
Gravitational Lenses 
of the 

Dark Universe

Adam Amara



1. Introduction to Gravitational Lensing

2. Current Big Questions in Cosmology

3. The Dark Universe with Gravitational Lensing

4. Weak Lensing Experiments: Past, Present and Future

Outline



Gravitational Lensing

Part 1 of 4



History of Light Bending
332 SIR F. W. DYSON, PROF. A. S. EDDINGTON AND MR. C. DAVIDSON ON A 

Thus the results of the expeditions to Sobral and Principe can leave little doubt that 
a deflection of light takes place in the neighbourhood of the sun and that it is of the 
amount demanded by EINSTEIN'S generalised theory of relativity, as attributable to 
the sun's gravitational field. But the observation is of such interest that it will 
probably be considered desirable to repeat it at future eclipses. The unusually 
favourable conditions of the 1919 eclipse will not recur, and it will be necessary to 
photograph fainter stars, and these will probably be at a greater distance from the sun. 
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This can be done with such telescopes as the astrographic wvith the object-glass stopped 
down to 8 inches, if photographs of the same high quality are obtained as in regular 
stellar work. It will probably be best to discard the use of coelostat mirrors. Thise 
are of great convenience for photographs of the corona and spectioscopIc observations, 
but for work of precision of the high order required, it is undesirable to introduce 
complications, which can be avoided, into the optical train. It would seem that some 
form of equatorial mounting (such as that employed in the Eclipse Expeditions of the 
Lick Observatory) is desirable. 

In conclusion, it is a pleasure to record the great assistance given to the Expeditions 
from many quarters. Reference has been made in the course of the paper to some 
of these. Especial thanks are due to the Brazilian noverument for- the hospitality 
and facilities accorded to the observers in Sobral. They were made guests of the 
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History of Light Bending
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Walsh, Carswell & Weymann 1979

- Separated by ~6’’
- Both QSOs
- Redshift ~ 1.40
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• Depend on ‘Lensing Potential’ (ψ)

• Convergence (κ) given by

• Lensing depends on 

1. Masses
2. Impact parameter 
3. Distances along line of sight

Lens Equations
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Fig. 3.1 A ray emitted at η on the source plane pierces the deflector plane at ξ. The ray is deflected
by α̃(ξ) onto the observer at O.

that the ray is abruptly deflected as it passes through the deflector plane, this result
can be extended to arbitrary (two-dimensional) mass distributions M(ξ).2 For every
element of mass dM = M(ξ′)d2ξ′ at position ξ′ on the deflector plane, the ray of light
piercing the deflector plane at position ξ is deflected by an angle with magnitude

dα̃(ξ, ξ′) =
4G

c2
dM

|ξ − ξ′|

in the direction −(ξ−ξ′)/|ξ−ξ′| (a unit vector toward the mass element dM); i.e., we
characterize the deflection due to the mass element by a two-dimensional vector. The
total deflection α̃ is therefore the sum of these deflection vectors over each element of
mass in the deflector:

α̃(ξ) =
∫ ∫

4GM(ξ′)
c2

ξ − ξ′

|ξ − ξ′|2
d2ξ′.(3.1)

The simple phenomenon of bending of light rays does not guarantee the existence
of a lens, however. The relevant question is, Of all the rays emitted by a background
source, which enter the observer’s telescope? In other words, how does this lens focus?
As described below, the lens equation selects the rays that leave the source and are
deflected through exactly the correct angle to strike the observer’s telescope.

We now derive the lens equation based on geometric arguments. The deflections
involved in gravitational lensing are very small, only tens of arcseconds at most,3 so

2We employ boldface symbols to represent two-component vectors; all other symbols are scalars.
3For comparison, a penny held at a distance of approximately a quarter of a mile appears to be

about 10 arcseconds in diameter.
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Examples of Gravitational Lenses
Mass Scales

Abell 2218
~ few x1014 Ms

OGLE-2005-BLG-390
~ 5 ME (2 x 10-6 Ms)

Total Mass range:1020

Abell 2218

Q2237+0305

HST UDF



Multiple Purpose Tool for Astronomy

Theory

Numerics

Experiment

Data Analysis
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Large Scale Cosmology:

Dark Energy & Dark Matter

Individual Galaxies:

Dark Matter Dynamics

Stars in Milky way Bulge:

Extra-Solar planets



Big Questions in Cosmology:
‘Dark Energy’

Physics thrives on crisis.  

Perhaps it is for want of other crises. . .that interest is 
increasingly centered on one veritable crisis. . . expectations 
for the cosmological constant exceed observational limits by 
some 120 orders of magnitude.
                                                        - Weinberg 1989
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Evidence for ‘Dark Energy’

• Inflation: Spatially flat with Ω = 1 
(Guth 1981)

• Low Ωm  points to smooth component (DE) 
(Peebles 1984, Turner+ 1984)

• ΛCDM better fit to LSS than Ωm = 1 
(Efstathiou+ 1990, Turner 1991)

• COBE data ruled out Ωm = 1 CDM model 
(1992)

• Cosmological constant 
(Frieman+1995, Krauss & Turner 1995, Ostriker & Steinhart 1995)

• Measurement of supernova light curves 
(Riess+ 1998, Perlmutter+ 1999)

Growing evidence of ΛCDM from many measurements



Impact of ‘Dark Energy’

Dark Energy Effects:

- Background Expansion

- Growth of Structure
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Hubble parameter:

Friedmann equation:
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H =
ȧ

a

H2(a) = H2
0

�
Ωk

a2
+

Ωm

a3
+ ΩΛ

�

Deceleration: ȧ ↓, as t ↑ (i.e. a ↑)
Ωm = 1, ȧ = H0/

√
a

Acceleration: ȧ ↑, as t ↑ (i.e. a ↑)

ΩΛ = 1, ȧ = H0a
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Figure 6
Type Ia supernovae (SNe Ia) results: ESSENCE (Equation of State: Supernovae Trace Cosmic Expansion) ( purple diamonds), SNLS
(Supernova Legacy Survey) (green crosses), low-redshift SNe (orange starbursts), and the compilation of Riess et al. (2004), which includes
many of the other published supernova distances plus those from the Hubble Space Telescope (blue squares). (a) Distance modulus versus
redshift (z) measurements shown with four cosmological models: !M � 0� 3, !" � 0� 7 (black short-dashed line); !M � 0� 3, !" � 0 (black
long-dashed line); !M � 1, !" � 0 (red dotted line); and the 68% CL allowed region in the � 0-� a plane, assuming spatial flatness and a
prior of !M � 0� 27 � 0� 03 ( yellow shading). (b) Binned distance modulus residuals from the !M � 0� 3, !" � 0 model. Adapted from
Wood-Vasey et al. (2007).
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Four established measures of dark energy

- Supernovae

- BAO

- Galaxy Clusters

- Weak Lensing

State of the Art Today

Current Error Bars

- per method w0 error weak

- w0 ~ −1 ± 0.2

- wa unconstrained
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Fig. 14. Constraints on Ωm and w from our 3D weak lensing
analysis of COSMOS for a flat wCDM cosmology, assuming a
prior w ∈ [−2 � 0]. The contours indicate the 68.3% and 95.4%
credibility regions, where we have marginalized over the param-
eters which are not shown. The non-linear blue-scale indicates
the highest density region of the posterior.

sive probability ratios for wCDM versus ΛCDM of 52 : 48
(w ∈ [−2 � 0]) and 45 : 55 (w ∈ [−3 � 5 � 0 � 5]), confirming that the
data are fully consistent with ΛCDM.

6.4. Model recalibration with the Millennium Simulation and
joint constraints with WMAP-5

Heitmann et al. (2008) and Hilbert et al. (2009) found that the
Smith et al. (2003) fitting functions slightly underestimate non-
linear corrections to the power spectrum. To test whether this
has a significant influence on our results, we performed a
3D cosmological parameter estimation using the mean data
vector of the 288 COSMOS-like ray-tracing realisations from
the Millennium Simulation. Here we modify the strong pri-
ors given in Sect. 6.1 to match the input values of the simula-
tion (Ωm � 0 � 25, σ8 � 0 � 9, ns � 1, h � 0 � 73, Ωb � 0 � 045), and
find σ8 � 0 � 947 � 0 � 00611 for Ωm � 0 � 25. This confirms the re-
sult of Heitmann et al. (2008) and Hilbert et al. (2009), indi-
cating that models based on Smith et al. (2003) slightly under-
estimate the shear signal, hence a larger σ8 is required to fit
the data. Here we use actual reduced shear estimates from the
simulation, but employ shear predictions, as done for the real
data (see Sect. 4). Using shear estimates from the simulation
yields σ8 � 0 � 936 � 0 � 006. Hence, a minor contribution to the
overestimation of σ8 is caused by the negligence of reduced
shear corrections (see also Dodelson et al. 2006; Shapiro 2009;
Krause & Hirata 2009).

To compensate for this underestimation of the model pre-
dictions and reduced shear effects, we scale our derived con-
straints on σ8 for a flat ΛCDM cosmology by a factor
0 � 9 � 0 � 947 # 0 � 95012, yielding

σ8 (Ωm � 0 � 3)0� 51 � 0 � 75 � 0 � 08 (68 � 3% conf � � MS-calib � ) �
11 Here we have scaled the uncertainty for the mean ray-tracing data

vector from the uncertainty for a single COSMOS-like field assuming
that all realizations are completely independent. This is slightly opti-
mistic given the large but finite volume of the simulation, and fact that
the realizations were cut from larger fields.

12 We expect that this correction factor depends on cosmological pa-
rameters. Yet, considering the weak lensing degeneracy for Ωm and σ8,
the input values of the Millennium Simulation are quasi equivalent to

Note that we did not apply this correction for the values given in
the previous section and listed in Table 2, as we can only test it
for the case of a flat ΛCDM cosmology. Additionally, we want
to keep the results comparable to previous weak lensing studies,
which we expect to be similarly affected.

Having eliminated this last source of systematic uncertainty,
we now estimate joint constraints with WMAP-5 CMB-only
data (Dunkley et al. 2009), conducted similarly to the analy-
sis by Kilbinger et al. (2009a). Here we assume a flat ΛCDM
cosmology, completely relax our priors to Ωb ∈ [0 � 01 � 0 � 1],
ns ∈ [0 � 7 � 1 � 2], h ∈ [0 � 2 � 1 � 4], and scale σ8 for the lensing model
calculation according to the Millennium Simulation results.
Here we also marginalize over an additional 2% uncertainty in
the lensing σ8 calibration to account for the dropped remaining
mean shear calibration bias (0.8%, Sect. 3) and limited accuracy
of the employed residual shear correction (Sect. 4), which we es-
timate to be 1% in σ8. From the joint analysis with WMAP-5 we
find

Ωm � 0 � 266 � 0� 025� 0� 057
−0� 023−0� 042

σ8 � 0 � 802 � 0� 028� 0� 055
−0� 029−0� 060 (68 � 3%� 95 � 4% conf � � MS-calib � ) �

which reduces the size of WMAP-only 1σ (2σ) error-bars on
average by 21% (27%). We plot the joint and individual con-
straints in Fig. 15, illustrating the perfect agreement of the two
independent cosmological probes.
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Fig. 15. Comparison of the constraints on Ωm and σ8 for a
flat ΛCDM cosmology obtained with our COSMOS analysis
(dashed), WMAP-5 CMB data (dotted), and joint constraints
(solid). The contours indicate the 68.3%, 95.4%, and 99.7%
credibility regions. Note that the weak lensing alone analysis
uses stronger priors. The weak lensing constraints on σ8 have
been rescaled to account for modelling bias of the non-linear
power spectrum and reduced shear corrections according to the
ray-tracing constraints from the Millennium Simulation.

σ8 # 0� 82 for Ωm � 0� 3, which is sufficiently close to our constraints to
justify the application.
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Lensing Correlations and Cosmology

• Lensing Correlation Function

• Weight Function
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The measured redshift distribution in combination
with the cosmic shear signal is used to perform an un-
biased estimate of cosmological parameters where, in con-
trast to many other cosmic shear analyses, we have esti-
mated the covariance matrix directly from the data with-
out any further assumptions and have not computed it
analytically. Assuming a flat ΛCDM universe with neg-
ligible baryon content we have derived the mass power
spectrum normalisation and the matter density while
marginalising over the uncertainties in the Hubble param-
eter and the source redshift distribution. As a result we
obtain σ8 = 0.61+0.31

−0.20 and Ωm = 0.46+0.30
−0.22 from the Map-

statistics using the Peacock & Dodds model of the non-
linear mass power spectrum. For a fixed matter density
of Ωm = 0.3, we obtain σ8 = 0.80 ± 0.10 (1 σ statistical
error). Within the error bars this is consistent with re-
cent cosmic shear measurements, galaxy clusters and the
WMAP three year result, see Fig. 17 and table 5.

We discussed various systematic errors and roughly
estimated their magnitude. With respect to the magni-
tude of systematic errors, the most uncertain sources are
the redshift distribution and the intrinsic shape-shear cor-
relation. Although the intrinsic shape-shear correlation
has been analysed with N -body simulations using simple
galaxy models, the impact on deep cosmic shear measure-
ments is still unclear. With accurate photometric redshifts
at hand, measurements of cross-correlation tomography
could be carried out to provide a useful diagnostic tool
(Hirata & Seljak 2004). To reach the full potential of weak
gravitational lensing measurements and high accuracy in
the determination of cosmological parameters, it is there-
fore essential to have precise redshift estimates to obtain:
a) unbiased redshift distributions of lensing galaxies and
b) estimates of the intrinsic shape-shear correlation.

Our cosmic shear result and the ongoing improvements
in redshift and shear estimates (e.g. STEP) are quite en-
couraging for the upcoming wide-field multi-colour sur-
veys as the future KIlo Degree Survey (KIDS), starting
beginning 2007. The KIDS aims to image a contiguous
area of 1500 deg2 in five colours. In combination with
UKIDS the data will yield photometric redshifts accurate
to ∆z/(1+z) = 0.03 for typical r′ = 23.5 galaxies, rising to
10 % uncertainty at r′ = 25. In the primary lensing colour
the limiting magnitude is predicted to be r′Vega = 24.3
(10 σ sky level measured in a circular aperture of 2′′ ra-
dius) and the median seeing is predicted to be 0.′′6. The
depth of KIDS will yield about 108 galaxies to a median
redshift of z ≈ 0.8.

With the KIDS data set at hand we will be able to mea-
sure the angular power spectrum on large scales. The sta-
tistical errors of cosmological parameter estimations will
be reduced at least by a factor of ten, not only because
the number of background galaxies is larger but also the
number of galaxy pairs will increase dramatically, in par-
ticular for large angular scales. With such a large data
set one can start to probe the equation of state of dark
energy.

Fig. 17. Recent determinations of σ8(Ωm = 0.3) using
galaxy clusters (triangles) and cosmic shear (squares) in
comparison to our results (Map: solid hexagon with bold
error bars, ξ±: hexagon with light error bars) and the
WMAP three year result (pentagon). The open triangle
and open star on the right are the average of all σ8 deter-
minations between 2002 and 2006 (indicated by the ver-
tical lines) using clusters and cosmic shear, respectively
(error bars of single measurements are not taken into ac-
count). The WMAP result of σ8 would be larger if Ωm is
fixed to 0.3. Within a year the measurement points are not
in chronological order. Values taken from table 5. Points
from right to the left in the diagram are associated with
values from top down in the table.
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i.e. to the inverse square of the noise contribution to the
error in σ̂2

lens,f . This weighting scheme is nearly optimal,
and avoids including the lensing signal σ2

lens,f itself. The
average weights 〈wf 〉 in several magnitude bins are shown
in Figure 1. As expected, deeper fields have larger weights
since they contain a larger number of galaxies and thus
have a smaller value of σnoise,f .

To measure the shear variance on the field scale, we first
average the shear within each field and apply the same pro-
cedure. This time, however, the cross-correlation term in
Equation (3) vanishes since each field is independent. Sim-
ilarly, we can consider pairs of chips to measure the shear
variance on intermediate scales.

Fig. 2.— Shear variance σ2
lens as a function of the radius θ of a

circular cell. Our observed value (HST) as well as that observed by
other groups: van Waerbeke et al. (2001, CFHT vW+), Wittman
et al. (2000, CTIO), Kaiser, Wilson & Luppino (2000, CFHT K+),
Maoli et al. (2000, VLT), Bacon et al. (2002, WHT and Keck). For
our measurement, the inner error bars correspond to noise only, while
the outer error bars correspond to the total error (noise + cosmic
variance). The errors for the measurements of Maoli et al. (2000)
and van Waerbeke et al. (2001) do not include cosmic variance. The
measurements of Hämmerle et al. (2001) and Hoekstra et al. (2002)
are not displayed but are consistent with the other measurements.
Also displayed are the predictions for a ΛCDM model with Ωm = 0.3,
σ8 = 1, and Γ = 0.21. The galaxy median redshift was taken to be
zm = 1.0, 0.9, and 0.8, from top to bottom, respectively.

5. RESULTS

Our measurement for the shear variance σ2
lens(θ) on dif-

ferent scales is shown in Figure 2. The angular scale θ
is the radius of an effective circular cell whose mean pair
separation equals that of the chip configuration consid-
ered (θ # 0.72′, 1.11′, and 1.38′, for 1, 2 and 3 1.27′ chips,
respectively). The outer 1σ error bars include both sta-
tistical errors and cosmic variance (from Eq. [3]), while
the inner error bars only include statistical errors (i.e.
by setting σ2

lens and σ2
× to 0 on the right-hand side of

this Eq.). For instance, on the chip scale we obtain
σ2

lens(0.72′) = (3.5 ± 0.9 ± 1.1) × 10−4, yielding a de-
tection significance (inner error) of 3.8σ with this scale
alone. As a check of systematics, we analyzed our signal
into E and B-modes using the aperture mass Map(0.67′)
statistic on the chip scale (Schneider et al. 1998; van
Waerbeke et al. 2001). For E-modes, we find the up-
per limit 〈M2

ap,E〉 = (0.4 ± 1.7) × 10−4 (1σ) which is
consistent with the signal expected in a ΛCDM model
(〈M2

ap,E〉 # 0.6 × 10−4; Schneider et al. 1998). For the
B-modes, we find 〈M2

ap,B〉 = (0.3 ± 1.7) × 10−4 (1σ), as
expected in the absence of systematics (which corresponds
to 〈M2

ap,B〉 ≡ 0).
The measurements from other groups are also plotted

in Figure 2, along with the predictions for a ΛCDM model
with σ8 = 1 and Γ = 0.21. The central value for Γ is
close to the recent measurement of this parameter from
galaxy clustering (eg. Percival et al. 2001), while keeping
the Γ = Ωmh relation valid for h = 0.7. The predictions
are plotted for a range of galaxy redshifts zm = 0.9 ± 0.1,
corresponding approximately to the uncertainty and dis-
persion of this parameter in the different surveys. In our
case, the effective median I-magnitude of our measurement
is Im =

∑
f wf Im,f /

∑
f wf # 23.5, which corresponds to

a median redshift of zm = 0.95±0.10 (see Eq. [1]). The ef-
fective magnitude and corresponding redshift are plotted
in Figure 1. Given the range of median redshifts in the
different surveys and the correlation between angular bins
for the variance, our results are in good agreement with
these other measurements and with the ΛCDM model.

Our measurements can be used to constrain cosmolog-
ical parameters. Because our measurements on different
scales are not independent, we conservatively only consider
the shear variance on the chip scale (θ = 0.72′). Within
a ΛCDM model, it is predicted to be (see RRGII), within
an excellent approximation,

σlens # 0.0202
(σ8

1

)1.27
(

Ωm

0.3

)0.56 ( zm

0.95

)0.89
(

Γ

0.21

)0.19

,

(6)
where σ8 is the amplitude of mass fluctuations on
8 h−1Mpc scales, and Ωm is the matter density pa-
rameter. Inverting this equation, we find that our
measurement of σ2

lens yields σ8 = (0.94 ± 0.10 ±
0.12)(Ωm/0.3)−0.44(Γ/0.21)−0.15(zm/0.95)−0.70, where
the first error is statistical only and the second also in-
cludes cosmic variance. To this error must be added that
arising from the uncertainty in the median effective red-
shift zm = 0.95 ± 0.10. After propagating this error, we
obtain

σ8 = (0.94 ± 0.10 ± 0.14)
(

0.3
Ωm

)0.44 (
0.21
Γ

)0.15

, (7)

where the first error reflects statistical errors only, and
the latter is the total error and includes statistical errors,
cosmic variance, and redshift uncertainty (all 1σ).

Figure 3 shows the comparison of our measurement of σ8

(HST/WFC2) with that from other weak lensing surveys
and from other methods. A ΛCDM model with Ωm = 0.3
and Γ = 0.21 was assumed (except for van Waerbeke et al.
2001 who marginalized over Γ). Our σ8 value is consistent

Refregier 2003
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What Physicists are Good at

Big 
Questions

Clear 
Methods

Difficult 
Experiments

Impact of dark energy on dynamics and 
structure formation in the Universe

Weak Lensing 
Statistics Euclid/WFIRST/LSST

Completing this loop takes a long term investment
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Figure 3. Gains in FOM when time is dedicated to increasing
one of the three parameters which impact the statistics of cosmic
shear. We see that devoting observing time to increasing the area
of the survey has the greatest impact on the FOM, while the
change in median redshift lensed galaxies causes a minimal change
in FOM. When performing a deep vs. wide trade-off study, these
three factors fall into two groups. Increasing the area requires
observing time being spent going wide, while the other two factors
prefer a deep survey. Taking this into account, we see that the
gains from increasing area out-weigh the combined gains of zm
and ng.

Figure 6 shows the change in figure of merit as a func-
tion of δz. We see a clear degradation of the FOM with
increasing δz. We find that for our ideal survey, the figure
of merit scales as, F OM ∝ 10−1.64δz . We also find that for
a shallower survey, with zm = 0.9 and ng = 35, the figure
of merit also shows a drop with δz, (F OM ∝ 10−1.69δz ). In-
vestigating the impact of catastrophic failures, we also find
a decrease in the figure of merit for an increase in the catas-
trophic failure fraction, fcat, (figure 7). For the ideal sur-
vey, we find that F OM ∝ 10−0.75fcat . We also find that for
a survey with the same geometry as our ideal survey but
with δz = 0.1, F OM ∝ 10−0.94fcat , the shallow survey with
δz = 0.01 has a F OM ∝ 10−0.93fcat , and finally that a shal-
low survey with δz = 0.1 has F OM ∝ 10−1.1fcat .

Next we show the requirements on the calibration sam-
ple, namely how the FOM depends on the number of spec-
troscopic redshifts available, ns. Figure 8 shows the results
for four cases, (i) our ideal survey, (ii) our ideal survey with
δz = 0.1, (iii) our shallow survey with δz = 0.01, and (iv)
our shallow survey with δz = 0.1. These values of δz have
been chosen to look at the difference one would expect from
a good photo-z survey (δz = 0.01) and a more modest sur-
vey (δz = 0.1). For each case we show the calculations for
two scenarios: in the first we marginalize over both the mean
and the variance, and in the second we marginalize only over
the mean and fix the variance. From our results we see that
uncertainties in these quantities (mean and variance) are
important and can substantially reduce the sensitivity of a
survey, although it is interesting to note that even with a

Figure 4. The results of a deep vs. wide trade-off study, given 3
years of observing time. The survey area, galaxy number counts
and their median redshift are calculated by interpolating and ex-
trapolating the results of Massey et al. (2004b). The three quan-
tities are strongly correlated. Hence, a wide survey will have a
lower galaxy number density and median redshift than a survey
covering a small area. The upper panel shows the optimisation
using the FOM, quantifying the error levels on a 2 parameter w
model, and the lower panel shows the errors on the equation of
state for a constant w model (i.e. a 1 parameter w model). As
discussed in section 2.1, improvement as measured by the FOM
is greater than the improvement from a 1 parameter w model.

small number of calibration galaxies, weak lensing tomogra-
phy is able to provide good self-calibration. For large number
of galaxies in the range 104 − 105, the photometric calibra-
tion is robust, which is in agreement with Ma et al. (2006)
who also find that they need this many galaxy spectra for
calibration. We see that in this region where very few galaxy
spectra are available, uncertainties in both the mean and the
variance play an important role. However, if the number of
calibration galaxies exceeds 104, only the uncertainty in the
mean is important. This suggests that if we do investigate
higher order moments, they should only be important when
the number of galaxy spectra is small. We can expect that
above 104 galaxy spectra, the uncertainty in the mean will
continue to dominate.

4.3 Shear Measurement Systematics and
Theoretical Uncertainties

The final sources of error we consider are those associ-
ated with the lensing power-spectrum itself. These errors
could have a number of origins, ranging from residual galaxy
shape correlations arising from imperfect PSF deconvolu-
tion to uncertainties in the theoretical predictions. Due to
the potential complexity and unknown nature of this er-
ror, we consider a simple phenomenological error model for
the power spectrum. Specifically, we consider a systematic
uncertainty in all the power-spectra (auto-correlations and
cross-correlations) of the form,

Designing the Best Lensing Experiment

• Surveys have three basic 
properties:

- Area (As)

- Median redshift (zm)

- Number of galaxies (ng)

• Choice:  Area vs. Depth

• Dark Energy Figure of Merit:

- FOM=1/(δwnδwa)

Amara & Refregier (2007)
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Current and Planned Experiments
Survey Start 

(rough dates)

COSMOS 2003

CFHTLS 2003

Above atmosphere:



Current and Planned Experiments
Survey Start 

(rough dates)

COSMOS 2003

CFHTLS 2003

Pan-STARRS1 2009

KIDS 2011

DES 2012

HSC 2012

HALO (balloon) 2014

VISTA

4m telescope

0.6 sq.deg.
InfraRed camera

16  2kx2k detectors

0.35” pixels

VST

2.6m telescope

1 sq.deg. optical
camera

(OmegaCAM)

32  2kx4k detectors

0.21” pixels

PARANAL OBSERVATORY

250 nights

440 nights

Above atmosphere:



Survey Start 
(rough dates)

COSMOS 2003

CFHTLS 2003

Pan-STARRS1 2009

KIDS 2011

DES 2012

HSC 2012

HALO (balloon) 2014

LSST 2018

Euclid 2018

WFIRST ?

Current and Planned Experiments

!



Impact of Systematics
Amara & Refregier 2008

Future Targets
σ2sys < 10−7

Applies 
1) Shape measurement
2) Redshift measurement



Galaxy Shapes
Bridle+ 2008

• Key to precision lensing is a well-behaved PSF
• Best achieved in Space.

Amara+ 2010
Cypriano+ 2010

Paulin-Henriksson, Refregier & Amara 2009
Paulin-Henriksson+ 2008 



Photometric Redshifts
8 Bordoloi et al.

〈σz(z)
1+z 〉 for different surveys in the range 0.3 ≤ z ≤ 3.0

Survey Before Cleaning After Cleaning After Cleaning + Correction

Survey-A 0.1703 0.0884 0.0675
Survey-B 0.1164 0.0640 0.0497
Survey-C 0.0876 0.0492 0.0398

Table 3. The 〈σz(z)
1+z 〉 for the three surveys studied. After cleaning and correction has been performed survey-B just about reaches

σz(z)/(1 + z) ∼ 0.05 Euclid requirements.
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Figure 5. The bias in the mean of the tomographic bins estimates
from the Normalized

∑
L(z) functions for survey-C and survey-A

and survey-B. For survey-C, with cleaning for catastrophic fail-
ures and after applying correction gives |∆〈z〉/(1 + z)| ≤ 0.002.
Here the shaded region is |∆〈z〉| = 0.002(1 + z). We have intro-
duced a small offset in x-axis values of survey-B and survey-C for
legibility.

4 CHARACTERIZATION OF N(Z) FROM THE
LIKELIHOOD FUNCTIONS

In weak lensing tomography the photo-z s are used to con-
struct redshift bins which are then used to calculate the
lensing power spectrum. The actual N(z) of each bin must
then be known for quantitative interpretation of the lens-
ing signal. The mean of the distribution is most important
parameter (Amara & Réfrégier, 2007) and we therefore fo-
cus on this. Generally a single redshift estimator from the
photo-z code (i.e. the maximum likelihood photo-z) is used
to construct these bins. However, if using these single red-
shifts, the ∆〈z〉 requirement cannot be reached, as clearly
shown in Figure-2. This is because the maximum likelihood
redshifts cannot by construction trace the wings of the N(z)
that lie outside of the nominal bins, or trace the remaining
catastrophic failures associated with some of the photo-z.
Therefore a more sophisticated approach is required.

As noted in the Introduction, one approach is to un-
dertake a major spectroscopic survey of large numbers of
representative objects in the bin and define the actual N(z)
empirically in this way. As discussed there, there are a num-
ber of practical difficulties of doing this.

In this paper we explore a different approach, which is

to characterize N(z) as the sum of the likelihood functions
for each redshift bin. We define the mean redshift inferred
from summing the likelihoods as:

z = 〈
∑

L(z)〉 =

∫ ∞

0
z
∑

L(z)dz (13)

and the bias in estimating zreal as

∆〈z〉 = zreal − z (14)

We apply this approach using the same modification
techniques described in Section 3.3. The straight sum of the
original likelihood functions is able to characterize the red-
shift distribution well, as seen in Figure-4, which shows for
survey-C the summed L(z) follows (visually) both the the
catastrophic failures and the wings of the redshift bins well.
If we apply the cleaning algorithm described above, the num-
ber of catastrophic failures are removed and wings are con-
strained more tightly. However, this approach alone is not
in fact good enough to characterize the N(z) of the bins to
the required precision of |∆〈z〉| ≤ 0.002(1 + z).

To characterize the bins more accurately, the L(z) cor-
rection scheme as described in Section 3.3 was developed.
We compute N(P ) for each redshift bin separately, using
a spectroscopically observed subsample of 800-1000 galax-
ies per bin. After correction, the new likelihood functions
L′(z) for each galaxy, and therefore sometimes a new maxi-
mum likelihood redshift, is obtained. These are used to rebin
the galaxies and the sum of the new L′(z) are used to con-
struct N(z) for the bins. In Figure-5 the bias on the mean
of the N(z) is given for different redshift bins, and survey
parameters. The error-bars on each point shows the effect
of randomly picking different subsets for the the spectro-
scopic calibration repeatedly. In Figure-5 the shaded region
gives the Euclid requirement of |∆〈z〉/(1 + z)| ≤ 0.002 on
the mean redshift of the redshift bins. The black dots are
for survey-C, which easily reaches the Euclid requirements.
The red open boxes are for survey-B and it just meets the
Euclid requirement. The blue stars are for survey-A which
do not meet the specifications as given by the shaded re-
gion. From this analysis we conclude that for a Euclid like
survey, using a survey-B like ground based complement we
can characterize the N(z) of the tomographic bins to a preci-
sion of |∆〈z〉/(1 + z)| ≤ 0.002 and we need around 800-1000
random spectroscopic sub-sample per redshift bin to char-
acterize them.

The great advantage of this approach is that it sidesteps
completely the problems associated with the presence of
large scale structure in the spectroscopic survey fields, since
the spectro-z are used to characterize, and globally modify,
the photo-z estimates of individual galaxies, and not to char-
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A Road Map to Precision Lensing

Current: e.g. COSMOS 2 sq. deg. 2003 - Ongoing

Next Generation: e.g. HALO 2,000 sq. deg. 2013 - 2018

Long Term: Euclid/WFIRST/LSST 20,000 sq. deg. 2018 - 2025



HALO in More Detail
PI: Jason Rhodes (+11 Co-I)

Swiss Role Through ETH:

1.Design optimal survey for 
dark energy

2.Set the requirements on for 
the experiment

3.Procure hexapod focusing 
mechanism

4.Setup a weak lensing data 
analysis pipeline

Collaboration:
USA- JPL, Caltech, IPAC, WFF
Switzerland- ETH Zurich
Japan- NAOJ (Satoshi Miyazaki) 
UK- U. Edinburgh, U. Durham
France- CEA Saclay 
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Hubble Ultra Deep Field

• Over 10,000 Objects

• 0.05’’ Resolution



COSMOS

• Largest HST Survey

• 0.5 M Lensed Galaxies

• w < -0.4 (error ~ unity)



HALO

• 2000 Square Degrees

• 100 M Lensed Galaxies

• <10% error on w (alone)



Euclid/WFRIST/LSST

• 20,000 Square Degrees

• 2 B Lensed Galaxies

• 1% error on w 



Future Parameter Constraints
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EuclidCosmology and Legacy science

Cosmology:

Measurement of cosmological parameters

with unprecedented accuracy

Control of systematics with independent

cosmological probes

!Measurement of Dark Energy equation

of state parameter w and its evolution w’

with 1% and 10% accuracy respectively

Legacy:

• Visible/NIR imaging survey:
morphologies and vis/NIR colors for
billions of galaxies out to z~2, 3D dark
matter map

• Spectroscopic survey: 3D map of the
luminous matter distribution, spectra of
~200 million galaxies to z~2

•Deep survey: infrared imaging to
H(AB)=26 and spectroscopy to
H(AB)=24, galaxies with 2<z<7. Objects
at z>7 and up to z~10 can be colour-
selected from the Y,J,H colours

! Impossible to reach from the ground

By Euclid Cosmology Working Group



Concluding Remarks
• Gravitational Lensing: Powerful Tool for Astronomy, Cosmology & Physics

- Theory is simple 

- Depends on mass regardless of state

- Relevant on all astronomical scales

• Dark Energy is one of the most compelling open questions in Physics

- Many competing theories

- Experimental data on its nature only now becoming available

- Cosmology is a unique laboratory for testing fundamental physics

• The main challenges in lensing are experimental

- Very high image quality (& stable PSF) very important 

- We now know how to build such experiments

- To be a pioneer in this requires a long term investment 


