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Future of Probing the 
Nature of Dark Energy

  SN cosmology tests

  Gravitational lensing

  Galaxy cluster abundances 

  Baryon oscillations

  Particle physics experiments

  Tests of gravity on all scales

signal!



Microwave background  - 
 Better angular resolution CMB maps
 Detection of clusters of galaxies vs. z

Supernovae – 
 Dedicated Dark Energy satellite mission

 Large Synoptic Survey Telescope (LSST)

Weak Gravitational Lensing -
 Both ground-based and space based

Probing the foundations of gravity -
 Equivalence principle

 Inverse square law
 

Next-Generation Facilities



Future of Observational
Dark Energy

 Type Ia Supernovae

 Baryon Acoustic Oscillation

 Weak Lensing

 Galaxy clusters



 Luminosity distance vs. z

 Angular diameter distance vs. z + LSS

 Matter distribution + angular diameter

 LSS + substructure probe smooth 
cosmological constant vs. modified GR

Future of Observational
Dark Energy



Upcoming Experiments
 Now-2010

 Pan-STARRS1, (ESSENCE, SNLS) 

 2010-2015

 DES, Planck, SKA

 2015-2020

 LSST, JDEM



Future of SN Ia Cosmology 
 Space-based Projects

 HST

 JDEM-like:   SNAP, DESTiny, 
 ADEPT, DUNE 

 Ground-based Surveys

 Final ESSENCE, SNLS

 Pan-STARRS, SkyMapper

 DES

 LSST



Ground vs. Space for w

dw/da != 0 means going to z > 1

SNe Ia at z > 1 means space

If w(z) = w0 then ground is fine

Spectroscopic confirmation bottleneck

Photo-typing/redshift for SNe Ia key



What would an optimized 
ground-based facility look like?

 Large collecting area

 Wide field of view

 Real-time analysis of data

 Significant leap in figure of merit

 Collecting area  x  field of view 



Large Synoptic Survey 
Telescope

Highly ranked in Decadal Survey
Optimized for time domain

 scan mode

 deep mode
10 square degree field
6.5-m effective aperture
24th mag in 20 sec
20 Tbyte/night
Real-time analysis
Simultaneous science goals
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LSST Opens up the 
Skies

Data will be immediately publicly available

Allow small colleges and institutions to do research 
with big telescopes

Will shift the nature of research



LSST Dark Energy
 Supernovae

 Weak Lensing

 Baryon Oscillations



LSST & Supernovae
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 LSST will find huge numbers of supernovae
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LSST & Supernovae
 LSST will find huge numbers of supernovae

 So what?

 What do you do with them?

 Spectra to understand physics

 Need additional resources

 How to best use LSST supernovae?



Distinguishing SN Types by Colors



Observed Colors of Higher-z Supernovae



LSST SN Ia Constraints



Space-Based Missions

 Going to space is expensive

 Need ~$1 billion

 NASA funds most space astronomy in US

 So what does NASA want to do?





Dark Energy Probe

 Joint Dark Energy Mission (JDEM):

 Competitive proposal

 Mission to best measure dark energy

 Complicated because no good theories to test

 Missions

 SNAP, ADEPT, DESTiny

 NASA manned program puts JDEM in jeopardy
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Images

Spectra

Redshift  & spectral 
properties 

Light Curves

data analysis physics

ΩM and  ΩΛ 
w and w’

SNAP concept

Observables :



SNAPSNAP
SuperNova/Acceleration Probe

Dark Energy and the Accelerating Universe

SuperNova/Acceleration Probe

Dark Energy and the Accelerating Universe

SNAP



he recent discovery that the expansion of the universe is 

accelerating poses an exciting mystery – for if the universe 

were dominated by gravitational attraction alone, its rate of 

expansion would be slowing. 

Acceleration requires a strange “dark energy” opposing this 

attraction. Is this Einstein’s cosmological constant? Whatever 

the explanation, it will lead to new discoveries in astrophysics, 

particle physics, and gravitation. 

Observations of exploding stars called Type Ia supernovae, 

combined with other astrophysical measurements, imply that

almost three-quarters of our universe must be this dark energy. 

To uncover its nature, we need to find many more supernovae 

over a much wider range of distances, from nearby supernovae 

all the way out to very distant supernovae that exploded when 

our universe was less than 25 percent of its current age (at 

redshift z ! 2). And we need better control over uncertainties, 

like intervening dust or the elemental composition of the stars 

that became supernovae. 

Type Ia supernovae are so similar and so bright they can 

be calibrated to make excellent “standard candles” for measuring 

distance. Moreover, their energy spectra and changes in brightness

over time are rich sources of information, allowing us to see small

differences due to their local environments and to compare them,

like to like, over the entire redshift range. Other cosmological

probes, like maps of the matter distribution revealed by gravita-

tional lensing, will combine with the supernova data to 

determine the precise nature of the mysterious dark energy. 

DARK ENERGY WITH SUPERNOVAE

! A wide-field space telescope can observe galaxies
with exquisite resolution over a large patch of sky. 
The subtle distortions in galaxy shapes — weak 
gravitational lensing — directly map both the 
visible and dark matter, as well as reveal the 
influence of the fundamental cosmological 
parameters. (Bacon, Ellis, Refreiger 2000)

" SNAP represents a third-generation 
experiment in supernova cosmology. The large 
supernova sample, broad redshift range, and high 
data quality will measure the cosmological parameters
with unprecedented accuracy and systematic control.

HST galaxy

HST galaxy, sheared

Same galaxy, viewed from ground

Same galaxy, sheared, viewed from ground

10
0.0 0.5 1.0 1.5

redshift z

redshift z

m
ag

ni
tu

de
fa

in
te

r

2.0 2.5

15

20

25

30

14

Calan/Tololo
(Hamuy et al.
A.J. 1996)

ef
fe

ct
iv

e 
m

B Supernova
Cosmology
Project

(ΩM, ΩΛ) = (0, 1)
(0.5, 0.5)   (0,0)
(1, 0)         (1,0)
(1.5, –0.5) (2,0)

F
la

t

Λ
 =

 0

16

18

20

22

24
Dark

 Energy Properties Dark Matter Properties

Co
sm

ol
og

ic
al

 P
ar

am
s.

Cosmological Params.

0.0 0.2 0.8 1.00.4 0.6

SNAP SN Ia Diagram



SNAP Orbit

~374,000 km

~1,500,000 km

~1,500,000 km

L2



Focal plane 
Visible NIR

3

Spectrograph port



Focal plane 

Fixed filters atop the sensors

Visible NIR

3

Spectrograph port



Focal plane 

Fixed filters atop the sensors

Visible NIR

Integral Field Spectrograph (3”x3”)

3

Spectrograph port



Physics with SNAP: 
Deep & Large Space Surveys

 The SNAP surveys will have an 
unprecedented combination of depth, 
solid-angle, angular resolution, 
temporal sampling, and wavelength 
coverage 

 Hubble Deep Fields illustrate the 
impact of a deep space survey.

 SNAP SN survey 5,000 x HDF.

 SNAP mAB = 27.7 per filter (30.4 co-
added) every 4 days 

 SNAP lensing survey ~106 x HDF, 500 
x COSMOS!

GOODS

HDF

COSMO

SNAP Deep Survey Area

SNAP Lensing Survey Area

4
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JDEM/DESTINY



Thinking the Unthinkable
for JDEM: DESTINY

•Use IR detectors only 0.85µ − 1.7µ

•Use a grism for much simpler 
spectrograph
•Divide labor with ground-based 
systems at z~0.5 (going lower drives 
field-of-view and pixel size)
•Focus simpler mission on SN and the 
Dark Energy



Dark Universe Explorer (DUNE) 

Proposed (2004) as weak lensing probe 
    1.2 m telescope
    0.5 sq. deg. Imager
    visible only  - 1 filter 
Currently in phase O study at French Space Agency 
If approved ..  launch by 2011-12 ? 

A SN program for DUNE 
  2x60 sq deg. (UBVRIZ, I=26)  - cadence: 4days  
  Photométric id of SNe (UBV restframe) 
  Ground based spectroscopy (host galaxies) 
  =>   10000 SNe 0.1<z<1 in ~18 months  
          statistical uncertainties on w, w’  (80%xSNAP)  
          calibration/systematic uncertainties ? 
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SNF (goal:300 SNe)

SNLS (goal:700 SNe)

DUNE (goal:10000 SNe)

SNAP/Destiny  (goal:2000 SNe)

SNLS vs DUNE vs SNAP  (simulation)



SNLS vs DUNE vs SNAP



JDEM Finalist: ADEPT
BAO+SNe+lensing*

*Provides 108 spectroscopic redshifts for LSST and Pan-starrs

P.I.: C. Bennett (JHU)



regime by a factor of!4. The LRG sample should therefore out-
perform these surveys by a factor of 2 in fractional errors on large
scales. Note that quasar surveys cover much more volume than
even the LRG survey, but their effective volumes are worse, even
on large scales, due to shot noise.

3. THE REDSHIFT-SPACE CORRELATION FUNCTION

3.1. Correlation Function Estimation

In this paper, we analyze the large-scale clustering using the
two-point correlation function (Peebles 1980, x 71). In recent
years, the power spectrum has become the common choice on
large scales, as the power in different Fourier modes of the linear
density field is statistically independent in standard cosmology
theories (Bardeen et al. 1986). However, this advantage breaks
down on small scales due to nonlinear structure formation, while
on large scales elaborate methods are required to recover the sta-
tistical independence in the face of survey boundary effects (for
discussion, see Tegmark et al. 1998). The power spectrum and
correlation function contain the same information in principle,
as they are Fourier transforms of one another. The property of
the independence of different Fourier modes is not lost in real
space, but rather it is encoded into the off-diagonal elements of
the covariance matrix via a linear basis transformation. One must
therefore accurately track the full covariance matrix to use the
correlation function properly, but this is feasible. An advantage
of the correlation function is that, unlike in the power spectrum,
small-scale effects such as shot noise and intrahalo astrophysics
stay on small scales, well separated from the linear regime fluc-
tuations and acoustic effects.

We compute the redshift-space correlation function using
the Landy-Szalay estimator (Landy & Szalay 1993). Random
catalogs containing at least 16 times asmany galaxies as the LRG
sample were constructed according to the radial and angular se-
lection functions described above. We assume a flat cosmology
with !m ¼ 0:3 and !" ¼ 0:7 when computing the correlation
function. We place each data point in its comoving coordinate
location based on its redshift and compute the comoving sep-
aration between two points using the vector difference. We use
bins in separations of 4 h#1 Mpc from 10 to 30 h#1 Mpc and
bins of 10 h#1 Mpc thereafter out to 180 h#1 Mpc, for a total of
20 bins.

We weight the sample using a scale-independent weighting
that depends on redshift. When computing the correlation func-
tion, each galaxy and random point is weighted by 1/½1þ n(z)Pw&
(Feldman et al. 1994), where n(z) is the comoving number density
and Pw ¼ 40;000 h#3 Mpc3. We do not allow Pw to change with
scale so as to avoid scale-dependent changes in the effective bias
caused by differential changes in the sample redshift. Our choice
of Pw is close to optimal at k ' 0:05 h Mpc#1 and within 5% of
the optimal errors for all scales relevant to the acoustic oscillations
(kP0:15 h Mpc#1). At z < 0:36, nPw is about 4, while nPw ' 1
at z ¼ 0:47. Our results do not depend on the value of Pw; chang-
ing the value wildly alters our best-fit results by only 0.1 !.

Redshift distortions cause the redshift-space correlation func-
tion to vary according to the angle between the separation vector
and the line of sight. To ease comparison to theory, we focus
on the spherically averaged correlation function. Because of the
boundary of the survey, the number of possible tangential sep-
arations is somewhat underrepresented compared to the number
of possible line-of-sight separations, particularly at very large
scales. To correct for this, we compute the correlation functions
in four angular bins. The effects of redshift distortions are ob-
vious: large-separation correlations are smaller along the line-of-

sight direction than along the tangential direction. We sum these
four correlation functions in the proportions corresponding to
the fraction of the sphere included in the angular bin, thereby re-
covering the spherically averaged redshift-space correlation func-
tion. We have not yet explored the cosmological implications of
the anisotropy of the correlation function (Matsubara & Szalay
2003).

The resulting redshift-space correlation function is shown in
Figure 2. A more convenient view is shown in Figure 3, where
we have multiplied by the square of the separation, so as to flatten
out the result. The errors and overlaid models will be discussed
below. The bump at 100 h#1 Mpc is the acoustic peak, to be de-
scribed in x 4.1.

The clustering bias of LRGs is known to be a strong function
of luminosity (Hogg et al. 2003; Eisenstein et al. 2005; Zehavi
et al. 2005a), and while the LRG sample is nearly volume-limited
out to z ! 0:36, the flux cut does produce a varying luminosity
cut at higher redshifts. If larger scale correlations were prefer-
entially drawn from higher redshift, we would have a differential
bias (see discussion in Tegmark et al. 2004a). However, Zehavi
et al. (2005a) have studied the clustering amplitude in the two
limiting cases, namely the luminosity threshold at z < 0:36 and
that at z ¼ 0:47. The differential bias between these two samples
on large scales is modest, only 15%. We make a simple param-
eterization of the bias as a function of redshift and then compute
b2 averaged as a function of scale over the pair counts in the
random catalog. The bias varies by less than 0.5% as a function
of scale, and so we conclude that there is no effect of a possible
correlation of scale with redshift. This test also shows that the

Fig. 2.—Large-scale redshift-space correlation function of the SDSS LRG
sample. The error bars are from the diagonal elements of the mock-catalog co-
variance matrix; however, the points are correlated. Note that the vertical axis
mixes logarithmic and linear scalings. The inset shows an expanded view with a
linear vertical axis. The models are !mh

2 ¼ 0:12 (top line), 0.13 (second line),
and 0.14 (third line), all with !bh

2 ¼ 0:024 and n ¼ 0:98 and with a mild non-
linear prescription folded in. The bottom line shows a pure CDM model (!mh

2 ¼
0:105), which lacks the acoustic peak. It is interesting to note that although the
data appear higher than the models, the covariance between the points is soft as
regards overall shifts in "(s). Subtracting 0.002 from "(s) at all scales makes the
plot look cosmetically perfect but changes the best-fit #2 by only 1.3. The bump
at 100 h#1 Mpc scale, on the other hand, is statistically significant. [See the electronic
edition of the Journal for a color version of this figure.]

DETECTION OF BARYON ACOUSTIC PEAK 563No. 2, 2005

(Eisenstein 2005)



Lightcurve Redshift Series

NIR
Bands Rest frame 

Rest frame 

Z = 0.8 Z = 1.2 Z = 1.6

Optical
Bands
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Extracting Cosmology
 The final step of the 

simulation is 
extracting the 
cosmological 
parameters 

 The plot is an example 
of the cosmology to be 
obtained from SNAP 
results only (no CMB 
priors)

courtesy Eric Linder



BAO

Nov. 7, 2006 C. Bennett, JHU ADEPT-15

BAO: Radial & Tangential Physics
! Galaxy redshifts allow measurement along and across the line of sight

" !r"" = !r# = rs = 148 Mpc

" This provides a built-in check on systematic errors

! Dark energy properties, e.g. w(z), determines the expansion rate, H(z)  

! H(z) = d ln(a)/dt is directly measured

" depends on dark energy density

! DA(z) = $ c / H(z) dz also measured

" for flat, but spatial curvature is 

parameterized by %k

! Measuring H(z) requires accurate

redshifts [ &z~0.003/(1+z)]



SNe Ia

Nov. 7, 2006 C. Bennett, JHU ADEPT-17

ADEPT SNe Complement 

Anticipated Ground Sample

ADEPT

1000 SNe

0.8 < z < 1.3

F
a
in
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r

B
r
ig
h
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r

Pan-STARRS

1000 SNe

0.2 < z < 0.8
Ground

(optical)

Space

(IR)

(Bennett, Riess)



ADEPT DE Probes

Nov. 7, 2006 C. Bennett, JHU ADEPT-18

Dark Energy Measurements:

A Coherent Program

ADEPT BAO/SNe Redshift OverlapADEPT BAO/SNe Redshift Overlap

-- will tie will tie zz~0  to  ~0  to  zz=1090=1090

-- BAO will check SNe systematicsBAO will check SNe systematics

ADEPT calibrates photoADEPT calibrates photo--zz

redshifts for weak lensingredshifts for weak lensing

Weak Lensing (LSST, Pan-STARRS,...)

Ground-Based SNe

ADEPTADEPT SNeSNe

ADEPT ADEPT Galaxy RedshiftsGalaxy Redshifts
(10(1088 galaxies, galaxies, ““full skyfull sky”” BAO)BAO)

BAO Measure BAO Measure RelativeRelative to CMB to CMB zz=1090=1090

SNe Measure Relative to  SNe Measure Relative to  zz~0~0

0.8 1.0 1.3 2.0
redshift

0.0

(Bennett, Riess)



Baryon Acoustic Oscillation Surveys: 
All-sky, Space-based wins (Gen IV)

a. The SDSS surveys in the 2nd and 3rd rows are the only ones completed; the rest are planned or proposed. They are 
all spectral line surveys. LSST plans a large (~10,000 deg2) photometric redshift survey, perhaps observing >108 

galaxies at 0.5 < z < 3.5. The photometric redshift errors would degrade the equivalent effective volume of the LSST 
survey to <5h–3 Gpc3. 

b. Effective volume accounts for the limited sampling of the survey volume due to the discrete number of galaxies as a 
function of redshift. It is evaluated at the scale of the BAO, k = 0.15h Mpc–1. 

c. Assumes h = 0.7.



The w(z) constraint regions from the 
Markov chains as shaded areas. The 
solid black lines are sample Markov 

chain models that represent 3 possible 
w(z) models that would be unresolved 
by ADEPT (Δχ2 = 4); the dashed black 

lines are models resolved by ADEPT, but 
unresolved by future ground data.

● Future 
ground: 
Gen III
● Future 
ground + 

Space SNe 
z ≤ 1.7: 
● ADEPT: 
Future 

ground + 
ADEPT

• Markov chains are run with w(z) 
represented in a 5 parameter 

quartic polynomial in ln (1 + z). 

• Ωm, h, Ω k, and w(z)free to vary, 
with priors set on Ωmh2 (1% 

precision) and the CMB angular 
size of the acoustic scale at z = 

1100.

• We assume 0.5% SNe distance 
calibration per Δ z = 0.1 redshift 

bin.

From D. Eisenstein et al

Constrained

Unconstrained

Unconstrained



BAO+SNeIa w(z) 

Nov. 7, 2006 C. Bennett, JHU ADEPT-24

Limits on w(z)

Current

Future

Ground
+ Space

SNe

+ Space

BAO+SNe

• Markov chains are run with 

w(z) represented in a 5 

parameter quartic polynomial 

in  ln(1 + z). 

• !m, h, !k, and w(z) free to 

vary, with priors set on !mh
2

(1% precision) and the CMB 

angular size of the acoustic 

scale at z = 1100.

• Assumes 0.5% SNe 

distance calibration per " z = 

0.1 redshift bin.

(Bennett)



Future of Cosmology
 Luminosity Distance

 SNeIa:  SNAP; PanSTARRS, LSST
 GRBs?

 Angular Diameter Distance
 Large Scale Structure

 Baryon Acoustic Oscillations
 Lensing/Shear

 Cosmic Microwave Background
 Planck

 Gravity
 LIGO, LISA



Weak Lensing

http://www.lsst.org/Science/images/Warp0024rot.jpg

http://www.lsst.org/Science/images/Warp0024rot.jpg
http://www.lsst.org/Science/images/Warp0024rot.jpg


LSST BAO+WL

http://www.lsst.org/Science/images/cwbc.gif

http://www.lsst.org/Science/images/cwbc.gif
http://www.lsst.org/Science/images/cwbc.gif


Beyond O/IR

 Radio (lambda > 1 millimeter)

 SPT, ACT

 SKA



Future Dark Energy Survey (an incomplete list)

 Essence (2002-2007): 200 SNe Ia, 0.2 < z < 0.7, 3 bands, Δt ~ 2d  

 Supernova Legacy Survey (2003-2008): 2000 SNe Ia to z=1

 ESO VISTA (2005?-?): few hundred SNe, z < 0.5 

 CFHT Legacy (2003-2008): 2000 SNe Ia, 100’s high z SNe, 3 bands, Δt ~ 
15d

 Pan-STARRS (2006-?): all sky WL, 100’s SNe y−1, z < 0.3, 6 bands, Δt = 10d 

 HETDEX (?): 200 sq deg BAO, 1.8 < z < 3.

 WFMOS on Subaru (?): 2000 sq deg BAO, 0.5<z<1.3 and 2.5<z<3.5

 ALPACA (?): 50,000 SNe Ia per yr to z=0.8, Δt = 1d , 800 sq deg WL & 
BAO with photo-z’s

 Dark Energy Survey (?): cluster at 0.1<z<1.3, 5000 sq deg WL, 2000 SNe at 
0.3<z<0.8

 LSST (2013-): 106 SNe Ia y−1, z < 0.8,  6 bands,  Δt = 4d; 20,000 sq deg WL 
& BAO with photo-z’s.



How many methods should we use 
to probe DE?

 The challenge to solving the DE mystery will not 
be the statistics of the data obtained, but the tight 
control of systematic effects inherent in the data.

 A combination of the three most promising 
methods (each optimized by having its systematics 
minimized by design) provides the tightest control 
of systematics.



How To Organize Theory?

 More money?

 Selective culling?

 Make part of experiments?

 Performance enhancing drugs?



Theory Workshops on 
The Moon!


