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Lensing benefits from space missions

• sharp images lead to accurate astrometry and morp-
   hology, crucial for both strong and weak lensing! 

A1703/HST A1703/Subaru



Weak gravitational lensing

• key science for Euclid/WFIRST

• thought to be a main probe of dark energy and 
   modified gravity for these missions

• what about WISH?



Weak lensing: optical vs near-IR

• in ground observations the sensitivity is much  
   better in optical so that weak lensing in NIR is 
   much less competitive 

• in space optical and NIR sensitivities are similar,
   so weak lensing power can be comparable



Optical/NIR depth comparison
(based on HUDF photo-z by Coe et al.)

• in NIR number density is slightly less, but mean 
   redshift is higher!



WISH and weak lensing

• WISH has a potential to produce significant 
   weak lensing results comparable to Euclid and 
   WFIRST

• current WISH survey design is not optimized 
   for cosmology

• but weak lensing is not just for cosmology, 
   there are many applications



Galaxy-dark matter connection 
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Figure 7. Top panel: The measurements of the projected galaxy clustering signal wp rp(rp) are shown as blue solid circles with errorbars. The one-halo and
two-halo terms for the best fit model are shown using dashed and dot-dashed lines, respectively. Bottom panel: The measurements of the galaxy-galaxy lensing
signal are shown as blue solid circles with errorbars. The model constraints are derived from the joint fitting of the halo model to the two measurements, properly
taking into account the covariance matrix for each of these measurements separately. The corresponding 68% and 95% model predictions from the Monte-Carlo
Markov chain elements are shown using purple and dark purple shaded regions in each of the panels, respectively. The purple dashed or dotted lines at the small
radii in the bottom panel show the 68% and 95% upper limit on the stellar mass contribution from the CMASS galaxies. The best-fit model has �2 = 39.55 for
39 degrees of freedom for the two measurements in total. The one-halo central term, the one-halo satellite term and the two-halo term for the best-fit model are
shown using green dashed, dotted and dot-dashed lines, respectively. Although one may notice an apparent large discrepancy between the best-fit model and the
clustering signal wp rp(rp) at rp >⇠ 10 h�1Mpc, where the measurements at di↵erent radii are highly correlated with each other, the discrepancy can be easily
remedied by allowing cosmological parameters to vary in the model fitting together with the HOD parameters (see Paper II for details).

the power spectrum in the fiducial cosmological model we
have assumed. In the companion paper, we will demonstrate
that this discrepancy is easily remedied by including cosmo-
logical parameters in the fitting analysis. Nevertheless, we
emphasize that the galaxy-galaxy lensing signal, which is an
independent data from the clustering signal, is well fit with
the same HOD model.

There are a few parameter degeneracies in Fig. 8 which are
worth highlighting. First, the scatter in halo masses, �2, is
tightly correlated with the mass scale, Mmin, above which ha-
los host one central galaxy. This degeneracy is expected due
to the dependence of each of the observables on these two
parameters. Increasing Mmin results in increasing the mean

halo mass of galaxies (and also the galaxy bias relevant for
the large scale clustering). However, one can compensate for
this increase by increasing the scatter, and thereby including
more lower mass halos.

The second prominent degeneracy is between the param-
eters Mmin and Msat and can also be understood given our
observables. Keeping all other parameters fixed, increasing
Mmin results in an increase in the satellite fraction of our
galaxies, and the clustering on small scales is sensitive to the
satellite fraction. However, this change can be compensated
by increasing the value of Msat, thus restoring the satellite
fraction to that required by the data.

The last degeneracy we highlight is between the two param-

• stacked weak lensing provides powerful means
   of studying the connection between galaxies  
   (or clusters, quasars) and dark matter halos

• with WISH we can do this at higher redshifts!

Miyatake et al. (2013)



Dark matter density profile 14 M. Oguri et al.

Figure 11. The two-dimensional weak lensing shear maps obtained from stacking analysis of 25 clusters. The sticks shows observed
directions and strengths of weak lensing shear distortion. Colour contours are the surface density map reconstructed from the shear map
using the standard inversion technique (Kaiser & Squires 1993). Both the shear and density maps are smoothed for illustrative purpose.
Left: The result when the position angle of each cluster is aligned to the North-South axis before stacking, by using the position angle
measured in strong lens modelling. The resulting stacked density distribution is clearly elongated along the North-South direction. Right:

The result without any alignment of the position angle when stacking. The resulting density distribution is nearly circular symmetric in
this case.

light, and hence should enable much more robust 2D stack-
ing analysis.

As in Section 5.1, we conduct stacking analysis in the
physical length scale. For each cluster, we adopt the position
angle obtained in strong lens mass modelling (θe in Table 2)
to rotate the catalogue of the background galaxies by −θe
such that the the position angle of the dark halo is aligned
with the North-South axis. Specifically, the position of a
galaxy at (x, y) with respect to the cluster centre is changed
to

x′ = x cos θe + y sin θe, (28)

y′ = −x sin θe + y cos θe, (29)

and the two shear components (g1, g2) are modified as

g′1 = g1 cos 2θe + g2 sin 2θe, (30)

g′2 = −g1 sin 2θe + g2 cos 2θe. (31)

We stack the rotated shear catalogue in the physical unit,
Σcrg

′(r′), to obtain the average 2D shear map of our cluster
catalogue. The cluster catalogues analyzed in this section is
same as those in Section 5.1, containing 25 clusters in total.

The stacked 2D shear map, as well as the corresponding
density map reconstructed from the shear map, are shown
in Figure 11. As expected, the projected mass distribution
from the stacked 2D shear map is quite elongated along the
North-South direction, suggesting the highly elongated mass
distribution of our cluster sample. As a sanity check, we also
compute the 2D shear map without any alignment of the
position angle when stacking. The resulting mass distribu-
tion shown in Figure 11 appears to be circular symmetric,

which supports that the highly elongated distribution in our
stacked map is not an artifact.

We constrain the ellipticity of the projected 2D mass
distribution by directly fitting the 2D shear map with the
elliptical NFW model prediction. Here we closely follow the
procedure detailed in Oguri et al. (2010) for the 2D shear
fitting. Briefly, we modify the convergence κ(r) (i.e., the
projected surface mass density) of the spherical NFW pro-
file simply by introducing the ellipticity in the iso-density
contour as r2 → x2/(1 − e) + y2(1 − e). With this proce-
dure our definition of the ellipticity is e = 1 − b/a, where
a and b are major and minor axis lengths of the isoden-
sity contour. The corresponding shear pattern is computed
by solving the Poisson equation. We then construct pix-
elized distortion field by computing mean shear and errors
in each bin, and compare it with the elliptical model pre-
diction, adopting the pixel size of 0.1h−1Mpc. We add the
contribution of the large scale structure to the error covari-
ance matrix (see Oguri et al. 2010). We perform fitting in a
6h−1Mpc×6h−1Mpc region, but remove the innermost 4×4
pixels considering several possible systematics that might be
affecting signals near the centre. Unlike Oguri et al. (2010),
we fix the mass centre to the assumed centre (the position
of the brightest galaxy in strong lensing region), because
strong lensing available for our cluster sample allows a reli-
able identification of the mass centre for each cluster. Thus
we fit the 2D shear map with four parameters (Mvir, cvir, e,
θe), employing a Markov Chain Monte Carlo technique.

In Figure 12, we show the posterior likelihood distribu-
tion of the mean ellipticity ⟨e⟩ from the 2D stacking analysis
of all the 25 clusters. When the position angles are aligned,
the resulting density distribution is indeed quite elliptical

c⃝ RAS, MNRAS 000, 1–21

Oguri et al. (2012)

• ΛCDM model predicts
   NFW-like radial profile 
   and very non-spherical
   2D shape

• stacked weak lensing 
   can test this at high 
   precision
 → constraints on DM 
   collision cross section,
   coldness, ...



Strong gravitational lensing

• many applications

  − cosmology from e.g.,
     time delays
  − galaxy structure and 
     evolution (IMF, dark
     matter fraction, ...)
  − study of sources with
     help of magnification
     (“natural telescope”)

SDSSJ1050+0017/Subaru



Stellar and dark matter distribution
Oguri, Rusu & Falco arXiv:1309.5408
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Figure 3. Projected constraints in the αSal
SPS

-γDM plane for the
two-components model. Outer (red) contours show 1 and 2σ
contours without adding the microlensing constraints (see Sec-
tion 3.2) whereas the inner (blue) contours show the constraints
including the microlensing constraints. Values of αSal

SPS
corre-

sponding to the Salpeter and Chabrier IMFs are indicated by
vertical dotted lines.
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with Rb = 0.551Re. The parameter αSal
SPS takes account of

the uncertainty of the IMF; αSal
SPS = 1 means that the IMF

is described by Salpeter IMF, whereas αSal
SPS ≈ 0.56 corre-

sponds to the Chabrier IMF. On the other hand, we assume
a simple power-law mass distribution for the dark matter
distribution
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The total mass distribution is simply given by the sum of
these two components

Mtot(< R)

MSal
∗

=
Mste(< R)

MSal
∗

+
MDM(< R)

MSal
∗

. (6)

Thus the two-component model has 3 parameters, αSal
SPS,

ADM, and γDM

Figures 3 and 4 show projected constraints in the αSal
SPS-

γDM and ADM-γDM planes, respectively. Without the mi-
crolensing constraints (see Section 3.2 for details), the con-
straints are quite degenerate such that models with αSal

SPS ≈
0 are allowed. Our result indicates that the quasar mi-
crolensing measurements of the stellar mass fraction indeed
break the IMF-fDM degeneracy. The best-fit parameters are
αSal
SPS = 0.92+0.09

−0.08, γDM = −1.60+0.18
−0.13 , and ADM = MDM(<

Re)/M
Sal
∗ = 0.21 ± 0.04. The result prefers the Salpeter

IMF over the Chabrier IMF, which is in line with recent
claims based on subtle spectral features (van Dokkum &
Conroy 2010; Conroy & van Dokkum 2012; Ferreras et al.
2013; Conroy et al. 2013; Spiniello et al. 2013, but see also
Ferreras, Saha, & Burles 2008; Ferreras et al. 2010; Smith &
Lucey 2013). In addition, we find that models without dark

Figure 4. Similar to Figure 3, but the projected constraints in
the ADM = MDM(< Re)/MSal

∗ -γDM plane are shown.

Figure 5. Similar to Figure 5, but the best-fit two-component
model is overplotted. The solid line with shading shows the best-
fit and 1σ range of the total mass profile. Dotted lines indicate
bets-fit stellar and dark matter distributions.

matter (ADM = 0) is disfavored at 5σ level even without the
microlensing constraints. The best-fit two component model
is shown in Figure 5.

3.4 Mass and Redshift Dependences

There have been several indications from recent lensing
and/or kinematics studies (Treu et al. 2010; Dutton et
al. 2011; Dutton, Mendel, & Simard 2012; Cappellari et
al. 2012) as well as from studies of spectral features (van
Dokkum & Conroy 2010; Conroy & van Dokkum 2012; Fer-
reras et al. 2013; Conroy et al. 2013; Spiniello et al. 2013)
that the IMF is non-universal, i.e., the IMF changes with
galaxy velocity dispersions and stellar masses. Some previ-
ous studies from combined lensing kinematics analysis have

c⃝ RAS, MNRAS 000, 1–12

best-fit stellar 
matter distribution

best-fit dark 
matter distribution

• average mass profile 
   of elliptical galaxies
   from 161 strong lens

• breaking degeneracy
   btw stellar and dark
   mater dist. by quasar 
   microlensing

• prefer Salpeter IMF 
   and NFW-like DM   
   profile without 
   adiabatic contraction 



Lensing as a natural telescope

• strong lensing 
   magnifies distant
   sources

• provide a unique 
   tool to study 
   distant and/or 
   faint galaxies

Kneib et al. (2004)



“Most distant” galaxy!

z~11 galaxy
lensed into
3 images!

Coe et al. (2013)



Hubble Frontier Fields
• ultra deep imaging 
   of 4+2 cluster cores
   with HST 
   (140 orbits per cluster)

• much deeper than
   HUDF with help of 
   lensing magnification

• observations started 
   from 2013 Oct
   − stay tuned!



“Frontier fields” with WISH?

• ultra deep imaging of massive cluster cores 
  with WISH is an interesting option

• however the WISH FOV is much larger than 
   Einstein radii of clusters, so this might not be
   an efficient use of WISH



Strong lenses in wide-field surveys

• blind wide-field surveys provide an opportunity
   to find very bright lensed objects

• these are very useful targets for follow-up

deep imaging of
cluster cores

→ faint end slope,
reionization

blind wide survey
for rare, bright lenses
→detailed follow-up
to get physical state

L

dn/dL



Lessons from SDSS

“8 o’clock arc”
zs=2.73 zl=0.38

(Allam et al.  2007)

“clone”
zs=2.00 zl=0.422
(Lin et al.  2009)

“cosmic horseshoe”
zs=2.38 zl=0.446

(Belokurov et al.  2007)

• SDSS is a shallow survey targeting galaxies at
   z<0.7, yet very bright strongly lensed galaxies
   at z~2-3 have been discovered!



Strongly lensed galaxies in WISH

WISH wide

WISH deep (×0.1)

• ~100 z~8 
   lensed galaxies

• ~10 z~10 
   lensed galaxies

• discovered even
   in wide!



Gravitationally lensed supernovae
• for type-Ia, we can 
   obtain magnification 
   factor thanks to its

standard candleness,
which can break 
various degeneracies

• first strongly lensed 
   SNIa PS1-10afx was 
   discovered recently!

• many more will be 
   discovered in WISH

Quimby, Werner, Oguri et al. (2013)

Also talk by Robert Quimby



Synergy with Subaru
Also talk by Masayuki Tanaka

• these gravitational lensing sciences require 
   deep optical images for photo-z etc

• excellent synergy with Subaru Hyper Suprime-
   cam (HSC) survey



Wide-field Imaging with Subaru HSC
(another WISH!)

Wide-field imaging with Hyper Suprime-Cam 3

HSC-UD

HSC-D

HSC-Wide

Figure 1: Left: The limiting magnitudes (in r) and solid angles of the HSC-Wide, Deep and Ultradeep (UD) layers,
compared with other existing, on-going, and planned surveys. The three layers are complementary to each other, and
each of the three layers covers a significantly wider area than do other on-going surveys of comparable depth. The
narrow-band components of the Deep and Ultradeep layers are unique; no other project is planning a major survey
to comparable depth. Right: The HSC bandpasses, including the reflectivity of all mirrors, transmission of all optics
and filters, and response of the CCDs, assuming an airmass of 1.1. Both the broad-band and narrow-band filters are
shown. The lower panel shows the spectrum of sky emission lines, demonstrating that the red narrow-band filters lie
in relatively dark regions of the sky spectrum.

• To derive stringent dark energy constraints from the combination of the HSC WL observables and the
galaxy clustering information from the BOSS survey to precisions of σ(wpivot) ≃ 0.03 and the dark energy
figure-of-merit FoM ≡ 1/[σ(wpivot)σ(wa)] ≃ 100.
• To use WL to constrain deviations from General Relativity to a higher precision than the current SDSS
constraint (Reyes, Mandelbaum et al. 2010) by a factor of 4.
• To study SDSS-like volumes of galaxies in a series of redshift slices observed through broad- and narrow-
band filters to carefully-tuned depths, in order to understand the properties and evolution of galaxies from
z ∼ 7 to today, as well as to constrain the physics of cosmic reionization at high redshift, z ≃ 5− 7.

To achieve these scientific goals, we propose a ‘wedding-cake’ survey with three layers:
• The Wide layer will cover 1400 deg2 and will be done in five broad-bands, g, r, i, z, and y, to a depth
of r ≃ 26, and to similar depths in the other bands. This is designed to characterize the z < 2 galaxy
population, and to measure WL shear as a function of redshift and spatial scale.
• The Deep layer will cover 27 deg2 in four carefully selected fields distributed over a range of right ascen-
sions (RA). It will go a magnitude deeper than the Wide layer in the broad-bands, and will also use three
narrow-band filters to look for Lyman-α emitters (LAEs) at z = 2.2, 5.7, and 6.6 to study their evolution
and the topology of cosmic reionization. Its multiple repeat exposures will enable powerful testing and
mitigation of systematic lensing errors.
• The Ultradeep (UD) layer will image two fields (3.5 deg2) in both the five broad-band filters and three
narrow-band filters, going a magnitude fainter still, to discover ∼ 6000 LAEs at z = 5.7 and 6.6, several
tens of LAEs at z = 7.3, and about 120 Type Ia supernovae to z ∼ 1.4.

The left panel of Figure 1 shows that these three layers are complementary to each other and are significantly
more powerful than are the previous, competitive on-going, and upcoming surveys. Combining the three
layers allows us to cover a broad range of science topics spanning a wide range of length scales and redshifts.
We need about 200 nights in total (including overheads and assuming that 30% of nights will have poor
weather) to carry out the Wide layer, and 100 nights for the Deep and Ultradeep layers. Table 1 summarizes
the survey parameters and main science drivers for each layer.

Our two scientific themes, cosmology and galaxy evolution, are intimately tied together, which is why

both area and depth 
are in excellent match

with WISH survey



Summary

• WISH is an excellent project from the perspective
   of gravitational lensing science

• its weak lensing power comparable to Euclid and 
   WFIRST satellites, useful both for cosmology and  
   galaxy studies

• many strongly lensed high-redshift galaxies will 
   be discovered in WISH, which will be interesting
   targets for follow-up with TMT/JWST/...


