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The Current Cosmic 
Energy Budget

Dark Energy
Dark Matter

Normal, 
“Baryonic” 

Matter
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Dark Matter
http://lambda.gsfc.gov

http://ipac.caltech.edu

Microwave 
Background Image 
of the Universe 13 
Billion Years Ago

Contemporary 
Distribution of 

Galaxies 

Necessary to 
Grow Structure
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Dark 
Energy
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Cosmic Expansion

time t1 : distance is a1|x2-x1|

coordinate 
position x1

coordinate 
position x2
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Cosmic Expansion

t2>t1 : distance is a2|x2-x1|
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Einstein’s Cosmological 
Constant

Georges 
Lemaître
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Einstein’s Cosmological 
Constant

Georges 
Lemaître
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Einstein’s Cosmological 
Constant

Georges 
Lemaître
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Einstein’s Cosmological 
Constant

Georges 
Lemaître
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Cosmological Distances

In an accelerating Universe, the distances between 
objects are greater for a fixed factor of expansion
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Supernova Ia Distances 
Reveal Acceleration

– 56 –

Fig. 8.— Luminosity distance modulus vs. redshift for the ESSENCE, SNLS, and nearby

SNe Ia for MLCS2k2 with the “glosz” AV prior. For comparison the overplotted solid line
and residuals are for a ΛCDM (w, ΩM, ΩΛ) = (−1, 0.27, 0.73) Universe.
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intrinsic brightness dispersion ∼ 0.2

ρDE=0, ρM=ρCRIT or ΩDE=0, ΩM=1
ΩDE=0, ΩM=0.3
ΩDE=0.7, ΩM=0.3

• ΩDE=0 ruled out at 5σ from this data alone
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The Current Cosmic 
Energy Budget

Dark Energy
Dark Matter

Normal, 
“Baryonic” 

Matter
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Dark Energy

13Sunday, September 5, 2010



Dark Energy 
Phenomenology

• Einstein’s cosmological constant or a vacuum 
energy with P=-ρ are indistinguishable

• For lack of theory, cosmologists benchmark 
experiments by their ability to measure w=P/ρ

• The dark energy density dilutes as ρ∝a-3(1+w)

• Time dependence is usually constrained using 
a Taylor expansion, w(a) = w0 + (1-a)wa 
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Contemporary Dark 
Energy Constraints

• Best current limit on w=-1 and constant is σpiv ≈ 0.15

– 60 –
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(w0,wa) = (!1,0)

Fig. 13.— Combined constraints on (w0, wa) using the MLCS2k2 luminosity distances for
the ESSENCE SNe Ia analyzed here in combination with the nearby SNe Ia, SNLS SNe Ia,

and the Riess “gold” sample. Here we are considering a two-parameter representation of the
dark energy equation-of-state parameter, w = w0+wa(1−a). Instead of the BAO constraints

we have simply taken ΩM= 0.27 ± 0.03. (See cautionary note from Fig. 12.)

• w is best 
measured at a 
“pivot epoch” 
when w≡wpiv

w=-1 when z=0.3 
(or a=(1+z)-1=0.75)
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Dark Energy:  Harder than catching Bin-Laden
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Gravitational 
Lensing
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nasa HST
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nasa HST
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nasa HST
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A Gravitational Lens

actual source

Image of Source

DLS: Lens-Source 
Distance DOL: Observer-Lens 

Distance

Amount of Shear ~ Mass × DLS DOL/DOS

θ
deflection angle 
θ ∝ lens mass
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true 
galaxy 
position

Lensing Shear
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ObserveD 
Galaxy 
Position

Lensing Shear
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Weak Lensing

Integrate Numerous 
Deflections, No Distinct “Lens”

deflection∼∫(∂Φ/∂x⊥)dlos
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http://aether.lbl.gov/Weak_Lensing

Weak Lensing 
Shear

Unlensed, “Spherical 
Galaxies” lensed Galaxies
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Find that distortion here...
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An Analogy:  CMB Power 
Temperature SpectruM
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An Analogy:  CMB Power 
Temperature SpectruM

angular scale∼1° ∼1/2° ∼10’
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Lensing Shear 
Power spectrum
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Next Generation 
Experiments

Dark Energy 
Survey (DES)

First Light ~2011, 
First Results ~2013

Large Synoptic 
Survey Telescope 

(LSST)
First Light ~2015, 

First Results ~2017

Joint Dark 
Energy Mission

JDEM/SNAP

> 2019 ?
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Weak Lensing 
Constraints on DE

angular 
diameter 
distance

growth 
function
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Lensing Shear 
Power spectrum
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Dark Energy 
Constraints

DES
SNAP

LSST

σ(wPIV)
DES: 0.057

SNAP: 0.051
LSST: 0.012

Line: w=-1 
at z=0.6
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Unfortunately, the Universe 
contains galaxies ...
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The Difficulty: 
Modeling Galaxy 

Formation

Dark Matter Nonradiative Baryonic Gas Galaxy Formation

Rudd, AZ, & Kravtsov 2008

Simulations from Identical Initial Conditions
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DES

LSST

SNAP

How Galaxies Affect 
Shear Spectra

•Can lead to ∼6σ 
“bias” in inferred 
cosmological 
parameters (w0,wa)!

•How can we test 
dark energy or our 
theory of gravity?
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How Does This 
Affect the 

Dark Energy 
Program?
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w0

wa

-1

0

Biases
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w0

wa

-1

0

Biases

awesome 
experiment
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w0

wa

-1

0

Biases

awesome 
experiment

Unaccounted 
Bias Puts You 

Here
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w0

wa

-1

0

“Degrade” 
experiment For 

systematic error

Biases

awesome 
experiment

Unaccounted 
Bias Puts You 

Here
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w0

wa

-1

0

“Degrade” 
experiment For 

systematic error

Calibrate 
Bias?

Biases

awesome 
experiment

Unaccounted 
Bias Puts You 

Here
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Parameter Biases

AZ, Rudd, & Hu 2008
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Maximum Multipole 
Under Consideration
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Testing Gravity
Uncertainties in Nonlinear Structure and Weak Lensing Tests of General Relativity 15

Figure 5. Estimates for potential biases in the split dark energy parameters wg and
wd that may be realized if baryonic processes are ignored. The upper, left panel shows
the the effect of modified halo structure on convergence power spectra. Each of the
lines that increases with multipole represents the relative change in a convergence
power spectrum of sources in our third tomographic bin (with 1.2 ≤ zp < 1.8) P 33

κ
(!),

in models with modified halo structure relative to that convergence power spectrum
in the standard case. We represent the standard case using the halo model where
halo concentrations are given by Eq. (7) with c0 = 10, α = 0.1, and β = 1.0.
We represent models with modified halo structure due to baryonic physics by taking
c0 = 11, 12, 13, 14, and, 15 from bottom to top. The shaded bands show the statistical
errors on P 33

κ
(!) expected from forthcoming SNAP, DES, and LSST surveys from

top to bottom at left. The other three panels show the biases in wd (solid) and wg

(dashed), in units of the statistical uncertainties in these parameters, as a function of
the maximum multipole used in parameter estimation. These should be read against
the left vertical axes. Each panel shows forecasts for a specific survey. The most biased
cases correspond to c0 = 15 while the least bias corresponds to the case of c0 = 11.
The monotonically decreasing functions of !max in each panel show the statistical
uncertainty in wd and wg as a function of !max relative to the error if all information
to !max = 3000 were used. These lines should be read against the right vertical axes.
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Excise 
Small 

Scales?

• AT RIGHT:  Scaling of 
statistical errors with 
maximum multipole 
exploited

• Excising nonlinear 
information to mitigate 
bias expands statistical 
errors by a factor of ~2-4
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Dark Matter Halos

• ρNFW ∝ (c R/Rvir)-1(1+c R/Rvir)-2 
• “c” is dimensionless Halo “concentration 
Parameter”

• Halos are 
Nonlinear building 
blocks of 
structure defined 
to have average 
densities of a few 
hundred times the 
mean within their 
virial radii
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The Halo Model

halo, M1

galaxies

r

halo, M2

galaxies

r

• Compute correlation statistics using halos as 
the fundamental unit of structure
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Halos with Galaxies

galaxy formation
non-radiative Gas

dissipationless n-body

Modify Halo structure, 
account for contraction, 
compute lensing spectra

Halos in baryonic 
simulations look like 

NFW halos with 
modified concentrations

43Sunday, September 5, 2010



Halos with Galaxies8 RUDD, ZENTNER, & KRAVTSOV

F. 6.— Mean concentration of radial distributions of main mass components as a function of halo mass. Hashed regions contain 68% of halos in a given mass
bin. Scatter in the concentration relation for the DMO simulation is comparable to that in the DMG NR simulation and is omitted for clarity. Error bars correspond
to the estimated error on the mean concentration in each bin. Left panel: the mean NFW concentration fit to the total (i.e., DM+gas+stars) mass distribution for
all three of our simulations as indicated at the bottom of the panel. Center panel: the mean NFW concentration fit to the dark matter distribution in all three
simulations. Right panel: the mean Burkert concentration fit to the gas density profiles in the DMG NR simulation.

contribution is given by

P1Hi j (k) =
1

ρiρ j

∫

dmm2 fi(m) f j(m)
dn

dm
λi(k;m)λ j(k;m), (5)

where ρi is the mean density in the ith matter component,
fi(m) is the average fraction of mass in halos of total mass
m residing in the ith component, dn/dm is the mass function
of halos, and λi(k;m) is the Fourier transform of the mean
density profile of the ith component in halos of total mass m.
For example, the profiles of dark matter halos are often mod-
eled by NFW profiles, in which case, λi(k;m) is the Fourier
transform of the NFW density profile (e.g., given by Scocci-
marro et al. 2001) with a concentration parameter set by some
relation (e.g., Bullock et al. 2001). The two-halo contribution
to P(k) is

P2Hi j (k) =
1

ρiρ j
Plin(k)Bi(k)Bj(k), (6)

where

Bi(k) ≡

∫

dmmfi(m)
dn

dm
λi(k;m)bh(m), (7)

Plin(k) is the linear matter power spectrum, and bh(m) is the
mass-dependent halo bias.
Our primary aim in applying the halo model is to study the

qualitative features of the spectra from our simulations rather
than to provide a precise, quantitative description. There-
fore, we adopt the fitting forms for the mass function and lin-
ear bias of dark matter halos provided by Sheth & Tormen
(1999), rather than any of several updated bias prescriptions
(e.g., Jenkins et al. 2001; Seljak &Warren 2004; Tinker et al.
2006, see Cooray & Sheth 2002 and Zentner 2006 recent re-
views). This choice guarantees that the two normalization re-
lations

1

ρ

∫

dm
dn

dm
= 1 (8)

and
∫

dm
dn

dm

(

m

ρ

)

bh(m) = 1 (9)

are satisfied identically without making any further, and of-
ten arbitrary, choices about how these relations should be
enforced. As halos have a finite extent set by their virial
radii, the integrals in Eq. (7) should not extend over all mass

but should be limited to halos with virial radii smaller than
r ∼ k−1. This effect is known as halo exclusion. Though
more complex and accurate implementations of halo exclu-
sion exist (e.g., Tinker et al. 2006), we use the model for
halo exclusion introduced by Zheng (2004). Briefly, we set
the upper bounds on the integrals in Eq. (6) to the halo mass
that corresponds to a virial radius of rmax = 2πk

−1. Previous
studies have found this prescription to be useful for practical
applications (e.g., Zheng 2004; Zehavi et al. 2004).
The last ingredients necessary to build a halo model of the

matter power spectrum are specifications of the density pro-
files that characterize the distribution of each matter compo-
nent within halos. We treat each of the cases of pure dark
matter, dark matter with non-radiative gas, and dark matter
with gas cooling and star formation slightly differently, with
prescriptions motivated by our set of simulations.
We model the dark matter halos in both the N-body and

non-radiative cases with the NFW density profile [Eq. (3)].
As in § 3.2.2, the concentrations of halos are different in each
case, and we include this effect in our implementation of the
halo model. In our modeling, it is necessary to extrapolate be-
yond the range of concentrations probed directly by our sim-
ulations. Partly motivated by the fact that we aim to represent
the features of our simulated spectra qualitatively, we adopt a
particular form of the analytic model for halo concentrations
introduced in Bullock et al. (2001). Similar to other authors
(e.g., Dolag et al. 2004; Kuhlen et al. 2005; Wechsler et al.
2006; Macciò et al. 2007), we find that the relationship be-
tween concentration and mass in our simulations has a smaller
normalization and a slightly shallower slope than that of the
Bullock et al. (2001) model in its original form. In the Bul-
lock et al. (2001) model, the parameter F controls the slope of
the concentration-mass relation while K is an overall normal-
ization. The original work of Bullock et al. (2001) advocates
values of F = 10−2 and K = 4.0. We find that the mean con-
centration as a function of mass in the DMO simulation is well
described by the Bullock et al. (2001) model with parameters
F = 10−5 and K = 1.7. We stress that these parameters are
not the result of a formal fitting procedure and defer further
exploration of the concentration-mass relation to future work.
The halos in our DMG NR simulation exhibit somewhat

higher concentrations than those in the DMO simulation. Over
the mass range measured in the simulation, we use the mea-

• Modified Halo Concentration Relation 
Relative to the Standard N-Body Result
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Spectrum Model with 
Contracted Halos
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Dark Energy Constraints

• Calibration is both feasible and profitable, recall 300% 
degradation from excising small scales

• Biases < 10% of statistical errors with simple model
46Sunday, September 5, 2010



Testing Gravity
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Halo Structure 12

ability to study the cosmic dark energy. However, ob-
servational constraints on concentrations are interesting
in their own right. Indeed, we were driven to consider
general parameterizations of halo structure because the
baryonic physics that govern galaxy formation and influ-
ence the structures of halos is very uncertain. Direct con-
straints on concentrations may help to inform models of
galaxy formation. Furthermore, constraints derived from
a weak lensing survey as described above, would not be
subject to the same selection as studies of galaxy groups
and clusters or studies that rely on selecting sample mem-
bers or stacking systems according to some member prop-
erty. Therefore, these constraints can complement other
techniques even if they are not directly competitive with
other methods. We now focus on the constraints on halo
concentrations that can be derived from weak lensing to-
mography.

Consider first constraints on the effective halo mass-
concentration relation in the power-law concentration
mass relation. Figure 7 shows two-dimensional con-
fidence contours for the concentrations of halos after
marginalizing over all other parameters, including dark
energy. For convenience, the pivot masses and redshifts
are listed in the upper right portion of this plot. Con-
centrations are very well determined near halo masses of
∼ 1 × 1014 h−1M" and a redshift z ∼ 0.2. The slight
differences in these values for each experiment reflect the
fact that the statistical errors have a different scale de-
pendence for each experiment. LSST has the greatest sky
coverage, so the LSST pivot mass is the largest. Con-
versely, SNAP has much less sky coverage but with a
galaxy number density of n̄ = 100 arcmin−2 it is very
deep and has the smallest mpiv. These mpiv and zpiv

values are not unexpected. It is already well known that
these masses are the largest contributors to the conver-
gence power near ! ∼ 103 [26, 77].

The concentration constraints achieved in the course
of this self calibration are stringent and potentially very
useful. Marginalizing over the other parameters, LSST
alone can provide a ∼ 5% constraint on cpiv at 1σ, and
can constrain the mass and redshift power-law indices to
σ(α) = 0.08 and σ(β) = 0.27 respectively. Both SNAP
and DES constrain cpiv at the ∼ 10% level.

Figure 8 shows concentration parameter constraints
on the binned c(m, z) relation model. First, recall that
our convention is to designate our concentration param-
eters with a subscript of the value of the logarithm of
the halo mass at the bin center. The parameter that
describes halo concentrations at m = 1013.5 h−1M" is
c13.5 and so on. Rather than displaying all parameter
constraints, Figure 8 shows a reduced set of parameters
that are at least mildly constrained by the experiments
that we consider. The other concentration parameters
are constrained at uninteresting levels in all cases.

The fact that halo concentrations are most well con-
strained near halo masses near ∼ 1014 h−1M" can be
seen directly in Figure 8. This is clearly the most well
constrained parameter. In fact, this parameter can be

FIG. 7: Constraints on the effective halo concentration pa-
rameters from tomographic weak lensing after marginalizing
over the uncertainty in cosmological parameters. This plot
shows 1σ confidence contours on the parameters of the power-
law concentration relation. We show the fractional uncer-
tainty in cpiv relative to the fiducial model. Recall that the
pivot concentration is the concentration at the halo mass and
redshift at which concentrations are best determined. In all
panels, from outermost to innermost, the contours correspond
to those achievable with DES, SNAP, and LSST using mul-
tipoles up to "max = 3000. In the upper right portion of the
plot, we list the parameterization and the values of the pivot
masses and redshifts for convenience.

constrained with an uncertainty σ(c14.5)/c14.5 = 0.48 rel-
ative to the fiducial value by LSST alone. In the Ma
et al. [42] fiducial model with greater small-scale power,
LSST constrains this parameter relatively more strin-
gently with σ(c14.5)/c14.5 = 0.31. Generally, this param-
eter is somewhat degenerate with the concentration value
at the next lowest mass bin c13.5, and a combination of
these two parameters is constrained at interesting levels.
As with the power-law case, the redshift dependence is
comparably poorly constrained.

Though the constraints presented in Fig. 8 are mod-
est, those in the power-law model of Fig. 7 are encourag-
ing and recall that we have been rather conservative in
our priors. Given that precise concentration constraints
may inform the modeling of baryonic physics, it is inter-
esting to estimate the best possible constraints on con-
centrations that may be achieved with these methods.
To minimize the interplay between dark energy and con-
centration parameters, we may assume that dark energy
parameters are known extremely well from other experi-
ments, for example through the supernovae measured by
SNAP itself, and that we aim to measure effective halo
concentrations via weak lensing. This is analogous to the
dark energy constraints shown in Fig. 2, where it was as-
sumed that concentrations were known perfectly, but in

LSST

SNAP

DES

• “Galaxy 
formation” 
parameters 
constrained at 
interesting 
levels
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Shear Tomography

lensing

lensing
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Photo-Z & NL 
Structure

2 Hearin, Zentner, & Ma

FIG. 1.— Contour plots for the level of wa constraint degradation as a function of priors on the photometric redshift scatter σz and bias zbias. In this case, the
priors are applied uniformly to the photometric redshift parameters are each redshift. The contours demarcate equal parameter degradation defined as the error
on wa after marginalizing over photometric reshift uncertainties. We show constraints in units of the equivalant constraint in the limit of perfect knowledge of
photometric redshift parameters, Σ ≡ σ(wa)/σperf(wa). The left panel was computed using the Peacock & Dodds (1996) fitting formula for the nonlinear power
spectrum of density fluctuations and amounts to a near reproduction of the right panel of Figure 7 in Ma et al. (2006). The center panel was computed using the
halo model as described in Zentner et al. (2008). The right panel was computed using the Smith et al. (2003) relation for the nonlinear power spectrum of density
fluctuations. Significant differences between the levels of degradation in the two cases are evident.

FIG. 2.— Parameter degradation as a function of size of the spectroscopic redshift calibration sample, Nspec. The dark, black lines were computed using
the Smith et al. (2003) formula for the nonlinear power spectrum of density fluctuations. The light, blue lines were computed using the Peacock & Dodds
(1996) relation for nonlinear power and the dark, red lines were computed using the halo model. The solid lines correspond to a spectroscopic calibration
sample with a redshift distribution that traces that of the imaging sample, dNspec/dz ∝ dn/dz. The dashed lines assume that the redshift distribution of the
spectroscopic calibration sample is uniform, dNspec/dz ∝ constant. The left panel corresponds to a DES-like experiment, the middle panel corresponds to a
LSST-like experiment, and the right panel corresponds to a JDEM-like experiment.

1 Department of Physics & Astronomy, The University of Pittsburgh, Pitts-
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2 Department of Physics & Astronomy, The University of Pennsylvania,

Philadelphia, PA 19104
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• Treatment of nonlinear structure influences the 
goals and approaches of forthcoming experiments
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The Future
1. Develop a better understanding of nonlinear 

cosmological structure growth, including:
1.1.  Galaxy Formation Processes
1.2.  Energy injection by Supernovae & Active 

Galaxies ...

2. A Simulation program is necessary (and 
underway) and will broaden the scope of 
future missions

3. We may soon have unprecedented constraints 
on both dark energy and galaxy formation
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