
(a.k.a. 0" order cosmology) (a.k.a. 1%t order cosmology)




Dark Energy cosmology at Michigan

Theory

Phenomenology

Simulations

Experiment

Freese

Huterer
(Adams)
(Kane)
(Pierce)
(Zurek)

Evrard
Huterer

McKay

Evrard

Gerdes
McKay
Lorenzon

Tarle
(Huterer)

DES: Evrard, Gerdes, Lorenzon, McKay, Tarle, (Huterer)

SNAP: Gerdes, Huterer, Lorenzon, McKay, Tarle

+ numerous research scientists, postdocs, collaborators...




bonus feature:

Testing the Isotropy
of the Universe

Dragan Huterer

Principal collaborators:
Craig Copi (Case Western Reserve University),
Dominik Schwarz (Bielefeld University, Germany),
Glenn Starkman (Case Western Reserve University)




How does the universe look
at largest observable scales?

WMAP collaboration




2-pt angular correlation function
vanishes above 60 deg
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Copi, Huterer, Schwarz & Starkman astro-ph/0605135



CMB 1s aligned with the solar system!

Ecliptic plane

(CMB) Dipole === \T\\\Z

o EQX ¥
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/ . o - - 5 dipole
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Schwarz, Starkman, Huterer & Copi 2004



Astrophysical (e.g. an object or other source of radiation in the Solar
System)

s BUT: we think we know the Solar System. It would need to be a large
source and undetected in data cross-checks.

Instrumental (e.g. there is something wrong with WMAP instrument
measuring CMB at large scales)

» BUT: the instruments have been extremely well calibrated and
checked. Plus, why would they pick out the Ecliptic plane?

Cosmological (e.g. some property of the universe — inflation or dark
energy for example — that we do not understand)

s This is the most exciting possibility. BUT: why would the new/unknown
physics pick out the Ecliptic plane?

These alignments are a pure fluke!

» BUT: they are <0.1% likely!




A variety of projects

Studying various statistics from CMB maps

Studying the effects of Solar System objects (Kuiper Belt
objects, dust clouds, ...)

Using large-scale structure to test isotropy of the universe

Studying instrumental effects that would lead to preferred
directions

Building cosmological models that would lead to preferred
directions

Astronomy-Math-Physics




My group at UM

Carlos Cunha (postdoc);
arrived this week

Cameron Gibelyou;
2nd year grad student

Wendy Wong and Ray Zhang (undergrads)




Further reading references

Dark Energy (short - 10 page) review:
Turner & Huterer,_ www.arxiv.org/abs/arXiv:0706.2186

Dark Energy (long - 54 page) review:

Frieman, Turner & Huterer, www.arxiv.org/abs/arXiv:0803.0982

SNAP experiment:
snap.lbl.gov

CMB alignments review:
Huterer, New Astronomy Reviews 50, 868 (2006),
www.arxiv.org/abs/astro-ph/0608318
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