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Measuring the Dark Universe

• Geometry

• Growth of structure

Gravity

Expansion



Cosmological Probes
Cosmic Microwave Background Gravitational Lensing

Galaxy ClusteringSupernovae



Galaxy Redshift Surveys

SDSS survey:
Eisenstein et al. 2004
2dF survey:
Percival et al 2004

Anderson et al. 2012

BOSS



BOSS

Sánchez et al. 2013



Weak Gravitational Lensing
Massey et al. 
review: Refregier 2003
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Weak Gravitational Lensing

Distortion matrix:

Massey et al. 
review: Refregier 2003



Weak Gravitational Lensing

       Direct measure of  the distribution of mass in the 
     universe, as opposed to the distribution of light

Theory

Distortion matrix:

Massey et al. 
review: Refregier 2003



COSMOS Dark Matter Map

COSMOS HST 
ACS survey 
2 deg2

Massey et al. 
2006, Nature
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Fig. 4.Decomposition of the shear field into E- and B-modes using the shear correlation function ξE/B (left), aperturemass dispersion
〈M2

ap/⊥〉 (middle), and ring statistics 〈RR〉E/B (right). Error-bars have been computed from 300 bootstrap resamples of the shear
catalogue, accounting for shape and shot noise, but not for sampling variance. The solid curves indicate model predictions for
σ8 = (0.7, 0.8). In all cases the B-mode is consistent with zero, confirming the success of our correction for instrumental effects.
For ξE/B the E/B-mode decomposition is model-dependent, where we have assumed σ8 = 0.8 for the points, while the dashed
curves have been computed for σ8 = (0.7, 0.9). The dotted curves indicate the signal if the residual ellipticity correction discussed
in App. B.6 is not applied, yielding nearly unchanged results. Note that the correlation between points is strongest for ξE/B and
weakest for 〈RR〉E/B .

or 〈M2
⊥〉(θ < 2′) = (4.0 ± 4.7) × 10−6 if only small scales are in-

cluded, consistent with no B-modes.
The cleanest E/B-mode decomposition is given by the ring

statistics (Schneider & Kilbinger 2007; Eifler et al. 2009b; see
also Fu & Kilbinger 2010), which can be computed from the
correlation function using a finite interval with non-zero lower
integration limit

〈RR〉E/B(Ψ) =
1
2

∫ Ψ

ηΨ

dϑ
ϑ

[

ξ+(ϑ)Z+(ϑ, η) ± ξ−(ϑ)Z−(ϑ, η)
]

, (11)

with functions Z± given in Schneider & Kilbinger (2007). We
compute 〈RR〉E/B using a scale-dependent integration limit η as
outlined in Eifler et al. (2009b). As can be seen from the right
panel of Fig. 4, also 〈RR〉B is consistent with no B-mode signal.

The non-detection of significant B-modes in our shear cat-
alogue is an important confirmation for our correction schemes
for instrumental effects and suggests that the measured signal is
truly of cosmological origin.

As a final test for shear-related systematics we compute the
correlation between corrected galaxy shear estimates γ and un-
corrected stellar ellipticities e∗

ξ
sys
tt/××(θ) =

〈γt/×e∗t/×〉|〈γt/×e
∗
t/×〉|

〈e∗t/×e
∗
t/×〉

, (12)

which we normalize using the stellar auto-correlation as sug-
gested by Bacon et al. (2003). As detailed in App. B.6, we em-
ploy a somewhat ad hoc residual correction for a very weak
remaining instrumental signal. We find that ξsys is indeed only
consistent with zero if this correction is applied (Fig. 5), yet
even without correction, ξsys is negligible compared to the ex-
pected cosmological signal. The negligible impact can also be
seen from the two-point statistics in Fig. 4, where the points are
computed including residual correction, while the dotted lines
indicate the measurement without it. We suspect that this resid-
ual instrumental signature could either be caused by the limited
capability of KSB+ to fully correct for a complex space-based
PSF, or a residual PSF modelling uncertainty due to the low

Fig. 5. Cross-correlation between galaxy shear estimates and un-
corrected stellar ellipticities as defined in (12). The signal is con-
sistent with zero if the residual ellipticity correction discussed in
App. B.6 is applied (circles). Even without this correction (trian-
gles) it is at a level negligible compared to the expected cosmo-
logical signal (dotted curves), except for the largest scales, where
the error-budget is anyway dominated by sampling variance.

number of stars per ACS field. In any case we have verified that
this residual correction has a negligible impact on the cosmolog-
ical parameter estimation in Sect. 6, changing our constraints on
σ8 at the 2% level, well within the statistical uncertainty.
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Fig. 12. Constraints onΩm, ΩΛ, and σ8 from our 3D weak lensing analysis of COSMOS for a general (non-flat)ΛCDM cosmology
using our default priors. The contours indicate the 68.3% and 95.4% credibility regions, where we have marginalized over the
parameters which are not shown. The non-linear blue-scale indicates the highest density region of the posterior.

where our prior excludes negative densities ΩΛ < 0. Based on
our Ωm −ΩΛ constraints, we compute the posterior PDF for the
deceleration parameter

q0 = −äa/ȧ2 = Ωm/2 − ΩΛ (22)

as shown in Fig. 13, which yields

q0 < 0 (96.0% conf.).

Relaxing our priors to h = 0.72 ± 0.08 (HST Key Project,
Freedman et al. 2001), Ωbh2 = 0.021 ± 0.001 (Big-Bang nucle-
osynthesis, Iocco et al. 2009), and ns ∈ [0.7, 1.2], weakens this
constraint only slightly to

q0 < 0 (94.3% conf., weak priors).

Employing the recent distance ladder estimate
h = 0.742 ± 0.036 (Riess et al. 2009) instead of the HST
Key Project constraint, we obtain q0 < 0 at 94.8% confidence.

Our analysis provides evidence for the accelerated expansion
of the Universe (q0 < 0) from weak gravitational lensing. While
the statistical accuracy is still relatively weak due to the limited
size of the COSMOS field, this evidence is independent of ex-
ternal constraints on Ωm and ΩΛ.

We note that the lensing data alone cannot formally exclude
a non-flat OCDM cosmology. However, the cosmological pa-
rameters inferred for such a model would be inconsistent with
various other cosmological probes10. We therefore perform our
analysis in the context of the well-established ΛCDM model,
where the lensing data provide additional evidence for cosmic
acceleration.

6.3.3. Flat wCDM cosmology

For a flat wCDM cosmology we plot our constraints on the (con-
stant) dark energy equation of state parameterw in Fig. 14, show-
10 For a lensing-only OCDM analysis the posterior peaks at
Ωm # 0.1, σ8 # 1.4 (close to the prior boundaries). In the comparison
with a ΛCDM analysis, the additional parameter ΩΛ causes a penalty
in the Bayesian model comparison (computed as in Kilbinger et al.
2009b). This leads to an only slightly larger evidence for the non-flat
ΛCDMmodel compared to the OCDMmodel, with an inconclusive ev-
idence ratio of 65:35. The evidence ratio becomes a “weak preference”
(77:23) if we employ a (still conservative) prior σ8 < 1. Hence, with
this prior the ΛCDM model makes the data more than 3 times more
probable than the OCDM model.
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Fig. 13. Posterior PDF for the deceleration parameter q0 as com-
puted from our constraints onΩm andΩΛ for a general (non-flat)
ΛCDM cosmology, using our default priors (solid curve), and
using weaker priors from the HST Key Project and Big-Bang nu-
cleosynthesis (dashed curve). The line at q0 = 0 separates accel-
erating (q0 < 0) and decelerating (q0 > 0) cosmologies. We find
q0 < 0 at 96.0% confidence using our default priors, or 94.3%
confidence for the weaker priors.

ing that the measurement is consistent with ΛCDM (w = −1).
From the posterior PDF we compute

w < −0.41 (90% conf.)

for the chosen prior w ∈ [−2, 0]. The exact value of this upper
limit depends on the lower bound of the prior PDF given the non-
closed credibility regions. We have chosen this prior as more
negativew would require a worrisome extrapolation for the non-
linear power spectrum corrections (Sect. 6.2). For comparison,
we repeat the analysis with a much wider prior w ∈ [−3.5, 0.5]
leading to a stronger upper limit w < −0.78 (90% conf.). While
the COSMOS data are capable to exclude very large values
w$ −1, larger lensing data-sets will be required to obtain re-
ally competitive constraints on w.

To test the consistency of the data with ΛCDM, we com-
pare the Bayesian evidence for the flat ΛCDM and wCDM
models, which we compute in the PMC analysis as detailed
in Kilbinger et al. (2009b). Here we find completely inconclu-

Schrabback et al.  2010



Deep Lens Survey
Jee et al. 2013

NOAO Blanco and Mayall 4m
20 sq. deg, mag<26.5, median z~1



CFHTLenS

TextText

Heymans et al. 2013

154 sq. deg., median z~0.7



SDSS Stripe 82

275 sq. deg.
20-30 coadded exposures
<2’’ seeing
18<i<24, median z~0.6

Lin et al. 2011



CMB Lensing Planck XVII, 2013

SPT 2540 deg2

Temperature
Story et al. 2011

SPT deep
100 deg2

lensing

Holder et al. 2013



Wide-Field Instruments

CMBCMB Planck, SPT,  ACT

VIS/NIR
Imaging VST, DES, Pann-STARRS, LSST

Euclid, WFIRST, Subaru
Boss, Wigglez, DESI, HETDEX

VIS/NIR
Spectro

VST, DES, Pann-STARRS, LSST
Euclid, WFIRST, Subaru

Boss, Wigglez, DESI, HETDEX

RadioRadio LOFAR, SKA



Dark Energy Survey
Blanco 4m at CTIO
74 2k×4k CCDs, 0.27’’/pix
2.2 deg2 FOV
5000 deg2 survey (+SNe survey)
g,r,i,z,y to mag 24
200M galaxies

Fir
st l

igh
t S

ept
 20

12



Preliminary cluster mass map from DES Science Verification data 
(by OSU, Penn groups)

Preliminary Cluster Mass Map



Impact on Cosmology

Stage IV Surveys will challenge all sectors of the 
cosmological model:
• Dark Energy: wp and wa with an error of 2% and 

13% respectively (no prior)
• Dark Matter: test of CDM paradigm, precision of 

0.04eV on sum of neutrino masses (with 
Planck)

• Initial Conditions: constrain shape of primordial 
power spectrum, primordial non-gaussianity

• Gravity: test GR by reaching a precision of 2% 
on the growth exponent  (dlnm/dlnam)

→ Uncover new physics and map LSS at 0<z<2: 
Low redshift counterpart to CMB surveys

 Stage IV

 Stage IV+Planck

 Stage IV+Planck

 Stage IV

Amara et al. 2008



 

Challenges
Current:  

High-precision Cosmology era with CMB   

Next stage: 

High-precision Cosmology with LSS surveys, different from 
CMB: 

‣3D spherical geometry

‣Multi-probe, Multi-experiments

‣Non-gaussian, Non-Linear

‣Systematics limited

‣Large Data Volumes

Radiation-Matter transition

Matter-Dark Energy transition



Monte-Carlo Control Loops

Lensing'Measurements'

Image'Simula1ons'
(UFig)'

Other'Diagnos1cs'

Lensing'Lensing'

Other' Other'

Lensing'

Input''Δ'Inputs'

0'

1'

Data'

2'

3.1'

3.2'

Other'

Refregier & Amara 2013



UFig

Subaru Image (0.25 deg2,R~26,10k×8k) 
generated in: 
-30sec on a laptop
-30μsec per galaxy

Speed: 
≫ existing simulation codes
~ SExtractor analysis

Subaru

UFig

Bergé et al 2012
Ultra Fast Image Generator



 

Conclusions

‣ Large-Scale Structure Surveys are a powerful probe of the 
Dark Universe

‣Upcoming and Future LSS surveys will provide strong constraints 
but also pose challenges to achieve high-precision

‣  Forward Modeling and Fast algorithms will be important for the 
control of systematics and model extensions
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