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Basic concepts
x



History
1915: The development of GR allowed Einstein calculated the bending  
 of light through massive objects precisely

1919: Arthur Eddington confirmed the 
light bending phenomenon during a solar 
eclipse (traveling to the island of 
principe) 



Same with Galaxies



Same with Galaxies



Same with wine glasses



Abell 2218 as a lens - HST



Every object in the universe is 
lensed

Galaxy field - no lensing Galaxy field - with lensing 
(exaggerated) 



Every object in the universe is 
lensed - Large Scale Structure



Every object in the universe is 
lensed

Shear Map 

“Sticks” represent 
ellipticity strength 
and orientation



Every object in the universe is 
lensed



Lensing Tomography - 3D 
information

Lensing is sensitive 
to the integrated 
mass distribution

Directly sensitive to 
dark and luminous 
matter



Basic concepts
x
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Some Math -
Lens Equation



6.2 Basics of gravitational lensing 93

The geometrically-thin condition is satisfied in virtually all astrophysically relevant situations (i.e. lensing by
galaxies and clusters of galaxies), unless the deflecting mass extends all the way from the source to the observer,
as in the case of lensing by the large-scale structure. The relevant deflections are small, e.g., α̂ <∼ 1′′ for galaxies,
α̂ <∼ 30′′ for clusters.
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Fig. 6.5. Sketch of a typical gravitational lens system. Consider a
source to be located at a distance Ds from us and a mass concen-
tration at distance Dd. An optical axis is defined that connects the
observer and the center of the mass concentration; its extension will
intersect the so-called source plane, a plane perpendicular to the op-
tical axis at the distance of the source. Accordingly, the lens plane
is the plane perpendicular to the line-of-sight to the mass concen-
tration at distance Dd from us. The intersections of the optical axis
and the planes are chosen as the origins of the respective coordi-
nate systems. Let the source be at the point η in the source plane;
a light beam that encloses an angle θ to the optical axis intersects
the lens plane at the point ξ and is deflected by an angle α̂(ξ). All
these quantities are two-dimensional vectors. The condition that the
source is observed in the direction θ is given by the lens equation
(6.5) which follows from the theorem of intersecting lines

The lens equation relates the true position of the source to its observed position; we define the lens and
source plane as planes perpendicular to the line-of-sight to the deflector, at the distance Dd and Ds of the
lens and the source, respectively (see Fig. 6.5). Furthermore, we define the ‘optical axis’ as a ‘straight’ line
through the lens center (the exact definition does not matter; any change of it represents just an unobservable
translation in the source plane), and its intersections with the lens and source planes as their respective origins.
Denoting ξ as the two-dimensional position of the light ray in the lens plane and η as the position of the source
(see Fig. 6.5), then from geometry,

η =
Ds

Dd
ξ − Ddsα̂(ξ) . (6.5)

Note that the distances D occuring here are the angular-diameter distances (Sect. 4.4.1), since they relate
physical transverse separations to angles. If θ denotes the angle of a light ray relative to the optical axis, β as
the angular position of the unlensed source (see Fig. 6.5),

η = Dsβ ; ξ = Ddθ , (6.6)

then

β = θ − Dds

Ds
α̂(Ddθ) ≡ θ − α(θ) , (6.7)

where α(θ) is the scaled deflection angle, which in terms of the dimensionless surface mass density

κ(θ) :=
Σ(Ddθ)

Σcr
with Σcr =

c2

4πG

Ds

Dd Dds
≈ 0.35

!
Dd Dds

Ds 1 Gpc

"−1

g cm−2 , (6.8)

reads as

α(θ) =
1

π

#

IR2

d2θ′ κ(θ′)
θ − θ′

|θ − θ′|2
. (6.9)
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Lens Equation - more generally

4 P. Schneider

Weak lensing has been reviewed before; we shall mention only five ex-
tensive reviews. Mellier (1999) provides a detailed compilation of the weak
lensing results before 1999, whereas Bartelmann & Schneider (2001; hereafter
BS01) present a detailed account of the theory and technical aspects of weak
lensing.1 More recent summaries of results can also be found in Wittman
(2002) and Refregier (2003a), as well as the cosmic shear review by van
Waerbeke & Mellier (2003).

The coverage of topics in this review has been a subject of choice; no
claim is made about completeness of subjects or references. In particular,
due to the lack of time during the lectures, the topic of weak lensing of
the CMB temperature fluctuations has not been covered at all, and is also
not included in this written version. Apart from this increasingly important
subject, I hope that most of the currently actively debated aspects of weak
lensing are mentioned, and the interested reader can find her way to more
details through the references provided.

2 The principles of weak gravitational lensing

2.1 Distortion of faint galaxy images

Images of distant sources are distorted in shape and size, owing to the tidal
gravitational field through which light bundles from these sources travel to us.
Provided the angular size of a lensed image of a source is much smaller than
the characteristic angular scale on which the tidal field varies, the distortion
can be described by the linearized lens mapping, i.e., the Jacobi matrix A.
The invariance of the surface brightness by gravitational light deflection,
I(θ) = I(s)[β(θ)], together with the locally linearized lens equation,

β − β0 = A(θ0) · (θ − θ0) , (1)

where β0 = β(θ0), then describes the distortion of small lensed images as

I(θ) = I(s)[β0 + A(θ0) · (θ − θ0)] . (2)

We recall (see IN) that the Jacobi matrix can be written as

A(θ) = (1 − κ)

!
1 − g1 −g2

−g2 1 + g1

"
, where g(θ) =

γ(θ)

[1 − κ(θ)]
(3)

is the reduced shear, and the gα, α = 1, 2, are its Cartesian components.
The reduced shear describes the shape distortion of images through gravita-
tional light deflection. The (reduced) shear is a 2-component quantity, most
1 We follow here the notation of BS01, except that we denote the angular diameter

distance explicitly by Dang, whereas D is the comoving angular diameter distance,
which we also write as fK , depending on the context; see Sect. 4.3 of IN for more
details. In most cases, the distance ratio Dds/Ds is used, which is the same for
both distance definitions.
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conveniently written as a complex number,

γ = γ1 + iγ2 = |γ| e2iϕ ; g = g1 + ig2 = |g| e2iϕ ; (4)

its amplitude describes the degree of distortion, whereas its phase ϕ yields
the direction of distortion. The reason for the factor ‘2’ in the phase is the
fact that an ellipse transforms into itself after a rotation by 180◦. Consider a
circular source with radius R (see Fig. 1); mapped by the local Jacobi matrix,
its image is an ellipse, with semi-axes

R

1 − κ− |γ| =
R

(1 − κ)(1 − |g|) ;
R

1 − κ+ |γ| =
R

(1 − κ)(1 + |g|)

and the major axis encloses an angle ϕ with the positive θ1-axis. Hence,
if sources with circular isophotes could be identified, the measured image
ellipticities would immediately yield the value of the reduced shear, through
the axis ratio

|g| =
1 − b/a

1 + b/a
⇔ b

a
=

1 − |g|
1 + |g|

and the orientation of the major axis ϕ. In these relations it was assumed
that b ≤ a, and |g| < 1. We shall discuss the case |g| > 1 later.
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Fig. 1. A circular source, shown at the left, is mapped by the inverse Jacobian A−1

onto an ellipse. In the absence of shear, the resulting image is a circle with modified
radius, depending on κ. Shear causes an axis ratio different from unity, and the
orientation of the resulting ellipse depends on the phase of the shear (source: M.
Bradac)

However, faint galaxies are not intrinsically round, so that the observed
image ellipticity is a combination of intrinsic ellipticity and shear. The strat-
egy to nevertheless obtain an estimate of the (reduced) shear consists in
locally averaging over many galaxy images, assuming that the intrinsic ellip-
ticities are randomly oriented. In order to follow this strategy, one needs to

4 P. Schneider

Weak lensing has been reviewed before; we shall mention only five ex-
tensive reviews. Mellier (1999) provides a detailed compilation of the weak
lensing results before 1999, whereas Bartelmann & Schneider (2001; hereafter
BS01) present a detailed account of the theory and technical aspects of weak
lensing.1 More recent summaries of results can also be found in Wittman
(2002) and Refregier (2003a), as well as the cosmic shear review by van
Waerbeke & Mellier (2003).

The coverage of topics in this review has been a subject of choice; no
claim is made about completeness of subjects or references. In particular,
due to the lack of time during the lectures, the topic of weak lensing of
the CMB temperature fluctuations has not been covered at all, and is also
not included in this written version. Apart from this increasingly important
subject, I hope that most of the currently actively debated aspects of weak
lensing are mentioned, and the interested reader can find her way to more
details through the references provided.

2 The principles of weak gravitational lensing

2.1 Distortion of faint galaxy images

Images of distant sources are distorted in shape and size, owing to the tidal
gravitational field through which light bundles from these sources travel to us.
Provided the angular size of a lensed image of a source is much smaller than
the characteristic angular scale on which the tidal field varies, the distortion
can be described by the linearized lens mapping, i.e., the Jacobi matrix A.
The invariance of the surface brightness by gravitational light deflection,
I(θ) = I(s)[β(θ)], together with the locally linearized lens equation,

β − β0 = A(θ0) · (θ − θ0) , (1)

where β0 = β(θ0), then describes the distortion of small lensed images as

I(θ) = I(s)[β0 + A(θ0) · (θ − θ0)] . (2)

We recall (see IN) that the Jacobi matrix can be written as

A(θ) = (1 − κ)

!
1 − g1 −g2

−g2 1 + g1

"
, where g(θ) =

γ(θ)

[1 − κ(θ)]
(3)

is the reduced shear, and the gα, α = 1, 2, are its Cartesian components.
The reduced shear describes the shape distortion of images through gravita-
tional light deflection. The (reduced) shear is a 2-component quantity, most
1 We follow here the notation of BS01, except that we denote the angular diameter

distance explicitly by Dang, whereas D is the comoving angular diameter distance,
which we also write as fK , depending on the context; see Sect. 4.3 of IN for more
details. In most cases, the distance ratio Dds/Ds is used, which is the same for
both distance definitions.
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Measurement is simple on paper

  

Mathematical Formalism I

1) Measure the centroid:

2) Measure second order
    Brightness moments:

3) Define an ellipticity measure (there exist many...) 



Measurement is simple on paper

  

Mathematical Formalism II

4) Relate observed and intrinsic ellipticities

5) Assume that universe is isotropic
→ Expectation value of intrinsic ellipticity is zero

6) In the weak lensing regime....



Reality 1: Effect of Lensing
6/19 

Cosmic Lensing 

Real data: 
gi~0.03 

gi~0.2 



Reality 2:Telescope and 
Atmosphere PSF

7/19 

Atmosphere and Telescope 

Convolution with kernel 

Real data: Kernel size ~ Galaxy 
size 



Reality 3: Pixelization
8/19 

Pixelisation 

Sum light in each square 

Real data: Pixel size ~ Kernel size /2 
Many other detector effects+artifacts enter at this step



Reality 4: Noise 9/19 

Noise 

Mostly Poisson. Some Gaussian and bad 
pixels. 

Uncertainty on total light ~ 5 per cent 



Summary

  

More difficulties



15/19 

Typical star 
Used for finding  
Convolution kernel 

Typical galaxy 
used for cosmic 
shear analysis 

Putting things in perspective
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Photometric Redshifts

Measure Fluxes in many 
different photometric 
bands
Collects spectra for 
representative galaxy 
sample
Infer redshifts through 
mapping these flux 
measurements to galaxy 
spectra
Much less accurate 
compared to 
spectroscopic redshifts



Photo-z uncertainties
Two types of uncertainties:

1) broadening of tomographic bin limits
    2) catastrophic outliers

contamination fraction is most 
severe for z_p > 2.5 and < 0.2

Catastrophic photometric redshift errors 1403

Figure 2. Left: the contamination rate csp/!zs of the photo-z bin per unit redshift in spectro-z is plotted for our example case. Note that the contamination
is highest at zp > 2.5 and zp < 0.2, where there are relatively few source galaxies and hence a small number of outliers can become a large fractional
contamination. Right: the quantity hsp which specifies the significance of the w0–wa bias caused by a contamination rate of 0.001/δzp across a range δzp
of photo-z. This plot indicates that the outlier contamination rates must be known to one to three parts per thousand over all photometric redshift bins, most
sensitively at 0.3 < zp < 1.5.

Fig. 2 indicates the bias significance of a contamination rate c̄ =
0.001/δzp. We desire !χ 2

2D ≪ 2.3 to keep the bias well within the
68 per cent confidence contour. The most severe constraint on c̄

would be to take the peak value hµν ≈ 1300 and a very wide island,
δzp ≈ 0.5, in which case the criterion for small bias becomes

c̄ < 1/(hµνδzp) ≈ 1/(1300 × 0.5) = 0.0015. (27)

The contamination rate into any island of outliers must be known
to 0.0015 or better to avoid significant cosmological bias. This
conclusion is independent of the nominal outlier rate. The tolerance
on the outlier rate will scale with sky coverage as f

−1/2
sky .

3.1 Photo-z probability distributions

Throughout this paper we have assumed that the photo-z algorithm
assigns a single zp to each galaxy, and that the WL analysis bins
galaxies on the basis of this estimate. Most photo-z algorithms will,
however, produce some posterior likelihood distribution P (zp) over
redshift. For many astrophysical measurements, selection of a sin-
gle maximum-likelihood zp will induce biases that can be alleviated
by properly considering the full P (zp) distribution for the galaxies
placed into a bin (Padmanabhan et al. 2007; Mandelbaum et al.
2008). The results of this paper can be applied to an analysis that
retains P (zp) information as follows: first, we assume that some
criterion has been used to divide the galaxies into WL tomography
bins, labelled by index T. Then the P (zp) distributions of all galaxies
in bin T are summed to give the overall estimated distribution P T(zp)
of the galaxies in the bin. The estimated contamination fraction ĉST

is the integral of P T(zp) over a source redshift bin near zs. The tol-
erances on cST in this paper apply to how accurately these estimates
from the photo-z posterior must match the true contamination rates.
All the equations derived below for validation via spectroscopic
sampling should still apply to the use of photo-z distributions.

Various selection criteria might be applied to galaxies on the
basis of their P (zp), with the intent of reducing the outlier bias –
our D95 cut (equation 22) being just one example. The requirements
for calibration of the outlier rate will apply to the galaxy sample
after such cuts or weights are applied, and of course the calibration
requirements will in general depend on these cuts and weights.

4 C O N S T R A I N T V I A S P E C T RO S C O P I C
SAMP L I NG

The most obvious way to determine the contamination rate cαβ is
to conduct a complete spectroscopic-redshift survey of galaxies in
photo-z bin β. It is of course essential that the spectra be of sufficient
quality to determine redshifts even for the outliers in the sample.

Let us now estimate the total number of spectra Nspec required
in order to keep the total bias below some desired threshold. We
will assume that each redshift drawn from the spectroscopic survey
is statistically independent. In this case the distribution of Nαβ , the
number of galaxies in photo-z bin β that have spectro-z in bin α, will
be described by a multinomial distribution. When the outlier rates
are small, the number of spectra in each outlier bin tends towards
independent Poisson distributions.

We would like to relate the contamination uncertainties δcij to the
required number of galaxy spectra. Let Nβ be the number of spectra
drawn from the photometric redshift bin β so that Nspec =

!
β Nβ .

In this case, ⟨Nαβ⟩ = cαβNβ and the variance of the contamination
estimate is

δc2
αβ = (δNαβ )2

⟨Nβ⟩2
= cαβ

Nβ

. (28)

Since the Poisson errors between different outlier bins are uncorre-
lated, the expected bias significance becomes

⟨!χ 2⟩ =
"

αβ

(hαβ!z)2
#
δc2

αβ

$
=

"

αβ

(hαβ!z)2cαβ/Nβ . (29)

We would like to quote a total number of spectroscopic redshifts
rather than the number per photo-z slice (Nβ above) in order to
make our findings more transparent. We consider two cases: first,
a slitless or untargeted spectroscopic survey will obtain redshifts
in proportion to the number density Nβ of source galaxies in each
redshift bin: Nβ = N specnβ/n. Then we will consider a targeted
survey, in which the number Nβ can be chosen bin by bin to produce
the minimal bias for given total Nspec.

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 401, 1399–1408
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Figure 3. The estimated redshift distributions from SkyNet for the ngmix shape catalog (left) and the im3shape shape catalog (right).
The full n(z) for objects with mean redshifts in the redshift range 0.3 < z̄ < 1.3 (top) and the n(z) for three tomographic bins (bottom)
are shown. The redshift distributions are estimated by summing and rescaling the photometric redshift probability distributions for each
galaxy in the tomographic bin using the weights applied to the shear catalog.

measure will be an underestimate if the model employed
is not well matched to the data. However, given the good
match of our fiducial model to the data as shown in Fig-
ures 1 and 2, the degree to which the signal-to-noise is un-
derestimated is small in this case. We use the COSMOSIS pack-
age11 by Zuntz et al. (2014) to compute the shear correlation
functions with the Takahashi et al. (2012) non-linear power
spectrum fitting function. See the companion paper present-
ing cosmological constraints from these measurements for
additional details (DES et al. 2015). The covariance ma-
trix has been validated through comparisons to both a de-
tailed halo model prediction and jackknife estimates in sin-
gle mock patches versus the survey data, which are discussed
in detail in the Section 5. We find non-tomographic cosmic
shear detections at 6.5� and 4.7� significance for ngmix and
im3shape respectively.

Figure 2 shows the full three-bin tomographic shear cor-
relation function measurements for ngmix on the left and
im3shape on the right. The redshift distributions of the
three tomographic bins for the SkyNet code are given in the
lower panels of Figure 3. In order to compute the covariance
matrix of these measurements, we use the same procedure
in the mock catalogs as for the non-tomographic case, ex-
cept that we use the tomographic redshift distributions to
assign the mock galaxies to di↵erent tomographic bins. We
additionally draw the shape noise in the mock from only the
galaxies in the data in the same tomographic bin. We find
overall tomographic cosmic shear detections of 9.7� and 7.0�
for ngmix and im3shape, respectively. Note that the ngmix

catalog has more sources and extends to slightly higher red-
shift on average, yielding higher significance detections of
cosmic shear.

In Figures 1 and 2, the solid black line shows the ex-
pected amplitude and shape of the shear correlation func-
tions in the cosmological model given above. This curve is
not a fit, and is merely presented as a reference for com-

11 https://bitbucket.org/joezuntz/cosmosis

parison. Due to the fact that the two catalogs have di↵er-
ent redshift distributions, a direct comparison of the shear
correlation functions between the two catalogs is not pos-
sible without further work matching the two catalogs and
accounting for the shared shape noise, sample variance, and
image noise between the two catalogs. This matched com-
parison is described further in Sec. 6.2.

4.3 Alternative Two-point Statistics

In Appendix A, we describe results from two alternative two-
point statistics of the shear field. These include the methods
of: (i) Becker & Rozo (2014), which use a weighting of the
real-space correlation estimates to construct e�cient esti-
mates of the C` values and (ii) a second estimation of the
spherical harmonic shear power spectrum using PolSpice12

(Szapudi et al. 2000; Chon et al. 2004). Note that these esti-
mators weight the data at di↵erent angular scales di↵erently
than the default two0point correlation functions so that we
do not expect to get identical results in terms of the signif-
icance of the cosmic shear detection. We do find detections
of cosmic shear that are consistent with the conventional
real-space estimators we use by default, indicating no strong
preference for any given estimator. Tests of B-mode statis-
tics from these estimators are discussed in Sec. 6.1, where we
again find consistency between di↵erent two-point function
estimation methods.

5 ESTIMATING AND VALIDATING THE
COVARIANCE MATRIX

In this section, we present our covariance matrix and a set of
validation tests. The fiducial covariance matrix for our mea-
surements is estimated from the mock catalogs presented
in Section 3. First we compare the covariance matrix from

12 http://www2.iap.fr/users/hivon/software/PolSpice/
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measure will be an underestimate if the model employed
is not well matched to the data. However, given the good
match of our fiducial model to the data as shown in Fig-
ures 1 and 2, the degree to which the signal-to-noise is un-
derestimated is small in this case. We use the COSMOSIS pack-
age11 by Zuntz et al. (2014) to compute the shear correlation
functions with the Takahashi et al. (2012) non-linear power
spectrum fitting function. See the companion paper present-
ing cosmological constraints from these measurements for
additional details (DES et al. 2015). The covariance ma-
trix has been validated through comparisons to both a de-
tailed halo model prediction and jackknife estimates in sin-
gle mock patches versus the survey data, which are discussed
in detail in the Section 5. We find non-tomographic cosmic
shear detections at 6.5� and 4.7� significance for ngmix and
im3shape respectively.

Figure 2 shows the full three-bin tomographic shear cor-
relation function measurements for ngmix on the left and
im3shape on the right. The redshift distributions of the
three tomographic bins for the SkyNet code are given in the
lower panels of Figure 3. In order to compute the covariance
matrix of these measurements, we use the same procedure
in the mock catalogs as for the non-tomographic case, ex-
cept that we use the tomographic redshift distributions to
assign the mock galaxies to di↵erent tomographic bins. We
additionally draw the shape noise in the mock from only the
galaxies in the data in the same tomographic bin. We find
overall tomographic cosmic shear detections of 9.7� and 7.0�
for ngmix and im3shape, respectively. Note that the ngmix

catalog has more sources and extends to slightly higher red-
shift on average, yielding higher significance detections of
cosmic shear.

In Figures 1 and 2, the solid black line shows the ex-
pected amplitude and shape of the shear correlation func-
tions in the cosmological model given above. This curve is
not a fit, and is merely presented as a reference for com-

11 https://bitbucket.org/joezuntz/cosmosis

parison. Due to the fact that the two catalogs have di↵er-
ent redshift distributions, a direct comparison of the shear
correlation functions between the two catalogs is not pos-
sible without further work matching the two catalogs and
accounting for the shared shape noise, sample variance, and
image noise between the two catalogs. This matched com-
parison is described further in Sec. 6.2.

4.3 Alternative Two-point Statistics

In Appendix A, we describe results from two alternative two-
point statistics of the shear field. These include the methods
of: (i) Becker & Rozo (2014), which use a weighting of the
real-space correlation estimates to construct e�cient esti-
mates of the C` values and (ii) a second estimation of the
spherical harmonic shear power spectrum using PolSpice12

(Szapudi et al. 2000; Chon et al. 2004). Note that these esti-
mators weight the data at di↵erent angular scales di↵erently
than the default two0point correlation functions so that we
do not expect to get identical results in terms of the signif-
icance of the cosmic shear detection. We do find detections
of cosmic shear that are consistent with the conventional
real-space estimators we use by default, indicating no strong
preference for any given estimator. Tests of B-mode statis-
tics from these estimators are discussed in Sec. 6.1, where we
again find consistency between di↵erent two-point function
estimation methods.

5 ESTIMATING AND VALIDATING THE
COVARIANCE MATRIX

In this section, we present our covariance matrix and a set of
validation tests. The fiducial covariance matrix for our mea-
surements is estimated from the mock catalogs presented
in Section 3. First we compare the covariance matrix from
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Cosmic Acceleration



Cosmic Acceleration

Graph by Zosia Rostomian, Lawrence Berkeley National Laboratory, and Nic Ross, BOSS Lyman-alpha team, Berkeley Lab) 

Since 1930s we know

SN1a (Nobel Prize 2011) 
and BAO have shown

If GR is correct, and we trust the observations, 
the Universe is dominated by an energy 
density component with negative pressure

5%
22%

73%

Dark Energy
Dark Matter

Ordinary Matter



Many new DE/modified gravity theories developed over last decade

Most can be categorized based on how they break GR:

The only local, second-order gravitational field equations that can be 
derived from a four-dimensional action that is constructed solely from 
the metric tensor, and admitting Bianchi identities, are GR + Λ.

Lovelock’s theorem (1969)

Alternative: Breaking GR



Many new DE/modified gravity theories developed over last decade

Most can be categorized based on how they break GR:

The only local, second-order gravitational field equations that can be 
derived from a four-dimensional action that is constructed solely from 
the metric tensor, and admit Bianchi identities, are GR + Λ.

Lovelock’s theorem (1969)

Subject to viability conditions: ghosts? instabilities?

  

Alternative: Breaking GR

No favored alternative theory, theory space hard to summarize succinctly

Need unifying frameworks + phenomenology to compare to data



Why Still Weak Lensing?

Galaxy  
clustering 

Supernovae Gravitational 
shear 

Comparison of different methods 

Dark Energy Task Force in 2006
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Weak Lensing in a nutshell

Statistical properties of the
distortion reflect statistical 
properties of the density 
field

Light rays are distorted by
dark matter density field
of the Universe

Sir Ernest Rutherford: 
“If your experiment needs  
statistics, you ought to have  
done a better experiment”



But lots of difficulties: Bad seeing, PSF anisotropy, tracking errors, bright 
objects, pixelization, noise, blending, intrinsic alignment, baryons, non-linear 
density evolution, photo-z errors, shape calibration, etc   

Principle Of Cosmic Shear



Cosmic Shear Observations



Cosmic Shear Theory I
1. Choose a variety of cosmological models - cosmological parameters

2. Run numerical 
simulations

3. Measure Density Power Spectrum as a 
function of k-mode and redshift in simulations 
(contains all second order information of the 
density field)



Cosmic Shear Theory II

Heitmann et al 2014

Takahashi et al. 2013

arcmin

Correlation
Function
Amplitude

6. Compare observed data vector and model vector in a likelihood analysis (next slide)

Accounting for baryonic effects in cosmic shear tomography 2455

used for these purposes. Consequently, cosmic variance and finite
volume effects are significant at scales of k ! 0.11 hMpc−1.

Gnedin simulations:7 four new sets of simulations are performed
with the ART code (the same code used for Rudd simulations). Each
set includes three different random realizations with different val-
ues for the DC mode (Gnedin, Kravtsov & Rudd 2011) of a 200h−1

comoving Mpc box with 5123 DM particles and a factor of several
larger number of adaptively refined cells (which are dynamically
created and destroyed in the course of the simulation to maintain
required spatial resolution). Spatial resolution (the size of the most
refined cells) of all simulations is set to 3h−1 comoving kpc. The
first set of simulations is dissipationless and treats DM only. The
second set (AD) includes only ‘adiabatic’ (i.e. non-radiative) hydro-
dynamic processes. The third set (CW) includes radiative cooling
(but no radiative heating) with primordial abundances of hydrogen
and helium. The fourth set (CX) includes radiative cooling with
the cooling function that corresponds to solar-metallicity gas; that
cooling function is applied to all gas in the simulation, even to
the deepest voids, and, hence, is physically unrealistic. The CX set
should, therefore, be considered as an extreme limit of gas cooling.

3.2 Projected shear power spectra from the baryonic scenarios

The three sets of simulations described in Section 3.1 have different
input cosmologies. In order to create a coherent set of baryonic
scenarios we assume that the cosmology dependence enters through
the DM power spectrum only and ‘renormalize’ the 3D density
power spectra for each baryonic scenario via

P
bary,theory
δ (k, z) = P

bary,sim
δ (k, z)

P DM,sim
δ (k, z)

P
DM,theory
δ (k, z), (9)

where P
bary,sim
δ (k, z) denotes the joint dark+baryonic power spec-

trum from a given simulation, P DM,sim
δ is the corresponding DM-

only power spectrum, and P
DM,theory
δ is the DM power spectrum

calculated from COSMOLIKE (see Section 4.1 for details) assuming a
Planck+WMAP polarization best-fitting cosmology.

Note that the simulations have insufficient volumes, hence the
simulated spectra alone do not suffice to cover the entire range
of wave numbers needed. As such, it is necessary to extrapolate
simulation results using a particular theoretical model. The Rudd
et al. (2008) simulations pose the most stringent constraints on the
range of k and z, i.e. matter power spectra are accurate over a range
of k ∈ [0.3; 10] hMpc−1 (where the lower k-limit is a consequence
of simulation size) and over a range of z ∈ [0.0; 2.0]. Outside the
k-ranges we extrapolate Pδ with a theoretical DM power spectrum
that is matched to the amplitude of the total (baryonic+DM) power
spectrum. We hence implicitly assume that on these larger scales
the shape of the total power spectrum follows approximately that of
the DM power spectrum, but has a different overall amplitude. Note
that the limited redshift range of the Rudd et al. (2008) simulations
prohibits us from computing LSST shear power spectra because the
LSST redshift range extends to z = 3.5. Overall this gives us 14
baryonic scenarios for the DES survey and 12 for LSST.

Having obtained the density power spectra we calculate the shear
power spectra as

Cij (l) = 9H 4
0 "2

m

4c4

! χh

0
dχ

gi(χ )gj (χ )
a2(χ )

Pδ

"
l

fK (χ )
, χ

#
, (10)

7 Publicly available at http://astro.uchicago.edu/∼gnedin/WL/.

Figure 1. The assumed redshift distribution with five tomography bins for
DES (top) and LSST/Euclid (bottom).

with l being the 2D wavevector perpendicular to the line of sight, χ
denoting the comoving coordinate, χh is the comoving coordinate
of the horizon, a(χ ) is the scale factor, and fK(χ ) the comoving
angular diameter distance (throughout set to χ since we assume
a flat Universe). The lens efficiency gi is defined as an integral
over the redshift distribution of source galaxies n(χ (z)) in the ith
tomographic interval:

gi(χ ) =
! χh

χ

dχ ′ni(χ ′)
fK (χ ′ − χ )

fK (χ ′)
. (11)

In this analysis we use two different redshift distributions mim-
icking a DES and an LSST/Euclid-like survey and divide each
redshift range into five bins (see Fig. 1 and Table 1). For LSST we
adopt the redshift distribution suggested in Chang et al. (2013) and
the DES redshift distribution is modelled by a modified Canada-
France-Hawaii Telescope Legacy Survey redshift distribution (see
Benjamin et al. 2007, adjusted for the slightly lower mean redshift
of DES). The exact parametrization for the latter reads

n(z) = N

"
z

z0

#α

exp

$
−

"
z

z0

#β
%

, (12)

with α = 2.0, β = 1.0, z0 = 0.5.
Since we chose five tomographic bins, the resulting data vector

which enters the likelihood analysis consists of 15 tomographic
shear power spectra, each with 20 logarithmically spaced bins
(l ∈ [30; 5000]), hence 300 data points overall. The limits of the
tomographic z-bins are chosen such that each bin contains a similar
number of galaxies.

In Fig. 2 we show the uncertainty range spanned by the baryonic
scenarios (grey shaded area) with respect to the DM-only scenario
(black line) for the five auto-correlation redshift shear power spectra.
In Fig. 3 we further show the ratio of baryonic to DM C11(l) shear
power spectrum for a subset of the scenarios. One can clearly see
that at different l the range is bracketed by different scenarios, with
the strong AGN-feedback scenario being the lower extreme starting
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galaxy lensing correlation functions via
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± (l) �! (1+m

i) (1+m

j)⇠i j

± (l),

�i j

t

(l) �! (1+m
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t

(l), (4)

We marginalize over each m

i independently with Gaussian priors
(5 parameters).

⇠i j

± (#) =
Z 1

0

d` `
2⇡

J0/4(`#) C

i j(`)

4.2 Cosmological parameters

We forecast the ability of the DES LSS data to constrain
the wCDM cosmological model with the 7 free parameters
{w0,wa

,⌦
m

,⌦
b

,�8,h0,ns

}. The fiducial values for these parame-
ters are taken from the Planck ⇤CDM model and are given in Ta-
ble ??. There are also 4 free astrophysical parameters in our base-
line model, namely the galaxy biases (relating dark and luminous

matter) of the lens galaxy sample in each of four redshift bins. Al-
together we have an N = 11-dimensional parameter vector pc for
the model. The Table also gives the (weak) priors we take on each
parameter.

4.3 Neutrino Masses

Neutrinos have mass and this impacts the distribution of matter in
the universe. DES is currently powerful enough to be sensitive to
the sum of the neutrino masses, so ⌦⌫ = n⌫

P
m⌫ is a parameter that

must be varied. This is relatively straightforward as the standard
codes that compute spectra allow for non-zero neutrino masses, but
there is one recent development that impacts the spectra that is not
accounted for in the standard codes or in previous analyses, so we
mention it here.

For orientation, Fig. 3 shows the changes in the angular cor-
relation function of matter in the 4 redshift bins in which DES will
measure clustering. On small scales, massive neutrinos suppress
the power so w is smaller than in the zero mass limit. On large

MNRAS 000, 1–5 (2014)
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and Hubble constant. We impose the conservative prior 0.013 <
⌦

b

h2 < 0.033 on the baryon density (motivated by the BBN con-
straints in Burles, Nollett & Turner 2001; Olive & Particle Data
Group 2014; Cyburt et al. 2016) and 0.4 < h < 1.0 on the di-
mensionless Hubble constant (which is a derived parameter). These
choices can be contrasted with the tighter 0.019 < ⌦

b

h2 < 0.026
and 0.64 < h < 0.82 priors in Hildebrandt et al. 2016. The
uniform Hubble constant prior in Hildebrandt et al. (2016) en-
capsulates the ±5� range from the direct measurement of Riess
et al. (2016), where h = 0.732 ± 0.017, and extends beyond the
Planck CMB constraint on this parameter (Ade et al. 2016a, where
h = 0.673±0.010 for TT+lowP). Our prior choices are more con-
servative than in Hildebrandt et al. (2016) because they may oth-
erwise have a significant impact on the extended cosmology con-
straints (unlike e.g. S

8

in ⇤CDM which is robust to both choices
of priors). However, we do consider specific cases where the Riess
et al. (2016) prior on the Hubble constant is employed (e.g. see the
dark energy results in Table 2).

In addition to examining extensions to the standard cosmolog-
ical model with the KiDS-450 dataset, and assessing their signifi-
cance from a model selection standpoint, we consider the impact
of these extensions on the discordance between KiDS and Planck
(reported in Hildebrandt et al. 2016). To this end, the Planck mea-
surements (Ade et al. 2016a; Aghanim et al. 2016b) that we use are
the CMB temperature and polarization on large angular scales, lim-
ited to multipoles `  29 (i.e. low-` TEB likelihood), and the CMB
temperature on smaller angular scales (via the PLIK TT likelihood).
Thus, we conservatively do not consider Planck polarization mea-
surements on smaller angular scales (which would increase the dis-
cordance with KiDS slightly), and we also do not consider Planck
CMB lensing measurements (which would decrease the discor-
dance with KiDS slightly).

2.2 Model selection and dataset concordance

As we consider extensions to the standard cosmological model, we
mainly aim to address two questions. The first question pertains to
model selection, i.e. whether the extended model is favored as com-
pared to ⇤CDM. To aid in this aim, we follow Joudaki et al. (2016)
in using the Deviance Information Criterion (DIC; Spiegelhalter,
Best & Carlin 2002, also see Kunz, Trotta & Parkinson 2006, Lid-
dle 2007, Trotta 2008, and Spiegelhalter et al. 2014), given by the
sum of two terms:

DIC ⌘ �2

e↵

(

ˆ✓) + 2pD. (1)

Here, the first term consists of the best-fit effective �2

e↵

(

ˆ✓) =

�2 lnL
max

, where L
max

is the maximum likelihood of the data
given the model, and ˆ✓ is the vector of varied parameters at the
maximum likelihood point. The second term is the ‘Bayesian com-
plexity,’ pD = �2

e↵

(✓) � �2

e↵

(

ˆ✓), where the bar denotes the mean
over the posterior distribution. Thus, the DIC is composed of the
sum of the goodness of fit of a given model and its Bayesian com-
plexity, which is a measure of the effective number of parameters,
and acts to penalize more complex models. For reference, a differ-
ence in �2

e↵

of 10 between two models corresponds to a probability
ratio of 1 in 148, and we therefore take a positive difference in DIC
of 10 to correspond to strong preference in favor of the reference
model (⇤CDM), while an equally negative DIC difference corre-
sponds to strong preference in favor of the extended model. We
take �DIC = 5 to constitute moderate preference in favor of the
model with the lower DIC estimate, while differences close to zero
do not particularly favor one model over the other.

0.1 0.2 0.3 0.4
�m

0.75

1.00

1.25

1.50
�

8

KiDS-450

Planck 2015

KiDS, narrower priors

KiDS, extended systematics

Figure 2. Marginalized posterior contours in the �
8

� ⌦

m

plane (inner
68% CL, outer 95% CL). We show our fiducial KiDS constraints in green,
KiDS with narrower priors on the Hubble constant and baryon density in
grey (as in Hildebrandt et al. 2016), KiDS with extended treatment of the
astrophysical systematics in pink, and Planck in red.

In Hildebrandt et al. (2016), we found that the cosmological
constraints from the KiDS-450 dataset are overall internally consis-
tent, i.e. the constraints agree despite a range of changes to the treat-
ment of the systematic uncertainties (e.g. see Figure 10 therein).
The cosmological constraints from KiDS also agree with previous
lensing analyses from CFHTLenS (see Joudaki et al. 2016 and ref-
erences therein) and the Dark Energy Survey (Abbott et al. 2016),
along with pre-Planck CMB measurements from WMAP9, ACT,
and SPT (Calabrese et al. 2013). However, KiDS does disagree with
Planck (Ade et al. 2016a) at approximately 2� in S

8

, and this ten-
sion can seemingly not be resolved by the systematic uncertainties
(Hildebrandt et al. 2016).

The second question that we aim to address therefore pertains
to whether an extension to the fiducial treatment of the lensing sys-
tematic uncertainties or the standard cosmological model can alle-
viate or completely remove the tension between KiDS and Planck.
Since current lensing data mainly constrain the S

8

parameter com-
bination well (such that S

8

= �
8

p
⌦

m

/0.3), we quantify the ten-
sion T in this parameter, via

T (S
8

) =

���SD1
8

� SD2
8

��� /
r

�2

⇣
SD1
8

⌘
+ �2

⇣
SD2
8

⌘
, (2)

where the datasets D
1

and D
2

refer to KiDS and Planck, respec-
tively, the vertical bars extract the absolute value of the encased
terms, the horizontal bars again denote the mean over the posterior
distribution, and � refers to the symmetric 68% confidence interval
about the mean.

Moreover, to better capture the overall level of concordance
or discordance between the two datasets, we calculate a diagnostic
grounded in the DIC (Joudaki et al. 2016):

I(D
1

, D
2

) ⌘ exp{�G(D
1

, D
2

)/2}, (3)

such that

G(D
1

, D
2

) = DIC(D
1

[ D
2

) � DIC(D
1

) � DIC(D
2

), (4)

where DIC(D
1

[ D
2

) is obtained from the combined analysis of
the datasets. Thus, log I is positive when two datasets are in con-
cordance, and negative when the datasets are discordant, with val-
ues following Jeffreys’ scale (Jeffreys 1961, Kass & Raftery 1995),
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Figure 8. Left: Marginalized posterior contours in the �
8

�⌦

m

plane (inner 68% CL, outer 95% CL) in a universe with nonzero curvature for KiDS in green
and Planck in red. For comparison, dashed contours assume fiducial ⇤CDM. Right: Marginalized posterior contours in the ⌦k � S

8

plane for KiDS in green
and Planck in red. The dashed horizontal line denotes flatness.

improve the Planck constraint on the sum of neutrino masses by
20% (such that

P
m⌫ < 0.58 eV at 95% CL). As shown in

Figure 4, the constraint on the intrinsic alignment amplitude in
this extended cosmology is only marginally affected by the inclu-
sion of neutrino mass as a free parameter in our analysis, where
�0.12 < A

IA

< 2.3 (95% CL). If one were to combine KiDS
with Planck (again as log I ⇡ 0), the constraint would improve to
0.43 < A

IA

< 2.0 (95% CL).
Despite alleviating the discordance with Planck, the neutrino

mass degree of freedom is not required by the data, as the differ-
ence in DIC relative to fiducial ⇤CDM is 2.7 for KiDS, 3.4 for
Planck, and 3.3 for KiDS+Planck. Moreover, the KiDS constraints
on the sum of neutrino masses are not competitive with that of other
data combinations; for instance, Planck with baryon acoustic oscil-
lation (BAO) measurements from the 6dF Galaxy Survey (Beutler
et al. 2011), SDSS Main Galaxy Sample (Ross et al. 2015), and
BOSS LOWZ/CMASS samples (Anderson et al. 2014) constrainP

m⌫ < 0.21 eV at 95% CL (Ade et al. 2016a).
In Figure 6, we show our neutrino mass constraints in the

plane with S
8

. We consider using HMCODE with the fiducial treat-
ment of the baryon feedback amplitude as a free parameter (i.e. cor-
responding to the same KiDS results in Figure 5), and we consider
using HMCODE with the feedback amplitude fixed to B = 3.13
(along with fixing the bloating parameter to ⌘HMCODE = 0.603, in
lieu of being determined by B), corresponding to a ‘DM-only’ sce-
nario. While the neutrino mass constraints are not significantly af-
fected by these two different HMCODE scenarios, the KiDS con-
straint on S

8

is pushed further away from Planck when fixing the
feedback amplitude to the DM-only value.

We compare the KiDS constraints in the
P

m⌫ � S
8

plane
to the case where the HALOFIT prescription (Takahashi et al. 2012;
Bird, Viel & Haehnelt 2012) is used to model the nonlinear mat-
ter power spectrum. Although HALOFIT, which is unable to ac-
count for the effect of baryonic physics in the nonlinear matter
power spectrum, agrees well with HMCODE with DM-only set-
tings, the KiDS neutrino mass bound with HALOFIT is stronger atP

m⌫ < 2.5 eV (95% CL). Moreover, the KiDS contour with
HALOFIT is less in tension with Planck than when using HMCODE
with DM-only settings, at a level of 2.5� with HALOFIT as com-
pared to 3.0� with HMCODE. These differences in both neutrino

mass constraint and discordance with Planck illustrate the impor-
tance of an accurate prescription for the modeling of the nonlinear
matter power spectrum.

In Figure 7, we show how the Planck measurement of the
Hubble constant changes as a function of the underlying cosmol-
ogy. It is well known that the CMB temperature constraint on the
Hubble constant is anti-correlated with the sum of neutrino masses
(e.g. Joudaki 2013; Ade et al. 2016a). The Planck measurement of
the Hubble constant in a cosmology with

P
m⌫ as a free parame-

ter therefore shifts it further away from local measurements of H
0

.
The discordance between the Planck (TT+lowP) measurement of
the Hubble constant (h = 0.673 ± 0.010) and the local measure-
ment in Riess et al. (2016, h = 0.732 ± 0.017) is 2.7� in our
fiducial ⇤CDM cosmology with massless neutrinos. In a cosmol-
ogy with

P
m⌫ as a free parameter, this discordance increases with

0.599 < h < 0.689 at 95% CL.
While the KiDS dataset is not particularly sensitive to the ef-

fective number of neutrinos N
e↵

, we note that this additional de-
gree of freedom does help to bring the Planck constraint on the
Hubble constant in agreement with the direct measurement of Riess
et al. (2016). This is mainly achieved by widening the Planck er-
ror bars on the Hubble constant, such that 0.635 < h < 0.746
(95% CL), with N

e↵

= 3.15 ± 0.32. However, Planck does not
favor this additional degree of freedom, as �DIC = 1.1.

3.3 Curvature

We now move to constraining deviations from spatial flatness and
examine the model selection and dataset concordance outcomes of
this new degree of freedom for KiDS and Planck.

In Figure 1, we show that a negative curvature (correspond-
ing to a positive ⌦k) decreases the shear signal, fairly uniformly
across ⇠ij

± (✓) over the angular scales probed by KiDS, such that
its signature can in principle be disentangled from that of lensing
systematics such as baryons and intrinsic alignments. We note that
when ⌦k is varied, H

0

is also varying to keep ✓
MC

fixed (as the for-
mer is a derived parameter, while the latter is a primary parameter).
If we vary the curvature by the same amount, and simultaneously
vary ✓

MC

such that H
0

is kept fixed instead, the decrease in the
shear correlation functions reduces by almost an order of magni-
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Figure 9. Left: Marginalized posterior contours in the �
8

� ⌦

m

plane (inner 68% CL, outer 95% CL) in a universe with a constant dark energy equation of
state for KiDS in green and Planck in red. For comparison, dashed contours assume fiducial ⇤CDM. Right: Marginalized posterior contours in the w � S

8

plane for KiDS in green, Planck in red, KiDS+Planck in blue, and KiDS+Planck with informative H
0

prior in grey (from Riess et al. 2016). The dashed
horizontal line denotes the ⇤CDM prediction.

tude. Meanwhile, CMB temperature measurements of the curvature
are highly correlated with the Hubble constant and matter density
(due to their degeneracy in the angular diameter distance to the last
scattering surface). The Planck constraint on the curvature mainly
originates from the signatures of lensing in the CMB temperature
power spectrum, the late-time integrated Sachs-Wolfe effect, and
the lower boundary of the H

0

prior (e.g. Komatsu et al. 2009; Ade
et al. 2016a).

As a result, given that we exclude CMB lensing (��), Planck
is no longer able to constrain the matter density well when allowing
⌦k to vary, causing a nearly horizontal elongation of the Planck
contour towards larger values of the matter density in the �

8

�
⌦

m

plane of Figure 8 (and thereby larger S
8

), while KiDS largely
moves along the degeneracy direction towards smaller values of the
matter density (with a minor offset that decreases S

8

). The overall
effect of these changes is to increase the tension between KiDS
and Planck to 3.5� in S

8

(where the main cause of the increased
tension is the new Planck constraint, which has shifted by a factor
of six of the original uncertainty in S

8

). Although Planck constrains
S
8

more strongly than KiDS in a flat ⇤CDM universe (by a factor
of 1.7), the KiDS constraint on S

8

is a factor of 1.6 stronger than
the constraint from Planck when ⌦k is allowed to vary.

Accounting for the full parameter space, log I = �1.7, which
corresponds to ‘strong discordance’ between the KiDS and Planck
datasets. In the ⌦k � S

8

plane of Figure 8, the KiDS and Planck
contours prefer ⌦k < 0, both at approximately 95% CL. Despite
the deviation from flatness, the KiDS intrinsic alignment ampli-
tude remains robustly determined as shown in Figure 4, marginally
widening to �0.38 < A

IA

< 2.8 (95% CL). While Planck weakly-
to-moderately favors nonzero curvature with �DIC = �4.3
(down from ��2

e↵

= �5.8 due to the increased Bayesian complex-
ity), the additional degree of freedom is not favored by KiDS, with
�DIC ' 0. Moreover, as shown in Figure 7, the Planck constraint
on the Hubble constant (0.46 < h < 0.65 at 95% CL) moves it
further away from the Riess et al. (2016) result. Although the com-
bination of weak lensing and CMB can significantly improve the
constraint on the curvature (e.g. Kilbinger et al. 2013; Ade et al.
2016a), we do not provide joint KiDS+Planck constraints on ⌦k as
the two datasets are discordant in this extended cosmology.

3.4 Dark energy (constant w)

We now turn away from the assumption of a cosmological constant
by considering evolving dark energy. We begin by allowing for a
constant dark energy equation of state w that can vary freely in our
MCMC analyses. While we have discussed HMCODE’s ability to
account for the impact of baryons and massive neutrinos in the non-
linear matter power spectrum, HMCODE’s calibration to the Coyote
N-body simulations also included models with �0.7 < w < 1.3
(Mead et al. 2015). Our prior on w extends beyond this range, but
we expect our results to be only marginally biased, as the cosmo-
logical constraints are either too weak or tend to lie near w = �1.
Moreover, in contrast to e.g. a fitting function, the physical ground-
ing of HMCODE in the halo model allows one to probe fairly ex-
treme values of w and still trust the modeling, as changes to the un-
derlying cosmology diffuse through into the matter power spectrum
prediction in a natural way (via the mass-concentration relation and
evolution of the halo mass function).

In Figure 1, we show the imprint of a constant dark energy
equation of state on the shear correlation functions, while keep-
ing all primary parameters fixed. An increase in the equation of
state, such that w > �1, causes a scale-dependent suppression
in the matter power spectrum relative to a cosmological constant
(e.g. Joudaki & Kaplinghat 2012; Mead et al. 2016). For a fixed
Hubble constant, w > �1 also suppresses the lensing kernel rela-
tive to a cosmological constant (as it boosts H(z)/H

0

), but this is
not the case in Figure 1 as ✓

MC

is kept fixed in lieu of the Hubble
constant which varies from one cosmology to another (since ✓

MC

is a primary parameter while H
0

is treated as a derived parameter).
Thus, when fixing our primary parameters, the lensing kernel in-
creases for w > �1, partly canceling the suppression in the matter
power spectrum.

In Figure 9, we show the constraints in the �
8

�⌦

m

and w�S
8

planes when allowing for w 6= �1. The KiDS and Planck contours
now overlap in the �

8

� ⌦

m

plane, both due to a fairly uniform
increase in the area of the KiDS contour perpendicular to the lens-
ing degeneracy direction (noting that the lensing constraints paral-
lel to the degeneracy direction are prior-dependent), and due to a
shift in the Planck contour perpendicular to the lensing degeneracy

c� 2016 RAS, MNRAS 000, 000–000
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DES - Tomography

4 Becker, Troxel, MacCrann, Krause, Eifler, Friedrich, Nicola, Refregier and the DES Collab.

Figure 1. The measured shear correlation functions ⇠+/� for a single tomographic bin for the ngmix shape catalog (left) and im3shape

shape catalog (right). The single tomographic bin corresponds to redshift distribution shown in Figure 3, z ⇡ 0.3 � 1.3. ote that the
redshift distributions of the two catalogs are not identical, so that the shear correlation functions are not expected to match. A detailed
comparison of the two catalogs is described in Section 6.2. Negative measurements are shown as upper limits. The error bars show the
1� uncertainties from the mock catalogs with the appropriate level of shape noise for each shear pipeline. The black solid lines show the
predictions from a flat, ⇤CDM model described in Section 3 — not chosen to fit the data.
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Figure 2. The measured shear correlation functions ⇠+/� times ✓ in six angular bins and three tomographic bins for the ngmix shape
catalog (left) and im3shape shape catalog (right). The tomographic bins correspond to those shown in Figure 3, z ⇡ 0.30 � 0.55, 0.55 �
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DES Covariances

• Numerical simulations 126 
Realizations of the exact SV area

• Analytical Halo Model

• Both include higher order 
moments of the density field

• Numerical sims are noisier, 
substantially more expensive, 
and limit size of the data vector, 
but should be more precise in the 
highly nonlinear regime (depends 
on simulations/ray-tracing 
resolution, etc)

2 Methods:

Cosmic Shear Measurements with DES Science Verification Data 17

Figure B1. The shear correlation functions in the mock catalogs compared to the expected values from Takahashi et al. (2012) for the
middle tomographic bin (left) and the upper tomographic bin (right). The solid lines show the theoretical expectation, the band shows
the error bars including shape noise and the dashed line shows the mean from the mock catalogs. ⇠+ is in red and ⇠� is in blue.
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c� 2015 RAS, MNRAS 000, 1–21



This was for 150 deg^2
Coming Months will reveal the 1300 deg^2 analysis
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Figure 1. The assumed redshift distribution with 5 tomography bins for
DES (top) and LSST/Euclid (bottom).

dom realizations with di↵erent values for the DC mode (Gnedin,
Kravtsov & Rudd 2011) of a 200h�1 comoving Mpc box with 5123

dark matter particles and a factor of several larger number of adap-
tively refined cells (which are dynamically created and destroyed
in the course of the simulation to maintain required spatial resolu-
tion). Spatial resolution (the size of the most refined cells) of all
simulations is set to 3h�1 comoving kpc. The first set of simula-
tions is dissipationless and treats dark matter only. The second set
(AD) includes only ”adiabatic” (i.e. non-radiative) hydrodynamic
processes. The third set (CW) includes radiative cooling (but no
radiative heating) with primordial abundances of hydrogen and he-
lium. The fourth set (CX) includes radiative cooling with the cool-
ing function that corresponds to solar-metallicity gas; that cooling
function is applied to all gas in the simulation, even to the deep-
est voids, and, hence, is physically unrealistic. The CX set should,
therefore, be considered as an extreme limit of gas cooling.

3.2 Projected shear power spectra from the baryonic
scenarios

The three sets of simulations described in Sect. 3.1 have di↵erent
input cosmologies. In order to create a coherent set of baryonic sce-
narios we assume that the cosmology dependence enters through
the dark matter power spectrum only and “re-normalize” the 3D
density power spectra for each baryonic scenario via

Pbary,theory
� (k, z) =

Pbary,sim
� (k, z)

PDM,sim
� (k, z)

PDM,theory
� (k, z) (9)

where Pbary,sim
� (k, z) denotes the joint dark+baryonic power spec-

trum from a given simulation, PDM,sim is the corresponding dark
matter only power spectrum, and PDM,theory

� is the dark matter power
spectrum calculated from CosmoLike (see Sect. 4.1 for details) as-
suming a Planck+WMAP polarization best-fit cosmology.

In each case, the simulations treat finite volumes and have lim-
ited resolutions, so the simulated spectra alone do not su�ce to
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Figure 2. The shear tomography power spectra for the five auto z-bins com-
puted at the fiducial cosmological model. The black line corresponds to the
dark matter scenario, the shaded area spans the range of uncertainty from
baryonic physics.
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Figure 3. The ratio of shear tomography power spectra of di↵erent baryonic
scenarios with respect to the dark matter only scenario for the lowest auto-
correlation tomography bin.

cover the entire range of wave numbers needed. As such, it is nec-
essary to extrapolate simulation results using a particular theoreti-
cal model. The Rudd et al. (2008) simulations pose the most strin-
gent constraints on the range of k and z, i.e. matter power spectra
are accurate over a range of k 2 [0.3; 10]h/Mpc, where the lower
k-limit is a consequence of simulation size, and over a range of
z 2 [0.0; 2.0]. Outside the k-ranges we extrapolate P� with a theo-
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dom realizations with di↵erent values for the DC mode (Gnedin,
Kravtsov & Rudd 2011) of a 200h�1 comoving Mpc box with 5123

dark matter particles and a factor of several larger number of adap-
tively refined cells (which are dynamically created and destroyed
in the course of the simulation to maintain required spatial resolu-
tion). Spatial resolution (the size of the most refined cells) of all
simulations is set to 3h�1 comoving kpc. The first set of simula-
tions is dissipationless and treats dark matter only. The second set
(AD) includes only ”adiabatic” (i.e. non-radiative) hydrodynamic
processes. The third set (CW) includes radiative cooling (but no
radiative heating) with primordial abundances of hydrogen and he-
lium. The fourth set (CX) includes radiative cooling with the cool-
ing function that corresponds to solar-metallicity gas; that cooling
function is applied to all gas in the simulation, even to the deep-
est voids, and, hence, is physically unrealistic. The CX set should,
therefore, be considered as an extreme limit of gas cooling.

3.2 Projected shear power spectra from the baryonic
scenarios

The three sets of simulations described in Sect. 3.1 have di↵erent
input cosmologies. In order to create a coherent set of baryonic sce-
narios we assume that the cosmology dependence enters through
the dark matter power spectrum only and “re-normalize” the 3D
density power spectra for each baryonic scenario via

Pbary,theory
� (k, z) =

Pbary,sim
� (k, z)

PDM,sim
� (k, z)

PDM,theory
� (k, z) (9)

where Pbary,sim
� (k, z) denotes the joint dark+baryonic power spec-

trum from a given simulation, PDM,sim is the corresponding dark
matter only power spectrum, and PDM,theory

� is the dark matter power
spectrum calculated from CosmoLike (see Sect. 4.1 for details) as-
suming a Planck+WMAP polarization best-fit cosmology.

In each case, the simulations treat finite volumes and have lim-
ited resolutions, so the simulated spectra alone do not su�ce to
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scenarios with respect to the dark matter only scenario for the lowest auto-
correlation tomography bin.

cover the entire range of wave numbers needed. As such, it is nec-
essary to extrapolate simulation results using a particular theoreti-
cal model. The Rudd et al. (2008) simulations pose the most strin-
gent constraints on the range of k and z, i.e. matter power spectra
are accurate over a range of k 2 [0.3; 10]h/Mpc, where the lower
k-limit is a consequence of simulation size, and over a range of
z 2 [0.0; 2.0]. Outside the k-ranges we extrapolate P� with a theo-
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Figure 5. Cosmological constraints for a LSST/Euclid survey assuming di↵erent underlying baryonic scenarios for our Universe, i.e. pure dark matter
(black/solid), strong AGN feedback (red/dashed), extreme cooling (blue/dot-dashed), and moderate cooling (green/long-dashed), which are unaccounted for
in the likelihood analysis. The scenarios are detailed in Sect. 3.1.

can be described by the dark matter distribution within halos on
small scales, and is dominated by the clustering properties of halos
and their abundance on large scales. In this model, the trispectrum
splits into five terms describing the 4-point correlation within one
halo (the one-halo term T 1h), between 2 to 4 halos (two-, three-,
four-halo term), and a so-called halo sample variance term THSV,
caused by fluctuations in the number of massive halos within the
survey area,

T = T0 + THSV = [T1h + T2h + T3h + T4h] + THSV . (17)

The two-halo term is split into two parts, representing correlations
between two or three points in the first halo and two or one point in
the second halo. As halos are the building blocks of the density field
in the halo approach, we need to choose models for their internal
structure, abundance and clustering in order to build a model for
the trispectrum.

Our implementation of the one-, two- and four-halo term con-
tributions to the matter trispectrum follows Cooray & Hu (2001),
and we neglect the three-halo term as it is subdominant com-
pared to the other terms at the scales of interest for this analy-
sis. Specifically, we assume NFW halo profiles (Navarro, Frenk &
White 1997) with the Bhattacharya et al. (2011) fitting formula for
the halo mass–concentration relation c(M, z), and the Tinker et al.
(2010) fit functions for the halo mass function dn

dM and linear halo
bias b(M) (all evaluated at � = 200), neglecting terms involving
higher order halo biasing.

Within the halo model framework, the halo sample variance
term is described by the change of the number of massive halos
within the survey area due to survey-scale density modes; following
Sato et al. (2009) it is calculated as

c
� 0000 RAS, MNRAS 000, 000–000

Not accounting for baryons - LSST like survey
Black x: true underlying cosmology for all sims
Black: DM sim analyzed with DM code
Red: AGN sim analyzed with DM code
Blue: CX sim analyzed with DM code
Green: CW sim analyzed with DM code

Survey parameters
- LSST scenario 
  (18000 deg^2, 26 gal/arcm^2 )
- 7 cosmological parameters
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Figure 6. This plot shows the uncertainty range spanned by the baryonic scenarios, centralized around the DM scenario, when excluding one (second panel) two
(third panel), and four (fourth panel) PCs comapred to the original uncertainty range (left panel). The three panel rows show three tomographic autocorrelation
power spectra for LSST/Euclid.

Table 4. Projection angle of the di↵erence vectors (Ci j
bary(l) � Ci j

DM(l)) onto the PCs (see Eq. 20) and fraction of this di↵erence vector that is captured by the
PC subspace (see Eq. 21).

DES LSST
Baryonic Scenario | cos ✓1 | V1 | cos ✓2 | V2 | cos ✓3 | V3 | cos ✓4 | V4 | cos ✓1 | V1 | cos ✓2 | V2 | cos ✓3 | V3 | cos ✓4 | V4
AGN 0.98 0.98 0.17 1 0.002 1 0.0097 1 0.95 0.95 0.31 1 0.026 1 0.00056 1
NOSN 0.87 0.87 0.47 0.99 0.11 1 0.047 1 0.97 0.97 0.1 0.98 0.052 0.98 0.21 1
NOSN NOZCOOL 0.88 0.88 0.46 1 0.087 1 0.04 1 0.96 0.96 0.18 0.98 0.06 0.98 0.18 1
NOZCOOL 0.43 0.43 0.86 0.96 0.001 0.96 0.27 1 0.99 0.99 0.085 0.99 0.078 1 0.051 1
REF 0.63 0.63 0.77 1 0.09 1 0.03 1 0.99 0.99 0.097 1 0.05 1 0.048 1
WDENS 0.99 0.99 0.12 1 0.018 1 0.024 1 0.88 0.88 0.44 0.99 0.14 1 0.0074 1
DBLIMFV1618 0.99 0.99 0.13 1 0.003 1 0.0065 1 0.95 0.95 0.31 1 0.031 1 0.0058 1
WML4 0.61 0.61 0.78 0.99 0.05 0.99 0.14 1 0.99 0.99 0.069 1 0.06 1 0.037 1
WML1V848 0.98 0.98 0.21 1 0.012 1 0.025 1 0.97 0.97 0.26 1 0.025 1 0.005 1
AD 0.98 0.98 0.21 1 0.056 1 0.013 1 0.3 0.3 0.95 0.99 0.002 0.99 0.086 1
CX 0.76 0.76 0.64 1 0.015 1 0.00035 1 0.99 0.99 0.16 1 0.0015 1 0.00077 1
CW 0.97 0.97 0.23 1 0.014 1 0.0078 1 0.87 0.87 0.49 1 0.03 1 0.031 1
A 1 1 0.079 1 0.036 1 0.026 1 – – – – – – – –
CSF 0.98 0.98 0.2 1 0.032 1 0.006 1 – – – – – – – –

In addition to the analysis in Fig. 6 we determine the number
of PCs by examining the projections of di↵erence vectors �↵ onto
the PC subspaces. Recall that for each baryonic scenario ↵ we cal-
culate a di↵erence vector �↵. We can project each of these vectors
onto the subspace spanned by the PC modes that are removed. In
particular we compute the absolute value of the cosine of the pro-
jection angle

cos ✓↵i =
�↵ · PCi

|�↵||PCi|
, (20)

between the ↵-th di↵erence vector and i-th PC. The corresponding
PC captures all baryonic uncertainty of scenario ↵ if | cos ✓↵i | = 1
and none if | cos ✓↵i | = 0. When removing n PCs we can define the
fraction of the di↵erence vector that falls into the space spanned by

the PCs as

Vn =

vt
nX

i

cos2 ✓↵i . (21)

Table 4 show ✓↵i and Vn for all the simulations. Even removing two
modes seems su�cient to remove the di↵erences caused by bary-
onic e↵ects. This analysis shows impressively that the baryonic
scenarios for both DES and LSST/Euclid are almost completely
captured within PCA subspaces of relatively low dimensionality;
when using a four-dimensional PC space the worst scenarios is still
to 99.5% per cent within the PCA-volume.

c
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PCA-marginalization/Mode removal 

2) Transform C(l) to PC space -> remove contaminated modes -> transform back to C(l)



PCA-marginalization/Mode removal 

1) At each point in cosmology define set

2) Calculate differences to DM → create matrix

 3) SVD on difference matrix → cols of U contain PCs

 4) Perform likelihood calculation in PC space

   5) Project out the baryon sensitive PCs
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Figure 9. Cosmological constraints for a LSST/Euclid survey when using the PCA mitigation technique. The results shown assume that the baryonic physics
of the Universe follows the AGN scenario (i.e. the most extreme baryonic scenario). We remove three and four PC modes (blue/dashed and green/long-dashed,
respectively) and compare the results to the untreated AGN scenario (red/dashed) and to a pure DM scenario (black/solid).

(pbest fit
� pfid)2/�2. Under the assumption that this ��2 is drawn

from a chi squared distribution, a value larger than one would indi-
cate a problem at 68%; larger than 4 at 95%; and larger than 9 at
99.7%.

For our seven parameter case, we generalize to

��2 = (pfid
co � pbary,best fit

co )t C�1
pco (pfid

co � pbary,best fit
co ), (22)

where the covariance matrix is determined via

Ci j
pco =

1
N � 1

NX

k=0

⇣
hpi

coi � pik
co

⌘ ⇣
hp j

coi � p jk
co

⌘
(23)

with hpi
coi indicating the mean of the ith cosmological parameter

(i, j 2 [1, 7]), and k 2 [1,N] being the index running over all
steps in the MCMC chain. Again assuming this is distributed in
the seven-dimensional cosmological parameter space as a �2 dis-
tribution with seven degrees of freedom, we find the critical ��2

values that correspond to 68%, 95%, and 99% confidence regions
are 8.14, 14.07, and 18.48, respectively.

In Tables 5 and 6 (also see Figs. 8 and 10 ), we show the best fit
values of all the parameters with the marginalized error bars and the
��2 as defined in Eq. (22). We find severe biases in cosmological

constraints for DES if the extreme baryonic scenarios are analyzed.
For example, when analyzing the AGN feedback scenario the prob-
ability of the fiducial cosmology is outside the ↵ = 99.9999998%
confidence interval. For scenarios that only slightly di↵er from a
pure DM Universe, such as the adiabatic (AD) scenario the bias is
substantially less severe (within the 68% region) but still notewor-
thy.

As expected the impact of baryonic physics is more impor-
tant for LSST. For example, the analysis of the AD scenario for an
LSST/Euclid-like experiment rejects the fiducial cosmology more
strongly (outside the ↵ = 99.9999999% confidence interval) than
the AGN scenario does for DES. When analyzing the AGN sce-
nario for a LSST/Euclid survey, the fiducial cosmology is outside
the ↵ = exp(�5 ⇥ 10�27) (a number that is considered 1 by almost
any calculator) interval.

Focusing on the LSST case, we see that - in accord with the
2D projections shown in the figures - the biases are extremely large
for all baryonic scenarios if no mitigation scheme is used. As more
modes are removed, the fits get significantly better, e.g., ��2 drops
from 55.8 to 1.58 and 2.27 for the AD scenario when removing 3
and 4 PCs, respectively. For the AGN scenario we find a similar be-
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PCA marginalization used in likelihood analysis 
Extreme AGN scenario used as example
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Figure A4. Cosmo-
logical constraints
for a LSST/Euclid
survey assuming
di↵erent underlying
baryonic scenarios
for our Universe,
i.e. pure dark mat-
ter (black, solid),
strong AGN feed-
back (red, dashed),
extreme cooling
(blue, dot-dashed),
and moderate
cooling (green,
long-dashed). The
scenarios are de-
tailed in Sect. 3.1.
Results shown here
include priors front
the Planck mission.
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Figure A5. Cosmo-
logical constraints
for a LSST/Euclid
survey with Planck
priors when using
the PCA mitigation
technique. The re-
sults shown assume
that the baryonic
physics of the Uni-
verse follows the
AGN scenario (i.e.
the most extreme
baryonic scenario).
We remove three
and four PC modes
(blue/dashed and
green/long-dashed,
respectively) and
compare the results
to the untreated
AGN scenario
(red/dashed) and to
a pure DM scenario
(black/solid).
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The Power of Combining Probes
Best constraints obtained by combining 
cosmological probes

independent probes: multiply 
likelihoods (if individual results are 
consistent)

Combining Large-Scale Structure (LSS) 
probes (from same survey) requires more 
advanced strategies

clustering, clusters and WL probe 
same underlying density field, are 

Betoule et al. 2014

M. Betoule et al.: Joint cosmological analysis of the SNLS and SDSS SNe Ia.

7.1.2. Baryon Acoustic Oscillations

The detection of the characteristic scale of the baryon acous-
tic oscillations (BAO) in the correlation function of di↵erent
matter distribution tracers provides a powerful standard ruler
to probe the angular-diameter-distance versus redshift relation
and Hubble parameter evolution. The BAO scale has now been
detected in the correlation function of various galaxy surveys
(Eisenstein et al. 2005; Beutler et al. 2011; Blake et al. 2011;
Anderson et al. 2012), as well as in the Ly↵ forest of distant
quasars (Busca et al. 2013; Slosar et al. 2013). Large-scale sur-
veys also probe the horizon size at matter-radiation equality.
However, this latter measurement appears to be more a↵ected
by systematic uncertainties than the robust BAO scale measure-
ment.

BAO analyses usually perform a spherical average of their
scale measurement constraining a combination of the angular
scale and redshift separation:

dz =
rs(zdrag)
Dv(z)

(21)

with:

Dv(z) =
 
(1 + z)2D2

A
cz

H(z)

!1/3

(22)

For this work, we follow Planck Collaboration XVI (2013) in
using the measurement of the BAO scale at z = 0.106, 0.35,
and 0.57 from Beutler et al. (2011); Padmanabhan et al. (2012);
Anderson et al. (2012), respectively. We consider a BAO prior of
the form:

�2
bao = (dz � dbao

z )†C�1
bao(dz � dbao

z ) (23)

with zdrag computed from the Eisenstein & Hu (1998) fit-
ting formulae, dbao

z = (0.336, 0.1126, 0.07315) and C�1
bao =

diag(4444, 215156, 721487).

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
8

 
4

11

!4/3

⇢� (24)

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 13, 14 and 15. Errors quoted in the ta-
bles are 1-� Cramér-Rao lower bounds from the approximate
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Fig. 15. 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 temperature
and WMAP polarization measurements of the CMB fluctuation
(Planck+WP), and a combination of measurements of the BAO
scale (BAO). See Sect. 7.1 for details. The black dashed line cor-
responds to a flat universe.

Fig. 16. 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.

Fisher Information Matrix. Confidence contours corresponding
to ��2 = 2.28 (68%) and ��2 = 6 (95%) are shown in
Figs. 15, 16 and 17. 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-
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
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Fisher Information Matrix. Confidence contours corresponding
to ��2 = 2.28 (68%) and ��2 = 6 (95%) are shown in
Figs. 15, 16 and 17. 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-
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
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Table 13. Best fit parameters for the o-⇤CDM cosmological model.

⌦m ⌦k H0 ⌦bh2 ↵ � M1
B �M �2/d.o.f.

Planck+WP+BAO+JLA 0.305 ± 0.010 0.002 ± 0.003 68.34 ± 1.03 0.0221 ± 0.0003 0.141 ± 0.006 3.099 ± 0.074 �19.10 ± 0.03 �0.070 ± 0.023 684.1/738
Planck+WP+BAO 0.306 ± 0.010 0.002 ± 0.003 68.25 ± 1.06 0.0221 ± 0.0003
Planck+WP+SDSS 0.397 ± 0.108 �0.019 ± 0.026 59.93 ± 8.17 0.0221 ± 0.0003 0.145 ± 0.008 3.115 ± 0.108 �19.34 ± 0.27 �0.091 ± 0.031 350.7/369
Planck+WP+SDSS+SNLS 0.309 ± 0.046 0.001 ± 0.011 67.94 ± 5.15 0.0221 ± 0.0003 0.140 ± 0.007 3.141 ± 0.082 �19.10 ± 0.15 �0.072 ± 0.025 577.9/608
Planck+WP+JLA 0.292 ± 0.037 0.005 ± 0.009 69.85 ± 4.44 0.0221 ± 0.0003 0.141 ± 0.006 3.102 ± 0.075 �19.05 ± 0.12 �0.070 ± 0.023 682.9/735
Planck+WP+C11 0.244 ± 0.047 0.015 ± 0.010 76.48 ± 7.36 0.0221 ± 0.0003 1.708 ± 0.156 3.306 ± 0.109 �18.96 ± 0.19 �0.045 ± 0.024 395.1/468

Table 14. Best fit parameters for the flat w-CDM cosmological model.

⌦m w H0 ⌦bh2 ↵ � M1
B �M �2/d.o.f.

Planck+WP+BAO+JLA 0.303 ± 0.012 �1.027 ± 0.055 68.50 ± 1.27 0.0221 ± 0.0003 0.141 ± 0.006 3.102 ± 0.075 �19.10 ± 0.03 �0.070 ± 0.023 684.1/738
Planck+WP+BAO 0.295 ± 0.020 �1.075 ± 0.109 69.57 ± 2.54 0.0220 ± 0.0003
Planck+WP+SDSS 0.341 ± 0.039 �0.906 ± 0.123 64.68 ± 3.56 0.0221 ± 0.0003 0.145 ± 0.008 3.116 ± 0.108 �19.17 ± 0.10 �0.091 ± 0.031 350.7/369
Planck+WP+SDSS+SNLS 0.314 ± 0.020 �0.994 ± 0.069 67.32 ± 1.98 0.0221 ± 0.0003 0.140 ± 0.007 3.139 ± 0.082 �19.12 ± 0.05 �0.072 ± 0.025 577.9/608
Planck+WP+JLA 0.307 ± 0.017 �1.018 ± 0.057 68.07 ± 1.63 0.0221 ± 0.0003 0.141 ± 0.006 3.100 ± 0.075 �19.11 ± 0.04 �0.070 ± 0.023 683.0/735
WMAP9+JLA+BAO 0.296 ± 0.012 �0.979 ± 0.063 68.19 ± 1.33 0.0224 ± 0.0005 0.141 ± 0.006 3.099 ± 0.075 �19.10 ± 0.03 �0.070 ± 0.023 684.4/738
Planck+WP+C11 0.288 ± 0.021 �1.093 ± 0.078 70.33 ± 2.34 0.0221 ± 0.0003 1.707 ± 0.156 3.306 ± 0.109 �19.15 ± 0.05 �0.043 ± 0.024 395.4/468

Table 15. Best fit parameters for the flat wz-CDM cosmological model. The point (w0,wa) = (�1, 0) corresponds to the cosmological
constant hypothesis.

⌦m w0 wa H0 ⌦bh2 ↵ � M1
B �M �2/d.o.f.

Planck +WP + BAO + JLA 0.304 ± 0.012 �0.957 ± 0.124 �0.336 ± 0.552 68.59 ± 1.27 0.0220 ± 0.0003 0.141 ± 0.006 3.099 ± 0.075 �19.09 ± 0.04 �0.070 ± 0.023 683.7/737
Planck +WP + BAO 0.291 ± 0.042 �1.134 ± 0.490 0.167 ± 1.318 70.09 ± 5.05 0.0221 ± 0.0003
Planck +WP + BAO + SDSS 0.315 ± 0.019 �0.848 ± 0.200 �0.582 ± 0.702 67.31 ± 2.04 0.0220 ± 0.0003 0.145 ± 0.008 3.126 ± 0.108 �19.09 ± 0.05 �0.091 ± 0.031 352.0/371
Planck +WP + JLA 0.296 ± 0.022 �0.886 ± 0.206 �0.698 ± 1.090 69.36 ± 2.40 0.0221 ± 0.0003 0.141 ± 0.006 3.099 ± 0.075 �19.06 ± 0.08 �0.070 ± 0.023 682.6/734
Planck +WP + BAO + C11 0.293 ± 0.014 �1.073 ± 0.146 �0.066 ± 0.563 69.90 ± 1.64 0.0220 ± 0.0003 1.706 ± 0.156 3.307 ± 0.109 �19.15 ± 0.04 �0.044 ± 0.025 396.4/470
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Fig. 17. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the w and wa cosmological parameters
for the flat w-⇤CDM model.

still holds if we use the WMAP CMB temperature measurement
in place of the Planck measurement (see Table 14).

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
recalibration 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-
spite the absence of the low-z SNe Ia. This measurement is ex-
pected to be robust since the dominant systematic uncertainty
(photometric calibration error) was the subject of careful review
in the joint analysis of the SDSS-II and SNLS surveys. This
subsample is also likely to be less sensitive to errors in the en-
vironmental dependence of the SN Ia luminosity as the distri-
bution of SNLS and SDSS host properties are closer than are
the distribution of SNLS and low-z surveys. As an illustration,
fitting the w-CDM model to the CMB+SNLS+SDSS data, and
imposing �M = 0, provides w =�0.996 ± 0.069, a small shift
(�w < 0.003) with respect to the value reported for the same
sample and �M = �0.070 ± 0.023 in Table 14.

Combined with CMB and BAO, SNe Ia yields a 5.4% mea-
surement of w which represents significantly tighter constraint
than what can be obtained from CMB and BAO alone (11.0%).
The combination of CMB, BAO and SNe Ia constrains mod-
els with a varying equation of state w =�0.957 ± 0.124 and
wa =�0.336 ± 0.552 (see Table 15), yielding a figure of merit
as defined by the dark energy task force (DETF; Albrecht et al.
2006) of 31.3. This is a factor 2 improvement in the FoM with
respect to the C11+DR7+WMAP7 combination considered in
Sullivan et al. (2011). This gain is attributable, for roughly equal
parts, to our improvement in SN measurements and to the im-
provement in CMB and BAO external constraints.

Finally, the combination of CMB, BAO and SN Ia data con-
strains the value of the Hubble parameter H0 at better than 2%
even in generic dark energy models. Our result, H0 =68.50±1.27
km s�1 Mpc�1, is slightly lower (1.9�) than the direct measure-
ment of H0 = 73.8 ± 2.4km s�1 Mpc�1 given in Riess et al.
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Takeaway: We want multi-probe/
survey analyses for LSS probes 
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Light rays are distorted by
dark matter density field
of the Universe

Sir Ernest Rutherford: 
“If your experiment needs  
statistics, you ought to have  
done a better experiment”

Already discussed Weak Lensing



Cosmology through Structure 
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Weak Lensing (cosmic shear)

10 tomography bins
25 l bins, 25 < l < 5000

Galaxy clustering
4 redshift bins (0.2-0.4,0.4-0.6,0.6-0.8,0.8-1.0)
compare two samples: σz <0.04, redMaGiC  
linear + quadratic bias only : l bins restricted to R> 10 Mpc/h
HOD modeling going to R>0.1 MPC/h

Galaxy-galaxy lensing

galaxies from clustering (as lenses) with shear sources

Clusters - number counts + shear profile

so far, 8 richness, 4 z-bins (same as clustering)
tomographic cluster lensing (500 < l < 10000)

Example Data Vector and 

shear calibration,
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Multi-Probes Forecasts: 
Covariance

details: Krause&Eifler ‘16
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The Power of Combining Probes

Details see
Krause & TE’16

7 cosmological parameters
49 nuisance parameters

• Shear Calibration, 
• Lens+Source photo-

z, 
• Linear galaxy bias

• Cluster Mass 
Calibration

• Intrinsic Alignments 

6 Krause & Eifler
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Figure 2. Individual vs. multi-probe cosmological constraints. We show projected cosmological constraints for clustering (orange/dot-long dashed), cosmic
shear (red/dashed), cluster number counts (blue/dot-dashed) individually. The 3x2pt multi-probe contours (green/long-dashed) include information from clus-
tering, cosmic shear, and galaxy-galaxy lensing; the black/solid contours add information from cluster number counts and cluster weak lensing to the 3x2pt
data vector, altogether 2413 data points.

examine the impact of the covariances’ input cosmology on likeli-
hood contours in Sect. 4.3.

Given the likelihood function we can compute the posterior
probability in parameter space from Bayes’ theorem

P(pc,pn|D) / Pr(pc,pn) L(D|pc,pn), (21)

where Pr(pc,pn) denotes the prior probability (non-informative pri-
ors for the case of this paper).

3.4 Results - baseline scenario

Results of our baseline LSST likelihood analysis simulation are
shown in Fig. 2. All contours include systematic e↵ects that are
associated with the corresponding probe(s). Correspondingly, the
dimensionality of the likelihood analyses di↵ers substantially; it
ranges from 15 for the cluster number count analysis to 45 for the
joint analysis of all 5 probes considered in the data vector.

We find that the galaxy clustering analysis with the imposed
cut-o↵ scale of Rmin = 10.0Mpc/h is strongly a↵ected by system-
atics, most likely our unconstrained galaxy bias. Cosmic shear in
itself has relatively tight constraints, however we see a substan-
tial increase when combining the two aforementioned probes with
galaxy-galaxy lensing (denoted as 3x2pt).

Whereas cluster number counts alone gives the weakest con-
straints overall, it is extremely promising when combining it with
the 3x2pt scenario and adding cluster weak lensing to calibrate
cluster masses. The information gain from 3x2pt to the scenario
where all probes are included is remarkable. One reason is the fact
that clusters contribute small scale clustering information from the
1H-term, which is not present in the clustering or galaxy-galaxy
lensing data (also see Sect. 4.2). Another reason to caution against
overestimating the e↵ect of clusters is the fact that we have not
yet considered galaxy cluster mis-centering, assembly bias and
stochasticity as additional uncertainties.

MNRAS 000, 1–13 (2014)
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Figure 2. Individual vs. multi-probe cosmological constraints. We show projected cosmological constraints for clustering (orange/dot-long dashed), cosmic
shear (red/dashed), cluster number counts (blue/dot-dashed) individually. The 3x2pt multi-probe contours (green/long-dashed) include information from clus-
tering, cosmic shear, and galaxy-galaxy lensing; the black/solid contours add information from cluster number counts and cluster weak lensing to the 3x2pt
data vector, altogether 2413 data points.

examine the impact of the covariances’ input cosmology on likeli-
hood contours in Sect. 4.3.

Given the likelihood function we can compute the posterior
probability in parameter space from Bayes’ theorem

P(pc,pn|D) / Pr(pc,pn) L(D|pc,pn), (21)

where Pr(pc,pn) denotes the prior probability (non-informative pri-
ors for the case of this paper).

3.4 Results - baseline scenario

Results of our baseline LSST likelihood analysis simulation are
shown in Fig. 2. All contours include systematic e↵ects that are
associated with the corresponding probe(s). Correspondingly, the
dimensionality of the likelihood analyses di↵ers substantially; it
ranges from 15 for the cluster number count analysis to 45 for the
joint analysis of all 5 probes considered in the data vector.

We find that the galaxy clustering analysis with the imposed
cut-o↵ scale of Rmin = 10.0Mpc/h is strongly a↵ected by system-
atics, most likely our unconstrained galaxy bias. Cosmic shear in
itself has relatively tight constraints, however we see a substan-
tial increase when combining the two aforementioned probes with
galaxy-galaxy lensing (denoted as 3x2pt).

Whereas cluster number counts alone gives the weakest con-
straints overall, it is extremely promising when combining it with
the 3x2pt scenario and adding cluster weak lensing to calibrate
cluster masses. The information gain from 3x2pt to the scenario
where all probes are included is remarkable. One reason is the fact
that clusters contribute small scale clustering information from the
1H-term, which is not present in the clustering or galaxy-galaxy
lensing data (also see Sect. 4.2). Another reason to caution against
overestimating the e↵ect of clusters is the fact that we have not
yet considered galaxy cluster mis-centering, assembly bias and
stochasticity as additional uncertainties.
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tering, cosmic shear, and galaxy-galaxy lensing; the black/solid contours add information from cluster number counts and cluster weak lensing to the 3x2pt
data vector, altogether 2413 data points.

examine the impact of the covariances’ input cosmology on likeli-
hood contours in Sect. 4.3.

Given the likelihood function we can compute the posterior
probability in parameter space from Bayes’ theorem

P(pc,pn|D) / Pr(pc,pn) L(D|pc,pn), (21)

where Pr(pc,pn) denotes the prior probability (non-informative pri-
ors for the case of this paper).

3.4 Results - baseline scenario

Results of our baseline LSST likelihood analysis simulation are
shown in Fig. 2. All contours include systematic e↵ects that are
associated with the corresponding probe(s). Correspondingly, the
dimensionality of the likelihood analyses di↵ers substantially; it
ranges from 15 for the cluster number count analysis to 45 for the
joint analysis of all 5 probes considered in the data vector.

We find that the galaxy clustering analysis with the imposed
cut-o↵ scale of Rmin = 10.0Mpc/h is strongly a↵ected by system-
atics, most likely our unconstrained galaxy bias. Cosmic shear in
itself has relatively tight constraints, however we see a substan-
tial increase when combining the two aforementioned probes with
galaxy-galaxy lensing (denoted as 3x2pt).

Whereas cluster number counts alone gives the weakest con-
straints overall, it is extremely promising when combining it with
the 3x2pt scenario and adding cluster weak lensing to calibrate
cluster masses. The information gain from 3x2pt to the scenario
where all probes are included is remarkable. One reason is the fact
that clusters contribute small scale clustering information from the
1H-term, which is not present in the clustering or galaxy-galaxy
lensing data (also see Sect. 4.2). Another reason to caution against
overestimating the e↵ect of clusters is the fact that we have not
yet considered galaxy cluster mis-centering, assembly bias and
stochasticity as additional uncertainties.
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• Very non-linear gain in 
constraining power

• Most stringent 
constraints on 
fundamental physics 
questions will come from 
combining Weak Lensing 
with other tracers of the 
density field.
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SuperBIT - Suborbital imaging platforms for 
cosmological observations

Sub-arcsecond, wide-field imaging from the
Super Pressure Balloon platform for Weak 

Lensing Cluster Observations

William Jones (PI, Princeton), Tim Eifler (JPL/Caltech), 
Aurelien Fraisse (Princeton), Richard Massey (Durham), 
Barth Netterfield (Toronto), Jason Rhodes (JPL/Caltech)

• SuperBIT launch is 2018 (100 days, 
200 galaxy clusters, multi-band 
photometry)

• Overlap with X-Ray and SZ 
observations

• Dark Energy/ Dark Matter studies



• Diffraction limited 
resolution

• Space-like sensitivity
• Enormous imaging speed 

in the Blue/UV 

Weak Lensing is hard as it is … why balloon?

Overwhelming advantage in 
the near UV  ( λ < 400 nm)

Significant advantage in the 
near IR  ( λ > 900 nm)

Main Argument: It’s cheap

Ok, why did nobody try this earlier?



ULDB mid latitude flights are 
happening

• 2016 first science flight: Cosmic 
Ray Detector (UCB)

• SuperBIT launch is 2018 (100 
days, 200 galaxy clusters, multi-
band photometry)

• Diffraction limited resolution
• Space-like sensitivity
• Enormous imaging speed in the Blue/

UV 
• Highly synergistic with LSST/Euclid
• LSST already funded my proposal on 

organizing a workshop to explore 
synergies (blending, calibration)



The Future - “99 Luftballon” idea

“99#Luftballons”#
Tim#Eifler#(JPL/CalTech)#email:#tim.eifler@jpl.nasa.gov#

#
Discover)how)the)universe)works,)explore)how) it)began)and)evolved# is# one# of#NASA’s#major#
mission#objectives#(NASA#Strategic#Plan#2014).#The#nature#of#cosmic#acceleration,#the#mass#
of# neutrinos,# testing# the# laws# of# gravity# on# very# large# scales,# constraining# inflationary#
scenarios,#and#understanding#the#formation#and#evolution#of#galaxies#and#cosmic#structures#
are#at#the#core#of#several#NASA#missions.#The#James#Webb#Space#Telescope#(JWST),#Euclid,#
and# the# WideRField# Infrared# Survey# Telescope# (WFIRST),# but# also# DOE’s# groundRbased#
Large#Synoptic#Survey#Telescope#(LSST)#focus#on#these#areas#of#astrophysical#research.#
These#missions# are# highly# synergistic: LSST#will# cover# 18,000# deg2# in# 6# optical# bands# to#
~27th#iRband#magnitude#depth;#it’s#image#quality#however#is#limited#by#Earth’s#atmosphere.#
Euclid# will# cover# 15,000# deg2# with# exquisite# image# quality# but# it# is# 2.5# magnitudes#
shallower,# it#only#uses#one#broad#optical#band,#and# it#only#overlaps#with#LSST# for#~6,000#
deg2.#WFIRST#will#be#as#deep#as#LSST#but#will#only#cover#2,100#deg2.#When#combined#and#
carefully#coordinated# these#missions#are#superior# to# the#sum#of# their#parts,#however# they#
fall#short#of#the#“99#Luftballon”#mission#concept.#
This# concept# is# based# on#NASA’s# recently# developed#UltraRLong#Duration#Balloon# (ULDB)#
capability,#which#enables# a# combination#of#diffraction# limited#angular# resolution,# extreme#
stability,#spaceRlike#backgrounds,#and#long#mission#duration#(~100#days).#The#combination#
of#lightweight#mirrors#and#advanced#detector#technology#enables#the#design#of#large#ULDB#
missions# (2+m#mirror#with# Gpix# camera)# that# have# significant# advantages# in#wavelength#
coverage# and# image# quality# compared# to# the# ground# and# significant# cost# advantages#
compared#to#space#missions.##
It# is# only# logical# to# consider# the# science# potential# of# multiple# large# ULDB# missions# that#
follow#a#similar#design;#we#envision#a#wideRfield#camera#similar# to#Euclid#VIS# instrument,#
which# observes# in# 1# broad# optical# band# (550R900nm)# to# maximize# photon# throughput.#
Table#1#shows#our#assumed#mission#parameters#for#a#single#Small#(1.2m#mirror#diameter),#
Medium#(1.8m),#Large#(2.4m)#ULDB#flight.#We#note#that#in#addition#to#the#mirror#size#(Table#
1# actually# specifies# the# mirror# area),# we# increase# the# camera# FieldRofRView# (FoV)# when#
going# from#Small# to#Large,#which# implies#a# significant# increase#of#number#of#pixels#of# the#
detector.#The#last#row#in#Table#1#shows#the#covered#area#of#the#ULDB#mission#compared#to#
the#6Ryear#Euclid#mission.##

Following# Table# 1# we# find#
that#2#Large#ULDB#missions#
can# cover# as# much# as#
16,000#deg2#at#Euclid#depth#
and# imaging# quality.# An#
increase# of# the# survey#
depth# from#24.5# to#27# (aka#
LSST# or# WFIRST# depth)#
increases# the# required#
survey# time# by# a# factor# of#
~10# (flux# scales# as# 2.5(27R

24.5)),#which#translates#to#approximately#20#Large#ULDB#missions#for#the#16,000#deg2.##
An# improved#version#of# this#mission#concept#would#replace# the#broad#550R900nm#optical#
band#with#narrower#multiRband#photometry.#This#allows#for#obtaining#redshift#information#
of# the# observed# galaxies# and# it# enables# more# precise# modeling# of# the# (wavelength#
dependent)# PSF.# A# first# order# calculation# (assuming# that# signalRtoRnoise# scales# with# the#
width#of#the#filter)#shows#that#99#ULDBs#can#cover#the#16,000#deg2#at#LSST/WFIRST#depth#

Highly synergistic with 
ground (calibration) and 
space based (cheap blue/
UV imaging) surveys 

• Impact: Addresses many different science areas in UV-optical-NIR 
(exoplanets to cosmology, many PI opportunities)

• Risk minimization: If one flight fails no disaster
• Modularity: (vary instrumentation update detectors, spectrographs, 

optics,)
• Synergies: Ideal complement for JWST, LSST, WFIRST, Euclid
• Cost: Instrument Reusability > 0%, mass production savings…

Eifler 2016, NASA white papers, probe mission concepts
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Summary

• Weak Lensing is a powerful direct measure of the 
structure growth in the Universe

• Many challenges in terms of measurement and modeling 
uncertainties 

• Great discovery potential for new fundamental physics 
• when combining weak lensing with other probes and 
• when combining multiple data from future surveys



SuperBIT - Suborbital imaging platforms for 
cosmological observations

William Jones (PI, Princeton), Tim Eifler (JPL/Caltech), 
Aurelien Fraisse (Princeton), Richard Massey (Durham), 
Barth Netterfield (Toronto), Jason Rhodes (JPL/Caltech)

Sub-arcsecond, wide-field imaging from the
Super Pressure Balloon platform



Jason Rhodes (Principal Investigator)  Jeff Booth (Project Manager)

High Altitude Lensing Observatory
JPL: Paul Brugarolas, Ben Dobke , Eric Jullo, Kurt Liewer, Chris Paine, Michael Seiffert, James Wu  Caltech: 
Richard Ellis, Sergio Pellegrino, Roger Smith , Harry Teplitz(IPAC) Wallops Flight Facility: Raymond Lanzi, 
David Stuchlick, NOAJ(Japan ): Satoshi Miyazaki  ETH Zurich: Adam Amara, Simon Lilly, Udo Wehmeier  
Edinburgh (UK): Tom Kitching, Richard Massey, John Peacock  Durham (UK): Ray Sharples, Paul Clark, 
Richrd Meyers UKATC: David Lunney, David Henry, Naidu Bezawada UChicago: Ali Vanderveld e2v: Roger 
Pittock 

The Artist formerly known as …



Single night flights; 2x2 detector array;N2 
cooling, standard balloon

Multiple flights of ~100 days; 50 CCDs; ULDB; dark 
energy constraints

Stage 1

Stage 2
2012-2016

2011-2014

HALO: The High Altitude Lensing 
Observatory (idea as in ~2008)

This clearly did not happen… so why is this now a good 
idea?
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First Mid-latitude long
  duration balloon �ight
    this spring

     33 day �ight.

     Excellent altitude 
    stability

Started to loose pressure
over Australia.

2500 lb science payload.

Antarctic �ights
ULDB mid latitude flights are happening



SPIDER – January 2015

SPB – March 2015



Antarctic LDB: Sun above the horizon 100% of the time.
Daytime sky-glow is significant, show stopper in the near UV/IR



A new mid-latitude capability has opened up 
access to long duration night flights in this 

environment

Mid Latitude ULDBs:
≈100 day flights, 6-12 hour nights
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SuperBIT mission - launch 2017/18

BIT test flight

Science cases: Cluster Weak Lensing
Clusters in their filamentary environment,
DES overlap and calibration ideas



KAI 29050

interline CCD detector with 6576x4384, 
5.5 micron (0.23”) square pixels

SuperBIT - 0.3’’ resolution imaging over a 0.4 field of view in five bands between 300 
and 1000 nm with sensitivities exceeding 24th magnitude (5 point source).



Problem 1:  Pointing stability 

Gondola achieves 1’’ stability



Problem 1:  Pointing stability 

• Fast steering mirror 
(~60Hz) to stabilize 
image

• Requires bright 
guide stars

• Sunrise has 
achieved <50mAs

  

Final stage: 'fast' steering mirror to stabilize image
eg: STABLE.

Sunrise has
achieved 
<50mAs
in �ight

Image Stabilization



Problem 2:  Data Recovery… 



Idea AIRS: Automated Information Retrieval 
System

• JPL summer student project 
(Mentor Jason Rhodes)

• GPS guided autonomous glider
• Can return a solid state hard drive 

from balloon altitude to ground
• Simple technology
• Cheap (~$1k)
• Safe (meets all FAA regulations)

• Had only done low altitude glide 
tests (~10 meters)

• More development done this 
summer

• Could retrieve 1 TB during every 
overpass (every 2-3 weeks)



  

BLAST has �ow a 2m
primary.

The Gondola can
accommodate up to 
A 2.5m mirror.

A very fast telescope 
so very sensitive to
thermal expansion.

Mirror Size

Future
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Synergies

Euclid:
Photo-zs, 
Blue+UV observations 

LSST:
Blue+UV observations, photoz 
Shapes, blending

WFIRST
photo-z, Blue+UV
Optical bands

Euclid SuperBIT Small Large
day/night 3 1 1 1

100 d/year 3.5 1 1 1
Camera FoV deg^2 0.57 0.4 1 1.5
Mirror Diameter (m) 1.2 0.5 - 0.8 1.2 2.4

Survey Strategy 0.6 0.3 1 1
Area/Year 5.17 0.03 - 0.06 1.44 8.64
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Multi-Balloon Campaign as a future 
mission concept

•  Near-Space quality imaging
•  Advantages in UV and IR transmission
•  Reusability (unclear but > 0%)
•  Risk minimization; if something goes 

wrong, no disaster
•  Modularity (update detectors; fly 

spectrograph)

How much science return for e.g. Flagship 
mission money? Answer early next year…



Dark Energy – Models/Theory (very incomplete)

1) ΛCDM: 

2) wCDM: 

3) Modifications to Gravity: 

Energy 
density 
component 
with w = −1  

- Fits data nicely → see Planck 
- Currently no physical explanation other than:  
  vacuum energy density → Cosmological Constant Problem 
  → Anthropic Principle → Multiverse →hard to accept 

Same as above but time-dependent w(a)  

MG (usually) does not affect Lensing,  
but Dynamics are affected 

- Deviations from GR at late times and large scales 
- Recover GR on solar scales via Screening 
   (e.g. strength of fifth force is density dependent) 
- Wealth of models and screening mechanisms  
   (e.g. Chameleon / f(R), Symmetron fields, DGP, Vainshtein)

Takeaway: We have no clue about the 
physics causing the acceleration → 



After establishing that we don’t have a 
very good idea what dark energy is … 

Let’s continue with the Dark Energy Survey



DES Collaboration: 
~300 scientists from 28 institutions



Frieman et al 2005 
Fisher Forecasts

- Clusters (>30000, z<1, SPT)  
- BAO (300 Mio galaxies, z<1) 
- 4000 SN1a 
- WL (200 Mio galaxy shapes) 

Combining them greatly 
improves constraints 

But 
- observables of the same   
  density field 
- subject to similar systematics  
→ highly correlated probes

Updated forecasts will appear in DES 
collaboration et al 2016 
-> using CosmoLike framework

DES main science goal: Constrain origin of the accelerated 
expansion of the Universe through 

various techniques/observables

Multiplying posteriors is not good 
enough → consistent joint 
analysis is necessary



• Cerro Tololo Inter-American Observatory 
Blanco 4-meter telescope


• First light Sept. 12, 2012


• Survey 2013-2018, 525 nights


• DECam: 570 Mpix, 3 deg2 FOV, griZY filters


• 5000 deg2 survey footprint, to mag 24 
(redshift ~2.0) + 30 deg2 deep SN fields

The Dark Energy Survey 



DES Timeline

• Project start 2003 

• Research & Development 2004-8 

• DECam Construction 2008-11 

• Installation 2012 

• First Light Sept. 2012 

• Commissioning Sept-Oct. 2012 

• Science Verification Nov. 2012-Feb. 2013 

• First Season (Year 1) Aug. 2013-Feb. 2014 

• Second Season (Y2) Aug. 2014-Feb. 2015  

• Five 105-night seasons



DES Survey Footprint

After Year 1 (Feb. 2014)



DES Survey Footprint

After Year 2 (Feb. 2015)


